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Abstract

A promising electrochemical system was explored DA methylation detection
according to the construction of a signal-on biessenBased on the ingenious design
of probe DNA and auxiliary DNA, methylated targelR triggered the exonuclease
[l (Exo Ill) digestion of auxiliary DNA from 3terminus, resulting in the
conformational change of probe DNA with an eleattoe methylene blue (MB) tag
at 8-terminus. Consequently, the MB tag in the probeADMs close to the electrode
surface for electron transfer, generating an ire@dacurrent signal. Because of the
target recycling of methylated DNA, significant is&§ amplification was obtained.
Moreover, bisulfite conversion conferred an effitieapproach for the universal
analysis of any CpG sites without the restrictidnspecific DNA sequence. As a
result, the target DNA with different methylatiotatsises were clearly recognized,
and the fully methylated DNA was quantified in adeirange from 10 fM to 100 pM,
with a detection limit of 4 fM. The present workaleed the assay of methylated
target DNA in serum samples with satisfactory resullustrating the application

performance of the system in complex sample matrix.

Keywords:. DNA methylation; Electrochemical detection; Comf@tional change;

Signal amplification.
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1. Introduction

DNA methylation is an essential component of epégienmodification associated
with many biological processes, such as eukaryowreldpment, cellular
differentiation, and gene expression (Jones anaiTak01; Jones and Baylin, 2007,
Schibeler, 2015; Berney and McGouran, 2018). Aber@aNA methylation in
mammals is associated with various genetic diseasdstumors, including bladder
carcinoma, breast cancer, colon tumor, and prostatecer (Ushijima, 2005).
Consequently, accurate and sensitive recognitioddNA methylation is vital for
understanding the mechanism of epigenetic regulatib genetic information and
molecular pathology for early cancer diagnosis (Yvanal., 2010; Heyn and Esteller,
2012). Restriction enzyme-based detection and fiissdonversion analysis are two
important recognition methods. Restriction enzymesilyze the scission reaction of
unmethylated DNA, while they are limited to anahgispecific base sequences
(Zhou et al., 2016). In bisulfite conversion an@ysytosine is converted to uracil,
whereas methylated cytosine remains unchangedyrD&A sequence (Feng et al.,
2008). Therefore, bisulfite conversion analysis eapand the scope of the detection

target for DNA methylation analysis (Kato et aD12).

Electrochemical detection methods are simple, feslective, and suitable for
real-timein situ assays, and have thus attracted substantial iattefor analyzing
DNA methylation (Kato et al., 2008; Tanaka et 2007; Feng et al., 2019; Liu et al.,
2011; Li et al., 2012; Tsutsui et al., 2011; Wan@le 2013; Wang et al., 2015; Gao
et al., 2018). For example, Muren and Barton degpedoa multiplexed chip platform

for a robust, nonradioactive assay of bacterial lamchan methyltransferase activity
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(Muren and Barton, 2013). Moreover, an innovativecondary electrode array
sensing system was designed for analyzing coldract@or tissue based on
low-density DNA monolayer patterning and DNA chatggnsport (Furst et al., 2014).
Interestingly, Kurita et al. reported the on-chipakeation of cytosine methylation
level in genomic DNA using an excellent nanocarbfitm electrode with
nanocrystalline structure (Kurita et al., 2017). Wsed bisulfite conversion to develop
a label-free electrochemical biosensor for prodilthe methylation information of the
p53 gene according to the current signal of a [RN*" indicator (Wang et al.,
2012). Recently, the methylation status of a turs@ppressor gene was assessed
rapidly in human serum and tissue samples with aglegresults using
immunomagnetic beads (Povedano et al., 2018). Athdhese approaches obtained
DNA methylation information, the improvement of s#ivity is highly required

because DNA samples are tiny in many diagnostioastes.

