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Abstract

DNA hybridization sensors are important for dissaskagnosis. Until now, many approaches have been
proposed for the DNA hybridization examination. $&einclude fluorescence based, electrochemical and
colorimetric based. Electrochemical hybridizatiom fletection of DNA sequences requires the devedmprof
easy to-use, fast, inexpensive, miniaturized atalytdevices. In this work, a simple electrochemib&lA
hybridization sensor that uses poly[vinylpyridines(Bipyridine)2Cl]-co-ethylamine redox polymer ase th
indicator was assembled. The electrochemical behafipoly[vinylpyridine Os(bipyridine)2Cl]-co-ettgmine
redox polymer polymer with both single stranded D{¢8DNA-SH) probe and double stranded DNA (dsDNA)
was determined. Both cyclic voltammetry and imp@daspectroscopy results indicated strong bindinthef
new redox polymer onto DNA. A hybridization procésgolving a monolayer of a 24-mer thiol-tetheretl/®
capture probe on gold electrode and the correspgnahmplementary strand were clearly demonstrad@di
double strand after disruption with free radicatsild also be detected. The biosensor system hastmitfor

use to recognize of damaged DNA sequences.

Keywords. Cyclic voltammetry; Hybridization; Poly[vinylpyride Os(bipyridine)Cl]-co-ethylamine.

1. Introduction

Biological analysis is integral in biomedical resdg involving medical diagnostics, forensic ais& among
other areas. Development of simple chip-based DRAsars capable of sensitive and selective detection
DNA sequences will have a great impact in clinidizignosis (Sassolas, et al., 2007; Wang, et al1;2bhi, et
al., 2012). Due to the low-abundant DNA biomarKarked to the diseases in biological samples, ddsirable

to enhance the sensitivity and specificity of methéor DNA detection (Kong, et al., 2010) Fabrioatof DNA
microarrays or DNA chips has enabled parallel datecof DNA sequences (Pheeney, et al., 2013). In
particular, DNA microarrays allow studies involvireglarge number of genes to be conducted. Many-gene
specific sequences immobilized on platforms sucylass or other conductive material can be intexted) using
labeled biological samples (Zheng and He, 2009)e@&i®n of

DNA sequences relies on the formation of WatsorelCduplexes between immobilized strands (probed) an
the target strands in solution (Lubin and PlaxcOl®. Electrochemical detection platforms for DNA
hybridization detection have been examined receatlgt are finding favor due to low cost as opposed t
fluorescence-based optical readouts (Fan, et @L0;2Liu, et al., 2008). DNA electrochemical biosen
discriminate hybridized, double-stranded (ds-) D&m single-stranded (Steichen, et al.) using erogs,
redox-active hybridization indicators (double-hdlitercalators) (Liu, et al., 2013; Mugweru and kg 2001;
Shamsi and Kraatz, 2013). Intercalation of thedattir with DNA strands is simple and convenientdetection
method but can also suffer from background sigaatciated with nonspecific binding of intercalatdue to
unhybridized ssDNA. Intercalation or electrostatiteraction of indicator molecules to the targetMdbktrands
affects the net charge on the DNA modified surfd@opa, et al., 2013; Sun, et al., 2007). In ortdedetect a
hybridization event, proper selection of probe @ésyimportant in order to get a good current caittsetween
probe and hybridized events (Turcu, et al., 2064). proper hybridization event, the probe and tasg@nds
should be of equal lengths to avoid overhangs eiththe probe or target strand (Wang, et al., 2013

