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Abstract

Using an external redox-active molecule as a DNB#rialyzation indicator is still

a popular strategy in electrochemical DNA biosesdmcause it is label-free and the
multi-site binding can enhance the response sighnplanar and uncharged transition
metal complex, Cu(PA)(PA = picolinic acid) with excellent electrocheml@&ctivity
has been synthesized and its interaction with dwatthnded DNA (dsDNA) is
studied by experimental electrochemical methods thedretical molecular docking
technology. The experimental results reveal that dbpper complex interacts with
dsDNA via specific intercalation, which is verifiday the molecular docking result.
The surface-based voltammetric analysis demonsttat the planar Cu(PAxan
effectively accumulate within the electrode-confineybridized duplex DNA rather
than the single-stranded probe DNA. Based on thisnpmenon, the Cu(PA)s
utilized as an electrochemical hybridization indica for the detection of
oligonucleotides. The sensing assays show that umuwiation in Cu(PAj)solution,
the probe electrode does not display any Faradpakibut the hybridized one has a
pair of strong redox peaks corresponding to thetdlehemistry of Cu(PA) showing
excellent hybridization indicating function of C&JR without background
interference. The signal intensity of Cu(RA9 dependent on the concentrations of the
target oligonucleotide ranging from 1 fM to 100 ndth an experimental detection
limit of 1.0 fM. Due to the specific intercalatioof Cu(PA) with dsDNA, the
biosensor also exhibits good ability to recogniigomucleotide with different base
mismatching degree.
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1. Introduction

The effective transformation of DNA hybridizatiorvest into a detectable
electrochemical signal is a critical step in thaestouction of high-performance DNA
biosensors (Li et al., 2018; Zwang et al., 2018m&u et al., 2019). Typically, the
analytical signals come from three types: signa tabeled on probe strands
(Hasegawa et al., 2017; Zhan et al., 2017), dibase oxidation/reduction (Maleh et
al., 2015; Ahour et al., 2017), and external dotghtanded and single-stranded DNA
discriminator (namely hybridization indicator) (@it al., 2013; Balvedi et al., 2016).
The biosensors with the signal tag labeled probands usually own excellent
specificity, regenerability and stability, but tpeeparation of the probe strands are
complicated. In addition, the signal molecule gged on the end of the probe strand
by single-point conjunction, so the signal-outputiensity, as well as sensitivity is
limited. Another method to transfer the hybridipatievent is achieved by monitoring
the electrochemistry variation of the internal peribases, adenine or more often
guanine upon hybridization reaction. Although thetimod is direct and facile, a high
over-potential is required to achieve the electenaital signals of these bases, which
potentially causes the damage of the single-stchpilebe DNA(ssDNA), and then
decreases the regenerability of the biosensor.ridtavely, the biosensing strategy
depending on the external indicator can be realimedain appropriate potential
window by tuning the redox potential of the indmatThis detection process is
label-free, which reduces the cost and saves thar for the biosensor fabrication.
What's more, the one-dimensional chain-like doudifanded DNA (dsDNA) has rich
sites to accommodate numerous indicators, whichelpful for the sensor to gain
high sensitivity. Therefore, using external hylzation indicators for DNA
biosensing analysis is still a popular strategglectrochemical DNA biosensor field.

Among the hybridization indicators, the metalloeiralators (MlIs) are one type
of the most favorable ones due to their excelleatox reversibility, controllable
geometrical configuration and high chemical stapilThe MIs can bind with the
DNA duplex rather than the unhybridized ssDNA tlglouthe specific intercalation
mode. However, the currently developed Mis-basenksdnsors suffer from the
following drawbacks: (1) To improve the specifictdrcalation of the Mls with
dsDNA, the ligands with large aromatic ring likepyiido[3,2-a:2’,3’-c]phenazine
(dppz) (Maruyama et al., 2002; Li et al., 2015) aseally on demand. However, the

complicated synthesis and low water solubility lnéde ligandblock their practical



application; (2) To enhance the signal intensitgme expensive and toxic
redox-active metal ions like osmium(Il) (Maruyantaak, 2002; Deféver et al., 2011)
and ruthenium(ll) (Dutse et al., 2012; Foo et2017) have been used, which makes
the biosensors not economic and environmentaldhen(3) All above mentioned
Mis are positively charged and can bind with thBNA through the non-specific
electrostatic interaction, resulting in high baakgrd response for hybridization
detection.