An electrochemical DNA (E-DNA) sensor based on kybridization-induced
conformational change of a redox-tagged stem-lobiArobe has been developed
for bioassays (Xiao et al., 2007a; Xiao et al., 740 Compared with cumbersome
traditional sensors, the E-DNA sensor provided aveaient, reagentless, and
single-step DNA detection method (Xiao et al., 20R&0 et al., 2006), which was
suitable for real-world oligonucleotide detectidfan et al. pioneered a signal-off
E-DNA sensor for the sequence-specific detectioNfA, in which target binding
reduced the redox current (Fan et al., 2003). Rat@l. confirmed that the E-DNA

signal arose from the hybridization-linked confotimaal change, which altered the
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electron transfer efficiency between the redox tyoéed the electrode surface (Ricci
et al., 2007). However, these methods suffered foited signal gain; no more than

100% of the original current could be obtained. &bwer, surrounding contaminants
also produced false positives, which were difficidt distinguish from the signal

change arising from the intended target (Xiao et 2005; Cash et al., 2009). In
consideration of the above problems from signalEoDPNA system, it is necessary to
design a signal-on E-DNA sensor, which can increélasesignal response after target

recognition.

To achieve a highly sensitive electrochemical ies®y system, various
amplification strategies have been explored, sscpodymerase chain reaction (PCR)
(Clark et al., 2006; Burke et al., 2009), hybridiaa chain reaction (HCR) (Chen et
al., 2019), DNA structure-based assembly (Li et 2013; Zhou et al., 2017), and
rolling circle amplification (RCA) (Bi et al., 201%a0 et al., 2017). These recycling
amplification systems are mainly used for recyclim@bes, signals, and targets.
Target regeneration is a promising recycling angatfon strategy, in which a single
target could produce multiple binding events. Frameple, exonuclease Il (Exo
lll)-assisted target recycling amplification allodvethe recognition of the blunt
3'-terminus of a molecular beacon in a double-strdrdA probe and the selective
digestion of a molecular beacon (Zuo et al., 20di6ng et al., 2015). Consequently,
the autonomous generation of target DNA allowedinoous hybridization, resulting

in higher sensitivity and a lower detection limit.
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In this work, we developed a signal-on E-DNA bics@nsensitized with Exo
lll-assisted recycling strategy for analyzing DNAettmylation. In this approach, one
terminus of the stem-loop probe DNA was modifiedhwa thiol group that bound
chemically to the Au nanoparticles (nano-Au) maatifielectrode via an Au-S bond.
The other terminus was covalently modified with atihylene blue (MB) tag. After
the introduction of auxiliary DNA, the stem-loopstture of the probe DNA opened
to form double-stranded probe DNA/auxiliary DNA kvita rod-like structure,
sequestering MB from the electrode surface, andbéiiy a lower current signal.
The methylated cytosine in target DNA remained angjed after the treatment of
bisulfite. Hence, upon the addition of methylatadyet DNA, probe DNA/auxiliary
DNA/methylated target DNA complex was formed througomplementary
hybridization. With the help of Exo Ill, the auwdhy DNA was digested from the
3-terminus, and the released methylated target DNAlav hybridize with another
auxiliary DNA. The continuous hybridization of mgthted target DNA constantly
triggered digestion, resulting in large signal aifigation. Consequently, the
stem-loop structure of the probe DNA was regendraiad the rate at which the MB
tag hit the electrode surface was improved, inongashe electron transfer and
Faradic current (“signal-on” status). Therefore,sdzh on the target-induced
conformational change of the MB tag-bound probe DNAnal transduction for
methylated target DNA analysis with a detectablerease in redox current was

achieved.

2. Experimental
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2.1. Reagents and appar atus

Trihydrate chloroauric acid (HAu@BBHO), tris(2-carboxyethyl) phosphine
hydrochloride (TCEP), KFe(CN)], and Kj[Fe(CN)] were obtained from
Sigma-Aldrich (St. Louis, MO, USA), and used withdurther purification. Exo I
was purchased from Takara Biotechnology Co., Ltéli@, China). Phosphate
buffered solution (PBS; pH 7.4) was prepared byimgxstock solutions of 0.1 M
KH,PO,, NaHPQO,, and NaCl. Unless otherwise stated, all reagerte wf analytical
grade, and all agueous solutions were preparedwitithpure water obtained from a
Millipore water purification system (resistivity 18.2 MQ-cm). All sequences of
oligonucleotides from Sangon Biological Engineerifgchnology and Services Co.,

Ltd. (Shanghai, China) were listed in Table S1.