Most common electrochemical DNA sensors, utilizehylene blue or ferrocene as indicators (Bakerlet
2006; Kang, et al., 2009; Lai, et al., 2006; Xuakt 2013). The electrochemical hybridization dét: based
on these redox indicators present different afégitto both dsDNA and ssDNA. Other redox probed ag
[Ru(NH3)]*" (Wang, et al., 2013; Zhang, et al., 2006) use ®lstitic interaction while ferrocenium (Fc+),
form metal chelates (Ju, et al., 2004). Non spedifteraction using these indicators can sometigeerate
high background signals during hybridization. Thessdox active indicators produce the expected
electrochemical signals after DNA-intercalationn&oindicators are also known to bind/atnantiomer and
minor groove of the complementaryrenantiomer (Liu, et al., 2006). Groove bindingaispecific interaction
that only occurs for dsDNA as compared to elecitasindicators. Groove binding has an advantaghkigifer
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recognition ability of dsDNA (lhara, et al., 199@he combination of chemical stability, redox prajess, and
sensitivity of redox indicators is essential fotuit DNA hybridization sensors. Polymeric materiate novel
materials with good electrical properties for lafyele biosensing applications (Hu, et al., 2013ehand He,
2009). In the present work, DNA hybridization semsutilizing poly[4-vinylpyridine Os(bipyriding)lCI]-co-
ethylamine (osmium based redox polymer) was evatuats an indicator in DNA hybridization assay. This
indicator showed clear signals when a 24 base oplgonucleotide was coupled to its corresponding
complementary strand.

2. Experimental

2.1.Chemicals Reagents and Instruments

Tris(2-carboxyethyl) phosphine hydrochloride (TCE®&)hmonium acetate, ethyl alcohol, poly(4-vinylyigine
and poly(ethylene glycol) diacrylate (MW 575), wararchased from Sigma-Aldrich (St Louis, MO, USA).
Hexafluorophosphate, sodium dithionite, ethBrN-dimethylformamide, and hydrochloric acid were from
VWR. Ammonium hexachloroosmate (IV) and 2-bromoethylantirydrobromide, were from Alfa Aesar. 2,2
Bipyridyl (bpy) and [Fe (CNJ* and Fe (CNJ* were obtained from VWR. The stock solution of the
oligonucleotides(4 mM) was prepared with PBS busigution and kept frozen at negative 20 °C. Is 8tudy,
DNA oligonucleotides of the following sequence S5TTATCATCCATGAGTTTTCTCT-SH) and
5’AGAATAGTAGGTACTCAAGAGA-3’ were obtained from intgrated DNA technologies (IDT).
Electrochemical measurements were carried out avitomputer-controlled electrochemical workstatiGi|
660c, USA) with ohmic drop 98% compensated. A tlaleetrode cell was employed with a Ag/AgCl elede@s

a reference electrode, gold electrode working edelet and Pt wire as counter electrode all from Babgtical
Systems Inc. Phosphate buffer had a pH of 7.0 at@heentration of 20 mM. The polycationic redoxypoér,
poly[4-vinylpyridine Os(bipyridine)Cl]-co-ethylamine (noted as Osmium based redox rpety was
synthesized according to a procedure describedqugy with some modification (Rajagopalan, et 4B96).
Briefly, Os(bpy}Cl, was prepared by mixing two equivalents of bipyraiwith one equivalent of ammonium
hexa chloro osmate in 50 mL of ethylene glycol.sTWas heated to reflux for one hour and precipitatging
saturated sodium dithionite.

The oxidation with dithionate was essential in thidymer. The precipitate was filtered and washeggbatedly
with water and ether. To prepare the redox polyrie3, ratio of Os(bpylCl, to poly(4-vinyl-pyridine) were
refluxed under nitrogen atmosphere in approximai@lynL of ethylene glycol for 2.5 h The solutionsa@oled

to room temperature followed by the addition of X80 of DMF and 2-bromoethylamine hydrobromide. The
solution was left stirring overnight at room temgtere. The crude polymer was precipitated by pguthe
solution into rapidly stirred acetone. The hygrgecqrecipitate was collected and dissolved in wakhis was
then filtered and dried under vacuum.

Os(bpy),PO4 (cH2),NH,

Figure 1. Redox polymer synthesized: The molecule contains osmium redox polymer backbone (wheren=1, m
=4,p=1.2).

Oligonucleotide Preparation

Approximately 400 pL of 3% TCEP solution and 20 @fl0.4 mM ssDNA/SH solution were place in a viatlan
mixed thoroughly for about one hour on rocker. Abbs0 pL of 9.5 M ammonium acetate and 1.5 mL bf/et
alcohol were added to the solution. The mixture piaged in an negative 20 °C freezer for 20 min dred
solution later spun in a micro-centrifuge at 13,008 for 15 min. The supernatant solution was pdurat and
the rest of the sample allowed dried in a speedwacat 47 °C. The dried oligonucleotide was re-aliss] in

30 pL of phosphate buffer pH 7. The DNA sample sofuwas used in the next set of experiments.