To address the above-mentioned problems, differgrdategies have been
developed on the views of ligand screening, metad replacement and charge tuning.
For example, Yang et al. (Yang et al., 2015) regdiaibhe intercalative ligand of DPPZ
with commercial naphthalene diimide derivative amsked the ferrocene as the
redox-active moiety, which greatly simplifies theeparation process of the Mis. To
reduce the preparing cost and the potential risknyriow-toxic and earth-abundant
metal ions such copper(ll) (Lin et al., 2011; Dypet al., 2016), manganese(ll) (Niu
et al., 2009), and cobalt(ll) (Wang et al., 201Raj et al., 2013) have been utilized
indicators preparation.

What's more, in order to avoid the non-specificctlestatic interaction between
the positively charged Mls and negatively chargkedgphates of DNA, Wong (Wong
et al., 2003) has used a negatively charged 2\8fdisc acid anthraquinone (AQDS)
as an indicator for DNA hybridization detection. eThresults show that the
non-specific interaction of AQDS with ssDNA probancbe thoroughly eliminated
due to their electrostatic repulsion. But it is amdnate that, also because of the
electrostatic repulsion, it will take ~12 h to 8hithe intercalative reaction of AQDS
with hybridized DNA, which greatly hampers fast lyse of the biosensor. Also on
the consideration of the nonspecific electrostatieraction of MIs with DNA, our
group has designed and synthesized a special MDA analysis (Wang et al.,
2013). The MI has two functional ligands, namelyycgllic acid (GA) and
1,10-phenathroline (phen): the planar aromaticnkibaf phen is used for intercalation
with dsDNA, and the GA is to compensate the pasittharge of metal ions. The
results show that, through the reasonable designhef charge-neutral MI, the
background response during the hybridization deteatan be effectively eliminated.
However, the synthesis of the MI with mix-ligandsstill complicated, and the steric
hindrance of the charge-controlling ligand of GAakens the interaction of the Mi

with dsDNA. Therefore, it is still a demand to dgsiand synthesize simple and



high-performance Ml for electrochemical sensinglygsis.

On this purpose, a copper(ll) complex bearing tuetebtate ligands of picolinic
acid (PA) is synthesized through a simple one-stegrdination reaction. As each
ligand of PA has one negative charge, so the pestinarges of center copper(ll) ion
can be totally compensated, and the complex idretezutral. This can effectively
prevent its non-specific electrostatic interactiwith probe DNA. In addition, the
geometric configuration of the complex consistifigedra-coordinated Cu(ll) and two
PA ligands presents the well-defined planar stmeéctumaking the complex
intercalating into DNA duplex as a whole withoutyasteric hindrance. On the basis
of this, the MI was utilized as an electrochemigaticator to monitor the
hybridization of DNA. The target DNA can be detecte a wide range from 1 fM to
100 nM with the experimental detection limit of 1fM. Due to the specific
intercalation of Cu(PA) with dsDNA and absence of background response, the
biosensor also exhibits good ability to recogniligamucleotides with different base
mismatching degree, showing the promising practagglication of the developed

biosensor.