All electrochemical measurements, including differ@ pulse voltammetry
(DPV), cyclic voltammetry (CV), and electrochemigalpedance spectroscopy (EIS),
were performed on a CHI 660E electrochemical watkst (Chenhua, Shanghai,
China) at room temperature. A conventional threstebde cell was used in all
experiments, in which a bare or modified glassybeoar electrode (GCE), a
silver/silver chloride electrode, and a platinunrevserved as a working electrode,

reference electrode, and counter electrode, raspbct

2.2. Electrode preparation and modification

Prior to surface modification, the GCE was polishgth 1.0, 0.3, and 0.0pm

alumina slurries, followed by successive sonicatioathanol and ultrapure water for
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5 min. After cleaning, the nano-Au film was depediin situ on the GCE surface by a
CV scan from 0.20 to —1.0 V in pH 7.4 PBS contajnini25 mg mC* HAuCl, at 50

mV s for 12 cycles. Subsequently, the resulting eletgroas incubated with 100
uL of 1 uM probe DNA at 4 °C overnight to graft probe DNAtorthe electrode
surface through Au-S bonds. Before incubation, tiielated probe DNA was
activated by 10 mM TCEP to break the S—S bondoWadld by purification with a
Millipore centrifugal filter to remove the excesHP. After rinsing, the probe
DNA/nano-Au/GCE was submerged in 1QQ of 1 uM auxiliary DNA, yielding

auxiliary DNA/probe DNA/nano-Au/GCE.

2.3. Analytical procedure

The auxiliary DNA/probe DNA/nano-Au/GCE was subnezign 100uL of 10
mM Tris-HCI solution (pH 8.0, 50 mM NacCl, 10 mM Mg containing 0.4 unipL™
Exo Il and target DNA with different methylatiotasuses for 2 h. Then, the target
DNA recycling amplification was triggered. Accorditio our previous work (Wang
et al., 2012), the target DNA was treated with Wiuto convert unmethylated
cytosine to uracil before incubation. Finally, aftensing thoroughly, the sensing
interface as an electrochemical biosensor was wetec 0.1 M pH 7.4 PBS under a
nitrogen atmosphere. To record the electrochenmespponse, DPV was performed
from —0.8 to 0.2 V with the following experimengadrameters: amplitude, 50 mV;,

pulse width, 0.05 s; sampling width, 0.0167 s; pal$e period, 0.2 s.

3. Results and discussion
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3.1. Construction of the signal-on E-DNA sensor

Scheme 1 shows schematics of the construction eofetectrochemical sensing
platform, the Exo lll-assisted target recycling adifigation, and the target-induced
conformational change of the electrode-bound oligteotides. The stem-loop
structural probe DNA modified with a thiol group the 3 end was immobilized on
the nano-Au modified GCE via an Au-S bond. The prbad an MB tag at the 5
end. Upon hybridization with complementary auxiji®NA, the stem-loop structure
of the probe DNA was broken, and a rigid doublessfied conformation was formed
between the probe DNA and one terminus of the muxilDNA. Single-stranded
DNA formed from the other terminus of the auxiliddNA. Thus, there was a large
distance between the MB tag and the electrode cjrie@ducing electron transfer
efficiency, and decreasing the apparent FaradieotirFor target DNA with different
methylation states, bisulfite treatment converteunethylated cytosine to uracil,
leaving methylated cytosine intact (Feng et alQ80 The methylated target DNA
hybridized with the remaining single-stranded segnoé auxiliary DNA, forming a
probe DNA/auxiliary DNA/target DNA complex. It wgsoved that Exo Il could
selectively cleave double-stranded DNA from thé€B8i blunt or recessed end, and
showed limited activity for the '®verhang end of double-stranded DNA or
single-stranded DNA (Zuo et al., 2010; Xiong et a015). In the present study, Exo
lll cleaved and digested the complex on the eldetrsurface from the-®H blunt
end of the auxiliary DNA. After digestion, the tatgdDNA spontaneously dissociated

