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Abstract: An impedimetric human papilloma virus (HPV) DNAobensor based on gold nanotubes
(AuNTs) in label free detection was materializecheTAUNTs decorated nanoporous polycarbonate
(AuNTs-PC) template as biosensor electrode wascktied by electrodeposition method. The singlenstra
DNA (ss-DNA) probe was covalently immobilized ortee AuNTs-PC electrode. The hybridization of
target sequences with the ss-DNA probe was obsdoyethe electrochemical impedance spectroscopy
(EIS). The biosensor showed high selectivity andlatdifferentiate between the complementary, misimat
and non-complementary DNA sequences. The EIS memsunts were matched to Randle's equivalent
circuit. The negatively-charged HPV DNA oligonudiees under external electric field were orientedi
preferred direction and the bio-sensing responsar® witensified by controlling the immobilizatiomda
hybridization of the sequences on the AuNTs surfdte fabricated DNA biosensor under electric field
amplification was stable up to six weeks and dermatesd 97% of its initial detection responses. The
biosensor displayed the HPV DNA hybridization datectin very low concentrations in the linear respe
ranges of 0.01 pM to (IM and was able to acquire a limit of detection (DQ@D1 fM.

Keywords: Human Papilloma Virus DNA; Nanoporous polycarbenabold Nanotubes; Electrochemical
Impedance Spectroscopy; Biosensor.

1. Introduction

Human papilloma virus infection is a type of hunpapilloma virus (HPV), [1]. Most of the human
papilloma virus infections are symptom-free and resolved automatically, [1-4]. In some patients t
human papilloma virus infection causes warts or-qamgcerous ulcers, [1]. There are three classified
categories, comprising about 200 types of papillemases, depending on their role in the develognoén
cervical cancer, they are denominated as low-nsé¢erate and high-risk categories [2-7]. The high r
genetic species of the HPV has a significant noldhé engenderment of cervical cancer, and thiseishird
most common cancer in the post-endometrial womeh aarian cancer in the United States, [2]. The
cancer resulted by HPV infection is one of the iergdnducements of fatality worldwide and is theed
leading cause of cancer depravity among women weldping countries, [2, and 7]. Among the 14 known
high-risk species of the human papilloma viruses, of them, subspecies HPV16 and HPV18 are the most
important high-risk genotypes around the world #mely have been monitored in 62% of cases related to
cervical cancer. About 93% of the cervix relatechamas can be prevented, thus their diagnosis and
recognition are extremely vital, [2]. Due to itsM@ensitivity and specificity, the detection of tH®V via
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cell culture and serological testing may not beilgatetected achievable, [2-4]. In contrast, molacu
cervical cancer screening techniques including idybapture assay tests and polymerase chain reactio
(PCR) are the efficient techniques for the detectd HPV, [4]. However, the mentioned techniques ar
basically dependent on the DNA sensing of virusksvever, the preparation and purification of samsjte
the mentioned techniques are very challenging andssively time consuming.

Electrochemical impedance spectroscopy (EIS) tletecs one of the most promising mechanisms
in label free bio-sensing especially in DNA detecti[2, 8-9]. The EIS measurement studies the cligbe
parameters of a biological system in wide frequesici9-12]. The EIS has demonstrated to provide
information on wide basic processes such as suddserption, charge transfer, ion exchange andsiiff,
[9-13]. The EIS provides the fundamental and fuoral information at the interface between the ebelet
and electrolyte, [9-11]. The electrochemical impema measurement system as a non-destructive and
relatively facile to use detection system has be®lely used in the field of label-free biosensdrattare
sensitive to cell culture monitoring, interactioretween antibody and antigen [9-15], and DNA
oligonucleotides hybridization, [10-13]. The evadumt of the precise and highly sensitive impedance
biosensors using nanostructures materials has mctupany interests in the past few years, [2, 1J1-15
Recently, the arrays of the Au nanotubes have beenattractive due to their significant characcs,
such as high sensitivity in the detection of corrpteaterials, especially their physicochemical diigbi
[16]. The Au nanotubes were used effectively asitiga electrode for amperometric bio-sensing, [1]
order to sense the mycobacterium tuberculosis DiAelectrochemical biosensor based on Au nanotubes
platform was fabricated, [18]. The highly sensitidedecanethiolate based Au nanotubes electrode was
applied for mercury detection, [19]. The bio-functalized Au nanotubes for protein detection were
materialized conically, [20]. The Au nanotubes-lth&€ biosensor was also used for ultrasensitive DNA
detection, [21]. The plasmonic Au nanotubes in@datigh-performance in bio-sensing, [22]. Due te th
high sensing characteristic of Au nanotubes toatldtee biological materials and DNA, several safent
techniques have been proposed for fabrication @ftsind long Au nanotubes in polycarbonate temglate
electroless and electrochemical mechanism, [23-25].