2. Experimental
2.1. Reagents and appar atus

Native fish-sperm DNA (fsDNA) was purchased from ijidg Baitai
Biochemistry Technology Company (China) and useteasived. The concentration
of the DNA in the nucleotide phosphate (NP) wa®eined spectrophotometrically
at 260 nm using the known molar extinction coedfitiof 6600 M cmi* (Reichman
et al., 1954). The 18-base synthetic oligonuclestidrere purchased from Shanghai
Sangon Bioengineering Co., Ltd. (China). The CufPAas synthesized through a
homogeneous reaction under ambient temperatureeaeported in previous work
(Wang et al., 2012b). The detailed synthesis pnaeedf Cu(PA) and the other
material information are given in Supplementary &ais.

Electrochemical experiments were carried out onHi €50C electrochemical
workstation (China) consisting of traditional thwelectrode system: bare or
DNA-modified glassy carbon electrode (GC&7=3 mm) as a working electrode, a
Ag/AgCIl as the reference electrode and a Pt wirtth@sounter electrode.

2.2 Experimental studies on the interaction of Cu(PA), with native dsDNA

The interaction mechanism including binding modmding site and binding



constant of the synthesized Cu(RPAyith dsDNA was experimentally studied by
different electrochemical technologies like cydlicltammetry (CV), normal pulse
voltammetry (NPV), chronocoulometric (C@nd differential pulse voltammetry
(DPV) measurements. In detail, to an aqueous solwf Cu(PA) containing 20 mM
BR buffer (pH 7.0), an appropriate amount of dsDM#s added and then reacted for
10 min under ambient condition. Then the solutiaswlectrochemically scanned by
above-mentioned methods.
2.3 Molecular docking of Cu(PA), with dsDNA

The molecular docking experiments of Cu(&) dsDNA were performed with
Auto Dock vina software. The best DNA-Cu(RAjonfigurations was achieved by
comparing several scoring criteria such as affinignding site and binding
orientation. Two DNA sequences, d(CGCGAATTCGEGPDB ID: 1BNA) and
d(CGATCG) (PDB ID: 1Z3F) selected from the Protein Data B§REB) (RCSB)
were used as models for groove binding and intatical docking, respectively. With
the aid of Auto Dock tools, all hydrogen atoms d&pasteiger charges were added.
This structure was further modified for dockingatdhtions through Auto Dock vina.
All of the water molecules were removed, whereasGhsteiger charges and essential
hydrogen atoms were added. A total of 20 modelsevaecomplished, and the best
structure with the lowest binding free energy wesdi

The crystal structure of Cu(RAJCCDC:838907) was taken from its X-ray

diffraction data (Wang et al., 2012b), and the PiBmat of the complex was
obtained by converting the complex’s CIF file usMgrcury software.
2.4 Fabrication of the biosensor and the hybridization reaction

The biosensor was fabricated by covalent immohibraof amino-modified
oligonucleotide probe (pDNA) on the carboxylatedE>Eirst, the GCE was cleaned
through routine physical polishing and ultrasonaratwashing. Then, the cleaned
GCE was polarized at +1.5 V for 15 s in a strongl anixture containing 2.5%
K2Cr,0O7; and 10% HNQ® to produce the functional carboxyl groups (-COGit}he
electrode surface (Gao et al., 2013). Thereaf@n2PBS containing 5 mM NHS
and 8 mM EDC was dropped on the electrode surfadedded at room temperature
to activate the functional oxygen-containing graupiéer that, 10uL of 10 uM pDNA
solution was cast onto the electrode surface aeddp of the electrode was coved
with an Eppendorf tube. After reaction for 3 h, #lectrode was rinsed with PBS to

eliminate the nonspecifically adsorbed DNA. Theanied modified electrode was



denoted as pDNA/GCE.

The hybridization reaction was performed by immeyspDNA/GCE into 20
mM TE buffer containing different sequences for ath42°C with gentle shaking.
Then the hybridized electrodes were washed with RB&move the unhybridized
DNA.