from the probe DNA/auxiliary DNA/target DNA compleand then the dissociated

9
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target DNA was reused in the next reaction cydased on Watson-Crick base-pair
behavior, the stem-loop structure of the probe DM reformed again, forcing the
redox tag into close proximity with the electroderface. After sufficient signal
amplification, the rate at which the redox tag (M) the electrode surface was
increased, resulting in efficient electron transéerd an increase in the apparent
Faradic current. In contrast, for unmethylated DIX# Exo lll cleavage activity was
much lower for the mismatched DNA structure, arel MB tag was further from the

electrode surface, resulting in a weak currentaese.

Schemel

3.2. Electrochemical characteristics of the signal-on E-DNA sensor

CV and EIS were employed to characterize the stpwmodification of an
electrode surface with a [Fe(Ci§H"™* probe. The diameter of the high-frequency
semicircle can be used to evaluate the interfadi@rge transfer resistancB.,
which controlled the electron transfer kineticstloé redox reaction at the electrode
surface. As shown in Fig. 1, compared with bare G&Eve a), nano-Au/GCE (curve
b) presented an increase in peak current in CVaanalmost straight line with much
lower resistance in EIS. These results were exgthiny the high conductivity of
nano-Au (see Fig. S1 for morphological charactéiord, which increased the
electron transfer rate and increased the effeetiea of the electrode. The successive
assembly of probe DNA (curve c) and auxiliary DNéurfve d) on nano-Au/GCE

decreased the current signal and increaseRthegalue owing to the electrostatic

10
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repulsion between the electroactive [Fe(gR}" probe and the negatively charged
DNA backbone. Nevertheless, after further treatnvatit methylated target DNA in
the presence of Exo lll (curve e), the CV signaréased dramatically, and tRg
value decreased simultaneously. The continuousvatga process in the EXxo
lll-assisted target DNA recycling digested the diary DNA into mononucleotides,
which was accompanied by a decrease in the negaheege of the electrode
interface. Therefore, the interface charge transieas increased. The CV
measurements and EIS responses confirmed that ghsors was fabricated as

intended.

Fig. 1

3.3. Feasihility of the signal-on E-DNA sensor

To verify the feasibility of the signal-on E-DNA rsor for analyzing DNA
methylation status, methylated DNA and wild type AMithout methylation were
assayed. As shown in Fig. 2A, in the presence ofptementary methylated target
DNA (curve a), the peak current was much highen tiat of wild type DNA (curve
b). The hybridization of methylated target DNA geged the selective cleavage and
digestion of the double-stranded DNA from theOB blunt terminus of auxiliary
DNA, resulting in the regeneration of hairpin stwre in the probe DNA. Thus, the
MB-modified end of the probe DNA was close to thectode surface, producing up

to a 4.6-fold increase in redox current.

Fig. 2
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To validate the Exo lll-assisted target recyclimgpdification strategy, a series of
control experiments were performed. As shown in BB, a well-defined DPV peak
was observed in the presence of target DNA and IEXourve a). However, in the
absence of Exo lll (curve b) or target DNA (curye weak DPV responses were
obtained, which were similar to that of auxiliaryNB/probe DNA/nano-Au/GCE
treated only with Tris-HCI solution (curve d). Tlesesults indicated that the
methylated target DNA triggered cleavage by Exq #ihd the signal-on E-DNA

sensor was suitable for analyzing target DNA.