Recently some useful and practical techniques baee used to enhance the DNA sensing, [26-28].
One of the best techniques is the applying of eteited for improving the hybridization on therace and
promoting the sensing ability. The rate of hybradian of DNA targets to immobilized probes has been
studied with the electric field, recently, [26]. Bpplying the external electric field, the hybriglibn time of
the DNA targets with probe, depending on target,sizas decreased from 10-30 hrs to 10-60 min, Bg].
applying the external electric field, probes antyeéts orientate flat on the surface. The electietdf
enhanced hybrid capture of solution-phase targgtsuface-bound probes, [26]. A simulated model
discusses the kinetics measured and also involvdace states between initial target arrival analfi
hybridized state, [26]. A clamped homogeneous eéadtfield electrophoresis (CHEF) was used to gtud
the biological effects of electric and magnetiddge(EMFSs), [27]. This CHEF authorizes the separatf
DNA sequences in presence of the electric and ntigginelds, [27]. In comparison to the optical tpapg,
the DNA oligonucleotides can be materialized in eams solution. Due to the induction of an electric
dipole, DNA molecules are pulled by a gradient éoto regions of high electric field strength, [2Bly
mixing static and oscillating electric fields, tpga molecules can be propelled from one edge tthanor
made to follow precise trajectories along the edi3.

In this paper, the HPV16 DNA biosensor based omNPalunder external electric field bias is
presented. The AuNTs-PC template was used as lsioselectrode. The AuUNTs-PC template electrode was
fabricated by the electrodeposition mechanism. His&emeasurements and electrochemical responshs of t
HPV DNA biosensor were investigated. After matézetion of the AuNTSs surface, the immobilizatiordan
hybridization process of the HPV16 DNA oligonucides were studied. The AuNTs-PC electrode under
electric field improved the surface coverage, thesgivity of detection and selectivity of the @osor. In
this scientific approach, the rapid, stable andaepcible biosensor of the HPV16 DNA was achieveat.
comparison the bare PC template was also involv@NA bio-sensing investigation.



2. Experimental section

2.1. Materials

Potassium chloride, 4£e(CN), KsFe(CN), ethanol, HCI, NaCl, EDTA (Ethylenediaminetetraace
acid), and NgCsHsO7 were purchased from Merck. The PC template waaimdd from Whatman Co. the
Phosphate buffer saline (PBS), Dithiothreitol (OJ)T. NiSQy-6H,0, HBOs;, KAU(CN), CH.Cl,, 3-
aminopropyltriethoxysilane (APES), PVP (polyvinytpglidone) were prepared from Sigma Aldrich.

The buffers used in this work were as follows: DMAmobilization buffer: buffer Tris-EDTA (TE,
10 mM Tris—HCI, 1 mM EDTA, pH 8.0), hybridizationuffer: 2x saline sodium citrate (SSC, 300 mM
NaCl, 20 mM NgC¢Hs0;, pH 7.0). Electrolyte solution was 0.2 M KCI sadut containing 2 mM
K4Fe(CN)/KsFe(CN} (1:1). All solutions were prepared in deionizedtavaDl water). 25-mer ss-DNA
sequence with HS-(Cht-modification at the Send with HPLC purification (as HPV 16 probe) arltl a
target oligonucleotides with BIO-RP purification ngeprovided. Stock solutions (1QM) of the DNA
sequences were prepared with sterile distilled wéd® water) and stored at a refrigerator at —20 °C
Specificity of the oligonucleotide sequences wemneestigated with Basic Local Alignment Search Tool
(BLAST) [21]. The used oligonucleotides sequencesawisted in table 1.