2.4. Indicator binding and hybridization measurements

The indicator binding was carried out by immersitige hybridized and
unhybridized DNA-modified electrode into a pH 7.® Buffer containing 1.5 mM
Cu(PAY), for 10 min for binding equilibrium, and then thiearodes were transferred
into 20 mM pH 7.0 BR buffer free of the copper céexpfor CV and DPV
measurements. The potential of CV range from -0t2 ¥0.6 V with the scan rate of
100 mV §'. The DPV was recorded within the potential ramgenf+0.1 V to +0.5 V.

3. Resultsand discussion

3.1 Synthesis, structure of Cu(PA), and working principle of the biosensor

The copper(ll) complex, as a class of common ttemmsimetal compounds,
receives considerable interest in bioinorganic aeggnand analytical chemistry due
to their bioactivity, and excellent spectroscopi a&lectrochemical properties. The
PA-based copper(ll) complexes have been widely istucas the DNA-targeted
molecules (Pulimamidi et. al., 2014; Shazia et. 2014). In this work, the simple
binary copper(ll) complex, Cu(PA)s synthesized and utilized as the electrochemical
probe. Fig. 1A shows the synthesis route of thggeopomplex. It is obtained through
a simple chelating reaction of bidentate ligandPéf with the center ion of CGii
Through the stoichiometric ratio of 1:2 (€1PA), the planar complex of Cu(PAis
achieved. In addition, since two negatively char§édligands balance the positive
charges of Cti, the complex of Cu(PA)presents electroneutrality as a whole. Fig.
1B shows the ORTEP view of Cu(RAY¥ith 30% thermal ellipsoid probability. It is
observed that the copper(ll) complex consists ab weprotonated bidentate PA
ligands and one uncoordinated water molecule odngphattice sites. The Cu atom
lies in the center of a distorted® square formed by two N atoms and two O atoms
from two PA ligands. The bond angles of O3-Cul-@Bd N1-Cul-Nla are resolved
to be 180, confirming that the Cu(PA)presents a planar structure. More information
concerning the crystal structure of the complex loarobtained from our previously
reported work (Wang et al., 2012b).

Based on the above structure characteristic of Auy(Pan electrochemical



biosensor using Cu(PARs a hybridization indicator is designed. Fig. sl©ws the
construction and its working principle for the deien of target DNA (tDNA). First,
the pDNAs were immobilized onto the surface of GiEthe condensation reaction
between -COOH and amino (-MHunder the assistance of EDC/NHS. Then the
tDNA was hybridized to form duplex structure. Whitae hybridized electrode was
incubated in Cu(PA)solution, the planar Cu(PA¥pecifically bind with dsDNA, and
an electrochemical response corresponding to tieecadated Cu(PA)is monitored.
Since the single-stranded probe DNA has no bingitgy for Cu(PA), the obtained
signal on the electrode surface can be directlfieghms an indicating signal for
hybridization. Based on this principle, a simplenstive, easy-operation and

cost-effective biosensor can be developed.
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Fig. 1 (A) Synthesis route of the copper complex, Cu¢PAB) ORTEP view of
Cu(PA)-H,O with 30% thermal ellipsoid probability. (C) Fatation and working
principle of the DNA biosensor using Cu(BA)s the hybridization indicator



3.2 Binding mechanism of Cu(PA), with fSDNA in solution by electrochemistry

Different electrochemical methods were appliednigestigate the interaction
mode of the Cu(PA)with DNA duplex in solution using native fish-sperDNA
(fsDNA) as model. Fig. 2A shows the typical CVs260 uM Cu(PA), before (a), and
after interaction with 8@M (b) and 15QuM (c) fsDNA in 20 mM BR buffer (pH 7.0).