2.3. ssDNA Probe Immobilization on Gold Surface

A clean gold electrode (area, 0.02 %mwas immersed in the thiolated single-stranded DINobe

(5 TCTTATCATCCATGAGTTTTCTCT-SH) for at least one hoin solution prepared using the procedure
above. The modified electrode was rinsed with ikiéstiwater to remove any unbound DNA. The electrafier
immobilization with ssDNA was placed in Osmium bésedox polymer for about one hour. The electrods w
then rinsed with distilled water to remove any pody not bound onto the electrode. The electrode theais
placed in fresh phosphate buffer of pH 7 and waaradierized using cyclic voltammetry and impedance
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2.4. Hybridization and Hydroxyl Radical Reaction

A gold electrode fuctionalized with ssDNA using fvcedure above was in placed in a solution coimgia
complementary ss-DNA (5’AGAATAGTAGGTACTCAAGAGA-3).The hybridization reaction was carried
out at 37 °C using a water bath. After about onerhihe electrode was removed and rinsed withlididtivater

to remove any unhybridized DNA. The electrode wamntplaced in the osmium based redox polymer fer on
hour. The electrode was rinsed in distilled watfobe any electrochemical analysis.

Some ds-DNA/Au modified electrodes were incubatedrénton reagent to induce damage on the hybridized
DNA strand. The ds-DNA, and damage ds-DNA modifiddctrodes were incubated in osmium polymer
solution for at least one hour prior to cyclic asttmetry characterization.

3. Resultsand discussions

3.1. Electrochemical |mpedance Spectroscopy

The construction of the DNA biosensor based on DNédiated redox polymers as indicators is a goadegy
that can enable detection of DNA lesions withoungsthe PCR techniques. In the strategy, DNA can be
covalently attached to the indicators. Althoughalemt attachment has some advantages, it is nailp@go
detect multiple DNA mismatches at the same timerteHe, hybridization of the ssDNA probe was first
investigated using electrochemical impedance spswbpy (EIS). EIS is a technique, though develogemte
time back (Metters, et al., 2011; Randvir and BanR013) has recently been gaining attention in
electrochemical research, especially in the fidlBiosensor development. EIS was used in this wonkainly
characterize electrodes surfaces modified with N#:and ds DNA. Conducting surfaces including suefac
modified with ssDNA or dsDNA change the double tagapacitance as well as the electron transfesteasie

on the electrode. The changes introduced through stirface modification can be monitored by using
electrochemical impedance spectroscopy (EIS).(Erdsnal., 2012) The Electrochemical impedance studi
were carried out in 10 mM Fe(CRJFe(CN)* in 20 mM phosphate buffer solution. Figure 2 shtivesNyquist
plot (Z’ versus Z") gold electrode functionalized with ds-DNA asd DNA. The Randles equivalent circuit model
used to fit the data is also shown with Rs beirgélectrolyte resistance# the charge resistancey & the
double layer resistance ang & the Warburg impedance. The semicircle diamatdrigher frequencies in the
Nyquist diagram reflects the interfacial electroansfer resistance (Rct) which controls the electransfer
kinetics of KjFe(CN)]J/K Fe(CN)] at the electrode surface. The Nyquist plot oladirby the bare gold
electrode has a nearly straight line (data not sfipwhich is characteristic of a diffusion-limitijocess. It can
be seen that EIS of the gold functionalized witFD8A (figure red) composed of a large semicirclel an
straight line featuring a diffusion limiting stepf dhe Ks[Fe(CN)]J/K4Fe(CN)] processes. After the
hybridization step (black), the gold electrode (NgDAu) yields larger diameter indicating the hybrziation
step was successive. The large semicircle indi¢htgghe charge transfer kinectics is slower endsDNA/Au
electrode compared to that of the sSDNA/Au elearasl would be expected during hybridization step.
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Figure 2. Nyquist plots in 10mM [Fe(CN)** and [Fe(CNY** of (a) thiolated ssDNA on gold
electrodelf) thiolated dsDNA (after hybridization).