Table 1. The HPV16 DNA oligonucleotides sequences

Sequence name Sequence of oligonucleotides Company (Country)
Thiolated-probe i - SH- Bioneer Corporation (South Korea)
AAAGCAAAGTCATATACCTCACGTC
-3
Complementary 5 - Bioneer Corporation (South Korea)
GACGTGAGGTATATGACTTTGCTTT-
3/
One-point 5 - ACG CCA GAT GAA GAA GGG Bioneer Corporation (South Korea)
Mismatch GACGGTA-3
Non-complementary 5 - Bioneer Corporation (South Korea)
AACGTGAGGTATATGACTTTGCTTT-
3[

2.2. AuNTs fabrication in the PC pores

The electrodeposition process for the fabricattbnAuNTs inside the PC template pores were
performed in three-electrode electrochemical cgilhgi an instrumental potentiostat measurement (Ao
PGSTAT302N). Fig. 1 schematically shows the elepmsition process for AuNTs fabrication. The
Ag/AgCI electrode and platinum wire were used asréference and counter electrode, respectivelg. Th
PC template in the biosensor materialization apgrosas used as template and the size of the pass w
around 150-200nm. The hydrophilic inner side of pbees was coated with PVP (polyvinylpyrrolidonie).
order to functionalize the inside of the pores,tat PC templates were ultrasonically exposed ¢o3th
aminopropyltriethoxysilane (APES) for 35 min. AISSRPES can be utilized as a coupling agent. Theegfor
APES molecules activated and functionalized theesf the pores. Due to well absorption of theogth
groups of the APES molecules to hydrophilic wafishe pores, Au ions will be strongly adsorbed onreo
groups and Au nanostructures could grow verticedtper than radially, [23]To ensure a good electrical
contact, a thin layer of Au with the thickness 6frin was sputtered on one side of the templates. [@lger
is too thin to bridge over the pores and leavespities open. Then the PC template ultrasonically wa
cleansed in the DIW for 10 min. The sputtered silehe template was attached to the working eléetro
and the bare side was exposed to the solution.r8dfie fabrication of AUNTSs in the cell, first, kel was
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electrodeposited. The electrodepositing processpegsrmed at —900 mV (fixed potential) in the dmo
(0.8 mol/L NiSQ: 6H,0, 0.5 mol/L HBOs, 0.3 mol/L KCI in 1 min). This process was ledhe fabrication

of the short nickel nanotubes, which maintain taekiside of the PC (sputtered with Au) from dissoluin
electrodepositing process. It has been known thraeliectrodepositing of the ions inside the powahar
than lateral deposition, the high negative voltage required, [25]. The nickel nanotubes were
electrodeposited at the end of the pores and taltéted the deposition of the Au ions insidelod pores.

In order to fabricate the AuUNTS, the electrodeposiprocess was performed in the potassium goldidga
(10 mM KAuU(CN)) at —1400 mV for 300 s. After the fabrication ofilkTs, the PC template was washed
and cleansed in DI water and then partially dissslin CHCI, by adding a few drops of GBI, on PC
template for 15 min.

A B C

Activation with Gold
Coupling Agent Sputtering
PC Pores inside Gold Contact

K E D

Gold Nanotubes

< =

Etching An Nanotube
‘ Deposition

{

Deposited AuNTs inside of the PC Pores Ni Electrodeposition

Fig. 1. The schematic illustration of the AUNTSs hesis. (A) The PC and the pores inside. (B) Thdifization of the pore walls
with molecular anchor. (C) For better contact matzation, an Au thin film was sputtered on onedeof the PC. (D) The
electrodeposition of nickel nanotubes. (E) The releeposition of the AuUNTs. (F) The preparation AuNdfter PC template
etching.

2.3. DNA immobilization and hybridization processe®n the AuNTs surface

In order to immobilize the ss-DNA probe on both theNTs-PC surface and typical bare PC
surface, first the ss-DNA probes were inserted if.D solution diluted in PBS (pH~8.2) in 0.1 M
concentration for 20 min to separate the disulbdad of the probes. For immobilizationull of the thiol-
modified sequences (IM concentration) in TE buffer (10 mM Tris—HCI, 1 mEDTA, pH 8.0) were drop-
casted on the surface of the electrode and therel#wrode was maintained in a sealed box to ibhibi
contamination and preserve the disposed matenmateePC template surface, see the schematicodtist
in Fig. 2. The sample was kept at room temperatwoeind 6 hrs and then washed carefully with DIW
(deionized water). For hybridization with the targequences, L of target sequences volume (different
concentrations from M to 0.01 pM for sensitivity) in SSC buffer (pH 97 .was exposed to the surface of
the probe-modified PC and AuNTs-PC electrode, dddlectrodes were maintained in the sealed box.
Finally the samples were washed and rinsed by $@Ghe EIS measurements were materialized.
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Fig. 2. The modifications of the AuNTs surface.eTdthematic image for probe immobilization and iibation of the HPV
DNA target sequences on the AuNTs PC surface.