It is found that Cu(PA)has a pair of well-defined redox peaks at +0.31&r\d
+0.138 V. respectively (curve a), which is assigt®dhe electron transfer couple of
Cu(I/Cu(l) (Zhan et al., 2017; Song et al., 2QIB)e potential difference of the two
peaks is 180 mV, and the peak current ratig/lfld]) is close to 1, suggesting that the
electrochemical behavior of the Cu(RA$ a quasi-reversible process. Whenu80
fsDNA is injected, the redox peaks of Cu(PAcrease remarkably, suggesting
Cu(PA), has reacted with fsDNA, which is confirmed by thetlier decrease of the
redox signal by adding 150M fsDNA. According to the equations (1), the formal
potentials of Cu(PA)before and after binding with 15M fsDNA are calculated to
be +90 mV and +104 mV, respectively. The positingtof the formal potential
suggests the possible intercalative interactiowéen Cu(PAj) and fsDNA (Carter et
al., 1989), and this conclusion is also consistgith the result judged from the
binding constant ratickredKox) Of the reduction state of Cu(PAYith fSDNA to that

of the oxidation state (see the detail discussidBupplementary Material)

EQI _ (Epﬂ + EPCJ
B 2 1)

Chronocoulometry was carried out to calculate tiffieegion coefficients D) of
Cu(PA)» and Cu(PAydsDNA. Fig. 2B shows the typical CC curves of 200
Cu(PA), before (a) and after (b) reaction with excess (80 fsDNA. The plots of
total charge @) versus the square root of the potential pulsehwid’?) for Cu(PA)
and Cu(PA)fsDNA are depicted in Fig. 2C. From the slopeshaf two plots, thé®
values of the two systems are calculated to be 8.76° cnt s* and 2.40 x 18cn?
s', respectively, suggesting that the diffusion kiceetof Cu(PA) is decreased by
72.6% after formation complexith fsSDNA. This result confirms the interaction of
Cu(PA) and fsDNA, and the formation of the adduct de@sdke diffusion kinetics
of Cu(PA).

Furthermore, the binding parameters of Cu(Pf) fsDNA are investigated
through an NPV titration method. Fig. 2D shows tiéVs of the Cu(PA) upon

9



interaction with increasing concentrations of fsDNBbviously, the limiting diffusion
currents decrease gradually with the increase DNA concentration and finally
reach to the steady-state minimum values. The hingarameters such as binding
constant K) and binding site sizes) are then calculated through the NPV data and
corresponding equations (3)-(5) (Johnston et 8bg):

Xy = {b— (b* — 2K? — Cc,[NP])/s'/?}/2K C, (2)
Xp = Uz - Iintz)/Usatz - I’mtz) (3)
bzl—l—K'CCH-I—K[NP]/ZS (4)

where Xy, is the molar binding fraction, the limiting current upon interaction
with fsSDNA, it the initial current without the addition of fsSDNAg the current upon
binding saturation with DNACc¢, is the total concentration of Cu(RAand [NP] is
the concentration of the added fsDNAom the NPV results, the relationship X
versus [NP] is plotted as inset of Fig. 2D. Thea Walue ofK is estimated to be 3.1
(20.9) x 13 M through nonlinear fitting analysis of equation3-(@). This result
gualitatively suggests that the copper complex ddorfsDNA with a strong strength,
which is in agreement with the affinity of otherttarcalators (Phadte et al., 2019;
Yaghobi et al., 2019). Additionally, the value ®ifs obtained to be 1.7 (x0.1), which
indicates that two adjacent base pairs accommautetéCu(PA) molecule. This result
also demonstrates that when the CugHA8)utilized as a hybridization indicator, the
multiple site binding mode, in comparison with thiegle-point labeled molecular
beacon probe, can increase loading amount of sigrécules and improve the
electrochemical output response in hybridizatioralysis. In addition, since the
Cu(PA), is a planar molecule as a whole, its binding site 6&=1.7) is smaller than
those of the other indicators such as Co(pffénjs=6) (Millan et al., 1993),
bisnaphthyl imide tetracationic diviologen compoyseb.1) (Hvastkovs et al., 2007)
and bi-acetylferrocene ethylenediamine complex42) (Ding et al., 2013),
suggesting that the DNA duplex with the same lerggth accommodate much more
Cu(PA), to produce stronger electrochemical response disasehigher analytical