3.2 Electrochemical Characterization of sSDNA Functionalized Electrodes

Electroactive indicators including intercalatorsyédeen extensively used for DNA hybridization delokling.
Osmium redox polymers have been exploited in oougrfor bio-sensing applications owing to theirigént
electron shuttling properties combined with the ypmdric structure promoting stable adsorption (Amos
Mugweru, 2007; Havens, et al., 2010). In the presandy, the osmium based polymer was used asdicaior
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in DNA hybridization biosensor fabrication. The oadpolymer (about 2mg/mL) was dissolved in 20 mM
phosphate buffer of pH 7. This concentration wavipusly determined as the optimal concentratiogeioerate

a significant signal for the hybridization deteatid-igure 3(a) shows a cyclic voltammogram obtainsithg a
gold functionalized with ssDNA strand (5 TCTTATCATATGAGTTTTCTCT-SH)) after adsorbing osmium
based polymer indicator.

A pair of redox peaks ascribed to the redox cogpl®s(Nath, et al.)/Os(ll) ions in the redox polynmoiety
appeared at 0.3 Wersus Ag/AgCI reference electrode. The polymer film éited a high electroactivity in
phosphate buffer media with an almost reversiblielation at 0.3VWs. Ag/AgCI. Figure 3(b) shows a plot of
peak current as a function of the scan rate. Aalimependence of peak current of with scan rateolasrved.
From the voltammograms shown in Figure 3(a), we daduce that the osmium based redox polymer as an
indicator adsorbed quite well onto the ssDNA. Thé/mer itself has a large hydrophobic backbone toatd
serve as an anchor for DNA interaction. In thistipafar experiment, the voltammetric responses hi$ t
complex assembly were recorded in phosphate bp#e7.0. The anodic (la) and cathodic (Ic) peak exwtrr
responses were equal indicating reversibility. $tadility exhibited with this system indicated stger forces of
attraction than merely physical adsorption. Theoxedolymer itself is positively charged which coylthy a
role in enhancing the stability. A plot of peakreunt as a function of the scan rate had a lineaatinn (IQA) =
0.011 x scan rate + 0.328 mW)swith a correlation factor R2 = 0.999. It was clé@e redox process was non-
diffusional and the electroactive polymer adhereiteqwell to the ssDNA functionalize working elemtie

surface.
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Figure 3. (a) Cyclic voltammograms of ssDNA/SH after immobilization Au electrode at
increasing scan rate of in 0.2 M phosphate buffé7p(®) Linear Plot of sSSDNA/SH reduction
peak currenvs. scan rate after immobilization on Au electrode.
3.3. Target DNA Detection Using Osmium Redox Polymer
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A label-free electrochemical detection method basedusively on the specific signal of hybridizedB is
essential. The analytical performance of the prieB&A hybridization detection system was testeeratine
hour of incubation with target DNA strand (5’ AGAATANAGGTACTCAAGAGA-3’). The redox polymer can
also bind to the hybridized DNA on electrode thowdgctrostatic interactions. The Osmium redox payis
positively charged as indicated earlier (see thectire of the polymer, Figure 1). The polymer atsatains a
large organic backbone that can also intact with[NA as well as groups that can be intercalatad tme
hybridized DNA.

Figure 4(a) shows the cyclic voltammograms of algeectrode with a duplex DNA after hybridizatices
The peak current increases of ds DNA also increadhsscan rate. The only difference between ds Dival
ssDNA using the Osmium redox polymer is that thakpeurrents are much higher than those of ssDNAloA

of peak current as a function of the scan ratezhéidear equation () = 0.015 x scan rate + 0.088 mV)s
with a correlation factor R2 = 0.998. Again, we @b® a non-diffusional process. As observed witb\Nss the
Osmium redox polymer adhered firmly onto dsDNA fiimealize working electrode surface. Figure 5 shows
cyclic voltammogramms of bare gold electrode, gg&ttrode functionalized with ss-DNA probe, goldattode
with ds-DNA after hybridization experiment. It wabserved that the peak currents of electrode fonatized
with ss-DNA probe increased after the hybridizateperiment. It is likely that the increase in peakrent
results from the redox polymer being less conceéedraon ssDNA/Au than on dsDNA/Au surface. This is
because the double helix structure is absent inNgsDand accordingly the groove site that usually
accommodates some the redox polymer. We also abseshift to positive potentials from about 0.80\about
0.35 Vvs. Ag/AgCI.