3.4. Recognition of methylation sites

An important challenge in the DNA methylation assegs the identification of
methylation position. Therefore, the recognitiorhdaor of the signal-on E-DNA
sensor was investigated by measuring the peakrtumeponses to a series of DNA
sequences with different methylation sites. The DNéquences with different
methylation status, including unmethylated targstAD fully methylated target DNA,
head hemimethylated target DNA, and middle hemiglated target DNA, were
pretreated with bisulfite. As depicted in Fig. 3methylated target DNA exhibited a
weak current signal (curve a), whereas the highbesk current was observed for
hybridization with the fully methylated target DN#curve b). Compared with
unmethylated target DNA, the peak current increasddhtly for head
hemimethylated target DNA (curve c), and the midabenimethylated target DNA

showed only a small current change (curve d). tiqudar, the peak current in curve

12
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¢ (mC in the head of the sequence) was higherttiatrof curve d (mC in the middle
of the sequence), because a mismatch in the maddlee target DNA has a greater
effect on the duplex stability (Wang et al., 2012hese results indicated that the
signal-on E-DNA sensor selectively recognized thethylation site of the target

DNA.

Fig. 3

3.5. Optimization of Exo 11 concentration and reaction time

To improve the detection sensitivity, the experitaénonditions were optimized.
Fig. 4A shows the effect of Exo Il concentration the current response for the
detection of 50 pM methylated target DNA. The cntrsignal increased with the
increase in Exo Ill concentration, and reachedateplu at 0.4 unjiL™. The result of
a time-course experiment for the Exo lll-assistedycling amplification time is
presented in Fig. 4B. The current signal increasig the increase in Exo Il reaction
time before 120 min. The continuously increasingent signal demonstrated that
Exo lll-assisted autocatalytic target recyclingfeasible. Thus, the optimal Exo Ili
concentration of 0.4 unjtL™" and autocatalytic reaction time of 120 min weresen

for further analytical experiments.

Fig. 4

3.6. Analytical applications
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The sensing behavior of the signal-on E-DNA sen&or methylated DNA
detection was measured under the optimal experaheanditions. As shown in Fig.
5A, the peak current of MB increased with the iase in the concentration of
methylated target DNA. The increase in peak cur(&ht | — lo, wherel andlg are
the electrochemical responses of the signal-on EDBEnsor in the presence and
absence of methylated target DNA, respectivelydtba linear relationship with the
logarithmic value of the methylated target DNA ceniration ranging from 10 fM to
100 pM, with a correlation coefficient of 0.997 gFbB). The limit of detection (LOD)
was calculated to be 4 fM based on the equation ECBYm, whereSis the standard
deviation of blank determinations andis the slope of calibration curve (Radi et al.,
2006; Miao et al., 2018; Labib et al., 2012; Warigak, 2017). This result was
attributed to the excellent physicochemical prdpsertof nano-Au and the Exo
lll-assisted target recycling amplification stratedoreover, the relative standard
deviation of six independently fabricated sensars the detection of 50 pM
methylated target DNA was 4.2%, indicating acceletgirecision and fabrication
reproducibility. Table S2 lists the analytical paeters for the DNA methylation
assay of the signal-on E-DNA sensor and referermd&svHuertas et al., 2018; Luo

et al., 2019; Jiang et al., 2018; Sotgia et al1,02(®ui et al., 2019; Sadeghan et al.

2018; Zhu et al., 2013; Povedano et al., 2019; Blapeur et al., 2016; Dai et al.,
2013; Hong et al., 2018). The signal-on E-DNA sersad a relatively lower LOD
and wider dynamic concentration response range.

Fig. 5
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To evaluate the practical application of the sigmalE-DNA sensor in a complex
sample matrix, a recovery test was performed bkirspi20% human blood serum
with fully methylated target DNA to simulate a rea@mple. The human blood serum
samples were provided by healthy volunteers in Xuz@entral Hospital in Jiangsu
Province, China. For samples spiked with 100 fN\dM, and 10 pM fully methylated
target DNA, the recoveries were 95.6%, 103.5%, &W2%, respectively,
demonstrating high selectivity and suitability bétsignal-on E-DNA sensor for real

sample analysis.