sensitivity in sensing analysis.
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Fig. 2 (A) CVs of 8 mL 20 mM BR buffer (pH 7.0) containir2p0 uM Cu(PA)
without (a), and with 8QuM (b) and 150uM (c) DNA. (B) CCs of 200uM
Cu(PA), before (a) and after (b) reacted with 8@ DNA. (C) The plots ofQ
versust*2 (D) NPVs of 20uM Cu(PA), upon titration with 0 (a), 3.3M (b),
13.4uM (c), 26.7uM (d), 40.1uM (e), 60.1uM (f), and 100uM (g) DNA. Inset:
The plot ofX, versus DNA concentration ([DNA]).

3.3. Molecular docking calculation on the binding of Cu(PA), with duplex DNA

To verify the conclusion of intercalative binding ©@u(PA), with duplex DNA
from electrochemical experiments, the molecularkdar studies were performed.
The preferred binding site and best orientatiothefmolecules on the DNA structure
are determined by the minimum energy of CugRrAgDNA complex. By the Auto
Dock Vina software, the docking result of Cu(PAyith dsDNA at two possible
binding modes (groove binding and intercalatior® #ustrated in Fig. 3A and Fig.
3B, respectively. As a control, the docking of asslic intercalator, ethidium bromide
(EtBr) with dsDNA was also performed, and the regildisplayed in Fig. 3C. Then
from the docking results, the binding scores of RA){ and EtBr with dsDNA at
different sites were calculated, and the resuktsgaren as Table S1 in Supplementary
Material. As seen, the Cu(PApresents a binding score of -7.7 kcal thalt

intercalation mode, which is obviously smaller thhat of the groove binding mode
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(-7.0 kcal mot), confirming that the planar Cu(PAs preferred to bind with dsDNA
via the intercalation (Li, et al., 2018). And evéme binding score of Cu(PAin lower
than that of EtBr (-7.3 kcal md), suggesting that the Cu(RMas a stronger affinity
with dsDNA than the classic intercalator of EtBuc8 strong intercalation is expected
to improve the stability of the biosensor when @)¢HRs applied as an indicator for
hybridization detection as the bound Cu(PA9 not easy to dissociate from the

electrode surface during rinsing and test process.

Fig. 3 The docked pose of Cu(PAomplexes bound to the minor groove (A) and
intercalation (B) mode with DNA. And docked poseaotlassic intercalator of
EtBr (C).

3.3 Electrochemical recognition of Cu(PA), toward dsDNA and ssDNA

Above homogeneous solution studies and moleculkidg@nalysis have shown
that the copper complex interacts with dsDNA thiodle intercalative mode. The
intercalation is a specific mode that only happesith dsDNA rather than ssDNA

12



because the intercalation siiee( the base pairs) is only present in dsDNA. Sa it i
speculated that the copper complex can be usec aseatrochemical probe for
structure recognition of dsDNA and ssDNA. In orttefurther testify this speculation,
the interaction of Cu(PA)with dsDNA and ssDNA was investigated on the etel
surface. Fig. S1 shows the multi-sweep CVs of pDBBE (A) and
tDNA-pDNA/GCE (B) in 200uM Cu(PA),. It is observed that on pDNA/GCE, a
couple of obscure redox peak appears and the reidorls are hardly changed with
increase of scan cycles. In contrast, when tDNA-ADBCE was tested in the same
conditions, the redox peaks of Cu(RAhhance gradually with increase of the scan
cycles. This difference demonstrates that incrgaaimounts of Cu(PA)molecules
are accumulated on the dsDNA modified electrodeerathan ssDNA electrode with
increase of the accumulation time.