The shift in peak potential to more positive poi@ntay imply a hydrophobic groove binding modeviestn
the redox polymer and the dsDNA (Millan and Mikleis 1993). We believe the cationic transition metal
complex bind to the DNA using electrostatic intéi@ts with the polyanionic backbone of the immatst
dsDNA. The signal characteristic of adsorbed regotymer has been used to quantify immobilized ssDoWA
the surface and to detect dsDNA after hybridizatibime fact that the signal is obtained in freshfdruéllows
differentiation between the contributions of adsattspecies and that of species diffusing to thetrelde.
Hybridization step resulted in an increase in paakent, implying the ssDNA molecules used as aappuobes
formed duplex on the biosensor surface. Thesetseslgarly indicate that the new electroactive regdolymer

is an excellent electrochemical indicator thatetéhtiates dsDNA from ssDNA.
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Figure 4. (a) Cyclic voltammograms of dsDNA obtained aster hylzation step at increasing scan rate of 10,
20, 30, 40, 50, 60, and 70 mV/s in 0.2M phosphaféb pH 7 using Osmium based redox polymbj}.inear
Plot of peak currents. scan rate for dAsDNA probe after hybridizatiomgsDsmium based redox polymer.

2.00

—Bare Au electrode

1.50 -
—ssDNA/AU electrode

1.00 | —dsDN/ Au electrode
0.50 -

0.00 -

Current{pA)

-0.50 -

-1.00 -

-1.50 -

-2.00

0.4 -0.2 0 0.2 0.4 0.6 0.8
E,Vvs Ag/Ag(Cl

Figure 5. Shows the cyclic voltammograms of bare Au electrad®NA-SH/Au and dsDNA/Au

modified electrodes.
Oxidation and reduction of the polymer on the elmt® surface may affect the association of bothd§iaNA
and ssDNA to the redox polymer. Using the redoxeptidls observed, we can estimate the relativeitgnd
constants of redox polymer and the dsDNA and ssDW#e ratio of the equilibrium constant between the
oxidized and the reduced forms g{Kox) when bound to the both dsDNA and ssDNA can béemestd
according to the equation below.

RT Kred
Eb—Ef=ﬁlnm (1)

whereE), is the formal potentials of the Osmium polymeraedouple in the DNA free form whil, is the
formal potentials of the osmium polymer redox ceuph the DNA bound form. K3 and Ko, are the
corresponding binding constants for the reductiod axidation species to DNA. In our case thg-E) is
approximately 30 mV for ssDNA and this translatesabout a binding constant of 1.2 while for dsDNAhw
(Ex-E) has a calculated binding constant of about 1He fesult suggests that binding affinity of theaed
polymer to the dsDNA is much stronger than the xedolymer and ssDNA. This is could be attributed to
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presence of groove in ds DNA providing another lrigdpocket to the osmium redox polymer (Selvi and
Palaniandavar, 2002). There are other factors ahatknown to influence the overall binding of thedaox
polymers to DNA. These include the variation in gemmetry, size and hydrophobicity of the ligandd their
substituent’s. Figure 6 shows the pictorial repnéstiion of the DNA biosensor for hybridization dztten.
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Figure 6. Pictorial representation of DNA biosensor.