3.7. Interference investigation

To investigate the influences of interferences bea &ssay of target DNA, a
variety of foreign substances were added into 50 mkthylated target DNA for
electrochemical detection. It was revealed that-fblf) concentration of the
following ions exhibited negligible interferencesn ahe determination (signal
variations < 3%): N§ C&", K*, C/*, F€", CI', HCO;", H,PQ,, NOs7, and SQ.
The effects of some proteins and electroactiveolgichl molecules were also tested.
The results indicated that the current changes Bf Were lower than 5% of the
original signal after the introduction of 50-foldorecentration of hemoglobin,
thrombin, and telomerase. Although electroactivdemdes of dopamine, uric acid,
and norepinephrine could be oxidized at the sensimgrface, their oxidation
potentials were far from the reduction potentialMB, resulting in no significant

interfere behavior in a 100-fold concentration fgigchanges < 5%).
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4. Conclusions

We proposed a signal-on electrochemical biosenglagform for sensitive
recognition and detection of DNA methylation. Ight of bisulfite conversion, the
DNA methylation information was translated into laic acid sequence information,
which provided a promising strategy for the hylradion detection of target DNA
methylation. With the assistance of auxiliary DNthe Exo lll-based recycling
amplification was triggered by target DNA hybridipa, causing the conformational
rearrangement of probe DNA from a rod-like to arsteop structure. As a result, the
redox tag was forced into close proximity with tekectrode surface, facilitating
efficient electron transfer, and generating a larggease in the observed Faradic
current. Owing to the Exo lll-assisted target réicygy; the signal-on E-DNA sensor
exhibited high sensitivity for methylated target RNetection, even when challenged
with human blood serum. Moreover, specific methglasites in the DNA sequence
were clearly recognized due to the difference & thethylated positions in the
molecular structure. Compared with the analyticatameters of various reference
methods, the present assay had a relatively widead range and lower LOD,

indicating the advantages and effectiveness obith&ensing system.
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Captions and L egends

Scheme 1. Schematic illustration of the signal-on E-DNA sensior DNA
methylation detection based on the target-inducedocmational change of the DNA

probe and Exo lll-assisted target recycling.

Fig. 1. (A) CV curves and (B) EIS plots recorded at différstages of the working
electrode in 5 mM [Fe(CN)* 7 containing 0.1 M KCI: bare GCE (a); nano-Au/GCE
(b); probe DNA/nano-Au/GCE (c); auxiliary DNA/prode@NA/nano-Au/GCE (d);
and auxiliary DNA/probe DNA/nano-Au/GCE incubatedthw10 mM Tris-HCI

solution containing 0.4 unjtL™ Exo I1l and 50 pM target DNA (e).

Fig. 2. (A) Background-subtracted DPV responses of theiliaox DNA/probe
DNA/nano-Au/GCE incubated with Tris-HCI solutionrtaining 0.4 unituL™" Exo
lIl and 50 pM methylated target DNA (a) and 50 pMdwtype unmethylated target
DNA (b). (B) Background-subtracted DPVs obtainedompanalyzing 50 pM
methylated target DNA in the presence of 0.4 phit' Exo Il (curve a). Curves b to
d: control experiments performed with no Exo 11),(bo methylated target DNA (c),

and no methylated target DNA or Exo Il (d).

Fig. 3. Background-subtracted DPVs of the signal-on E-Dd¢Asor for the analysis
of 1 pM unmethylated target DNA (a), fully methwdt target DNA (b), head

hemimethylated target DNA (c), and middle hemimkited target DNA (d).

Fig. 4. Effects of (A) Exo Il concentration and (B) Exdl-Hssisted autocatalytic

recycling time on the DPV responses toward 50 pNhygiated target DNA.

Fig. 5. (A) Background-subtracted DPVs of the signal-on EADsensor for the
detection of methylated target DNA at 10 fM (a)0X (b), 500 fM (c), 1 pM (d),
10 pM (e), 50 pM (f), and 100 pM (g). (B) Lineadatonship between the current

increment and the logarithm of the methylated talij¢A concentration.
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Highlights

A signal-on electrochemical biosensor was developed to investigate DNA

methylation based on the conformational change of a DNA probe.

Exo Ill-assisted signal amplification allowed femtomolar detection of

methylated target DNA.

The proposed method exhibited advantages of convenience, low cost, and high
sensitivity.

This sensing system may be useful for epigenetic evaluation and fundamental

biochemistry research.
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