The electrochemistry of pPDNA/GCE and tDNA-pDNA/G®#th fully absorbed
Cu(PA» was also investigated in a blank BR buffer, whiem @liminate the signal
interference from the direct diffusion of Cu(RBAom the bulk solution to the
electrode surface. The CVs (main panel) and DPvsef) results are displayed in Fig.
4. As depicted, there is not any evident Faradagek at the pDNA/GCE (curve a),
showing there is not Cu(PAxdsorbed on pDNA/GCE. However, a pair of strong
redox peak in CV and well-defined oxidation pealoiV is present on tDNA-pDNA
hybridized electrode (curve b). These results imt#ichat no background interference
is produced for the biosensor when the planar awtiarged Cu(PA)was utilized as
hybridization indicator. This is obviously superitw the other biosensors using
positively-charged molecules as the indicators (&tial., 2013; Duprey et al., 2016;
Nagy et al., 2018). It is also noticeable that #isolute binding of Cu(PA)on
hybridized electrode can be finished in 10 min (Bg in Supplementary Material),
which is extremely shorter than the negatively ghdrindicator like AQDS (~12 h)
(Wong et al., 2003), and even some positively aobdrgindicators like
[Co(phen)(Cl)(H20)]" (20 min) (Niu et al., 2013), bisnaphthyl imideréstationic
diviologen compound (30 min) (Hvastkovs et al., 20@nd [Cu(bpy)(MBZ)XH,0)]
(20 min) (Wang et al., 2011). This can be explaibgdhe electroneutral and planar
characteristic of Cu(PA)as a whole, which bypass the electrostatic remulsf
negatively charged indicators and the steric hincgaeffect of the mix-liganded

indicators.
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3.4 Analytical performance

Under the optimal concentration (1.5 mM) of Cu(P#jg. S3 in Supplementary
Material), the analytical performance of the bigs@rfor target DNA is investigated.
Fig. 5A shows the anodic DPVs of Cu(RAn the biosensor upon hybridization with
various concentrations of tDNA. It is found that tre probe electrode, not any
Faraday's signal is observed, suggesting that tbbepelectrode totally has not
adsorption on Cu(PA) Then the oxidation peak arouses from the Cu{PAuple
increases gradually when the biosensor hybridiziéls iwcreasing concentration of
the tDNA. This suggests that the electrochemiagthas achieved on the biosensor
are strictly dependent on the hybridization reactbthe biosensor with target DNA.
In addition, the peak currentis)(and the logarithm of tDNA concentrations (@ga)
is in a good linear relationship in the range frbr@ fM to 100 nM (Fig. 5B) with a
regression equation of4/(nA) =-0.46logCiona/M)-6.71, R = 0.9895. The theoretic
limit of detection (LOD) is estimated to be 100 &Wsed on the rule of three times
standard deviation of background signals. Howewbgn this value was put into the
linear regression equation, an unreasonable résuld positive value of peak current
(+0.65pA) is obtained. Actually, the value for the oxidatipeak should be a negative

value in this work. The reason might be that thekpeurrent value for the
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concentration of 1.0 fM tDNA is very close to zerBo, the extremely low
experimental concentration of 1.0 fM that can hdytdetected was adopted as the
LOD of the biosensor (Zuo et al., 2015; Rizwanlet2018), we adopted the lowest
experimental value (1.0 fM) as the LOD. Table SSupplementary Material shows
the comparison of the analytical performance of DNiAsensors using different
hybridization indicators. Clearly, the biosensoweleped in this work presents the
widest linear range and the lowest detection limvtich is likely attributed to the
excellent electroactivity of Cu(PA) molecule, its specific intercalation with
hybridized DNA, and absence of background respongarobe electrode.