3.4. Response Characteristics of the DNA Biosensor on Hydroxyl Radical Damaged DNA

Many electrochemical studies involving detection single base mismatch are being pursued.
A single base mismatch can disturbs the p-stadk™A complementary strand. We have previously cdraat
research aimed at unraveling the extent of DNA dgemay reactive oxygen species (Mugweru and Rusling,
2006; Mugweru, et al., 2004). Reactive oxygen s®¢ROS), in particular hydroxyl radicals are thesm
reactive and frequently known to be directly reslole for DNA oxidative damage. In this work, weliced
damage to immobilized standard DNA on a gold etelgtrby the OHe radicals and detected DNA damagegusi
our new osmium based redox polymer. Fenton reagastused to generate hydroxyl radicals that reaetdd
DNA on the gold electrode. 4 mM,8, and 1 mM F& concentrations for Fenton’s reagent were previousl
established as optimal conditions for dsDNA incidrat The gold surface with immobilized dsDNA, was
exposed to FeS(ontaining hydrogen peroxide for 3 min and latesed with distilled water.
Hydroxyl radicals are most often created in livimgianisms by hydrogen peroxide reaction with medal$ can
be easily realizeth vitro by mixing hydrogen peroxide and bivalent iron @idic medium. The F& ions in this
solution react with kD, to generate- OH radical according to EquationKRjure 7 shows cyclic voltammograms
of a gold surface with immobilized dsDNA before ubation with Fenton’s reagent. DNA after incubatian
Fenton’s reagent shows a slight shift in peak g@krfrom 0.3 V to 0.24 Ws. Ag/AgCI electrode. Another
smaller peak is also visible at about 0.1 V. Thakpeurrent also slightly increases probably duexjposure of
some of the redox polymer to the electrode aft®Nds is damaged. Cyclic voltammograms of the Damaged
DNA after adsorbing Osmium redox polymer clearlpwhdsDNA modification.

Fe?* + H,0, — Fe3* + OH™ + OH’ (2)
1.5 ‘ ‘ ‘ ‘ ‘

1 Damaged DNA
[~ Normal ds DNA

-1 1 1

1

1 1
-04 -0.2 0 0.2 0.4 0.6 0.8

E, V vs Ag/AgCl

Figure 7. Cyclic voltammogram of dsDNA/Au electrode beforedaafter free radical damage using osmium
based polymer as the indicator.
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DNA oxidative damage results in modifications obser under natural growth conditions similar to #os
induced by exposure to peroxides. Hydroxyl rad{€#e), is an aggressive radical which can damageDiRA
molecules. OHe can attack every part of DNA (dedase, purine and pyrimidine bases) and modifyrthei
structure. The initiation of free radical damageyri®ad to formation of new free radicals that pigate further
damage. The cyclic voltammogram in figure 7 indésapresence of multiple binding locations as altrexu
interference of the helical structure by the fradicals compromising the integrity of the doubléxhstructure.
The chemical damage to dsDNA can result to seperafi parts of DNA double strand. Various electemical
methods with great sensitivity and specificity hgueviously been used to characterize the natur®tdf
interaction with DNA (Zhang, et al., 2008). Intetiea mechanism of OHe radicals with dsDNA has been
investigated by several authors (Abolfath, et 2011). Here we observe that our new osmium reddynper
indicator can be used to distinguish intact dsDN#ldx from other DNA that has been damaged by hgdro
radicals.

Most hybridization indicators currently used such farrocenium ion show about 25% signal change from
dsDNA to dsDNA (Ribeiro Teles, et al., 2007). Inrawew polymer the signal is slightly higher at ab86
which is a great improvement from current literatuimethods. We are expanding the scope of this aock
explore possibility of single base mismatch detectiThe new osmium based redox polymer can be aseoh
efficient DNA hybridization indicator. This new ifwtor has its redox potential at 0.3v8/ Ag/AgCl electrode
and only small amount of polymer is required. Thedlng constants of the redox polymer to dsDNA r=uwech
higher than that of sSDNA.

4. Conclusion

Os(bipyridine)Cl]-co-ethylamine redox polymer was evaluated amditator for construction of a simple DNA
hybridization detection method. The voltammetrispense of adsorbed redox polymer on gold functined!
with ssDNA indicated that polymer firmly binds toet DNA. The dsDNA after hybridization shows hugalpe
current increase due to both electrostatic intevacnd intercalation of the redox polymer groufise approach
does not require the labeling of any nucleic agidsbes or targets prior to the analysis, makingntethod
advantageous in terms of speed and low costs. difwsprobe has shown to be an effective tool dberntial use
to detect DNA damage. This hybridization detectinathod eliminates the need to modify the DNA tasget
synthetic oligonucleotides or PCR amplification.
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