In addition, from the previous experiment and tledorcalculation, it is known
that Cu(PA) binds with dsDNA via intercalation into the adjat®ase pairs. Thus it
is expected that in this work, for the DNA fragnemiith the same base length, the
more intact hybridized strands, the more interosdasgites there are to accommodate
the Cu(PA), and then the larger electrochemical signal wéllgroduced. Based on
this feature, the monitoring ability of the biosenssing Cu(PA) as the hybridization
indicator to base mutation is investigated. Whea tharget DNA fragments with
different base-mismatching degrees are utilizednadels, the analytical results are
displayed in Fig. 5C. As we can see, when the mmptementary DNA is hybridized
with probe DNA on the biosensor, no oxidation pegkears (curve e), as the same
response on pDNA/GCE (curve a), which indicateg tha hybridization reaction
does not happen between pDNA and the non-complemebiNA. In addition, it is
worth noting that even if the non-complementary DiNg&s non-specific adsorption on
the sensor surface, it will also not produce ansaéfay's response from Cu(RBA#s
no intercalative site is formed at this case. Hamvewhen pDNA/GCE was
hybridized with the perfectly complementary seq@eattDNA, the electrochemical
response of the complex enhances greatly (curveeb)fying that the Cu(PA)has
been well captured by the hybridized duplex DNAteAhatively, when the electrode
was hybridized with one-base mismatching sequeéesmDNA (curve d), the
detected signal is significantly decreased compaiddtDNA-pDNA/GCE, owing to
the formation of the imperfect double helix struetwhich reduces the binding sites
for Cu(PA). When the electrode was hybridized with a thresebenismatching
sequence of tmDNA (curve c), the response is furthecreased. These results
indicate that the biosensor is capable of recoggiziarget DNA with different

mutation degree. Unfortunately, as the signal efdbveloped biosensor is based on
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the intercalated Cu(PA)on hybridized DNA duplex, it is still hard to gé¢he
information concerning the detailed mutation siel $he number of the base by the
present method.

-7.0 T T T T T T T
0.50 0.45 0.40 0.35 0.30 0.25 0.20 0.15 0.10

Fig. 5 (A) DPVs of 1.5 mM Cu(PA)accumulated on pDNA/GCE upon hybridization
with 0 (a), 1 fM (b), 10 fM (c), 0.1 pM (d), 1.0 pk&), 10 pM (f), 0.1 nM (g), 1.0
nM (h), 10.0 nM (i), 100 nM (j) tDNA. (B) Linear lationship of the oxidation
peak currents () versus the logarithm value of tDNA (Id@ona). (C) DPVs
Cu(PA), recorded on pDNA/GCE before (a) and after hybatdan with 10 nM

tDNA (b), 0.1uM omDNA (d), 0.1uM tmDNA (c) and 0.1uM nDNA (e).
4. Conclusions
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In this work, a copper complex, Cu(BA)with the characteristic of
electron-neutrality, perfect planarity and excdllesdox response has been utilized as
a hybridization indicator in DNA detection. Moleeutiocking study shows that the
planar Cu(PAy preferably interacts with dsDNA via the intercalat rather than
groove binding, and even the affinity is largerrththe classic intercalator of EtBr.
The surface-based electrochemical studies furteeromstrate that the complex can
well discriminate dsDNA from ssDNA. In DNA hybricaion detection, when the
Cu(PA), is utilized as the hybridization indicator, a &stbinding process in
comparison with traditional negative and mix-ligadd intercalators, since its
electroneutral feature and better planarity as alevhin addition, because the
intercalation of Cu(PA)into dsDNA is strictly depended on the formationtloe
duplex structure of DNA, so not any background algis observed on probe
electrode, and an ultralow detection limit (1 fM)achieved. These advatanges make
the Cu(PA)-based biosensor promising for practical applicaiio early screening,
diagnosis, and prognosis of gene patients, andgtapplicability in the real samples
such as serum, urine or other biological extracasolutions will be our future
research.
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Highlights

» Cu(PA), (PA= picalinic acid) bearing planarity and electroneutrality was used as a
redox hybridization indicator

» Specific intercalation between the Cu(PA), and dsDNA was studied by electrochemistry and
molecular docking

» Binding constant and binding site size of Cu(PA). to dsDNA were calcul ated

» The copper complex shows high recognition to sSDNA and dsDNA.

» The Cu(PA),-based biosensor has not background response, good selectivity and

high sensitivity.
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