2.4. Structural and morphological characterizationof the AUNTs-PC

The field emission scanning electron microscopeSEM) (Hitachi model: S-4160) was used to
characterize the morphology of the AuNTs-PC anddmonstrate a prospective illustration of AUNTs. A
transmission electron microscopy (TEM) (model; kil CM-30) was utilized for determining the DNA
attachment on the surface of the AUNTS, their aim directional alignment.

2.5. The EIS measurements of the DNA biosensor

The electrochemical impedance spectroscopy measatemwere performed by using a frequency
response analyzer and Autolab PG STAT302N potdatiagith a conventional three-electrode test cell
utilizing Ag/AgCl as reference and platinum as deurelectrodes. The EIS measurements were conducted
with the FRA32M module. Electrolyte solution was20M KCI solution containing 2 mM
K4Fe(CN)}/KsFe(CN) (1:1). All solutions were prepared in deionizedteva(Dl water). All impedance
spectra were taken using ac modulation of +10 m¥r dkie frequency range from 0.01 Hz to 100 KHz
without dc bias with respect to open circuit poi@ntin order to optimize the capabilities of thé¥AL6
DNA biosensor, the AuNTs-PC electrode was subjetdeadpotential driving force. The electrical fielcs
applied from +5 V to +40 V. In order to confirm tE#S measurements, all experiments were performed 3
times and conducted at room temperaturee schematic illustration of the bio-sensing eystunder
electric field amplification is demonstrated in F&L.

3. Results and discussion
3.1. Morphological FESEM, EDX and HRTEM characterizations

The morphological FESEM characterizations of theitated AUNTs have been displayed in Fig. 3.
It is obviously observed that the AuNTs have besbri€ated inside the PC template pores. Fig. 3AERnd
are top surface images of the PC template at #¢ @hd the end of AuNTs elctrodeposition decoratio
process, respectively. Slow kinetic, indeed, waswetsal for the AUNTSs fabrication. The cross setimage
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of the PC template at initial steps has been detraird in Fig. 3C. Fig. 3C also indicates the Au
nanoparticles inside of the PC pores in elctrodéposprocess after 50 s. In this stage, Au nanoges
clearly materialized the nucleation sites insidefbres. Fig. 3D demonstrates the cross sectiogerogthe
PC template at the end of the growth process. 3tigindicates Au deposition inside the PC template.
Fig. 3E and F, the top view picture of the AuNTs-t#e@plate is presented. In Fig. 3E, the fabric&teNTs
inside the PC template pores are obviously obseriee size of the edge side of the AuNTs is arad®d

50 nm, Fig .3F. The average diameter of the AuNTaround 100 nm. It is obviously seen a large gtyant
of AUNTs have been grown inside the PC template. AUNTSs intensively amplified the EIS measurements
for bio-sensing under external electric field bias.
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Fig. 3. The FESEM images of the AuNTs-PC templ@i¢.The surface of the PC template at the stathefAu decoration, top
view. (B) The surface of the PC template at the eihthe Au decoration, top view. (C) The Au nandijetes inside of the PC
pores, cross section image after 50 s electrodémogirocess. (D) The cross section image of thadMplate at the end of the




electrodeposition process. (E) The AuNTSs, at the @nfabrication process. (F) The AuNTs (in fintdge) fabricated in under
controlled synthesis inside the pores, magnifiesgion.

In order to detect the elements presence in theTAuRC electrode, the EDX-mapping for atomic
elements characterization was performed (charaetesn from cross sectional parts). Fig. 4 shows th
EDX-mapping. Fig. 4A and B validate the carbon axggen. Fig. 4C and D indicate the volume and
distribution scheme of the oligonucleotides and uthe AuNTs-PC electrode. The EDX-mapping
measurements of the oligonucleotides and Au prakkedDNA and AuNTs presence in the electrode. The
detection of phosphorus (P, phosphate backboneN#)n the surface and their randomly distribution
were validated by the EDX elemental map.

F———————1pm Name=C Ka HT=20kV Mag=20000X ) b—————————1pm Name=0 Ka HT=20kV Mag = 20000 X

D

Fig. 4. The EDX-mapping for atomic elements detett(A) Carbon, C; (B) Oxygen, O; (C) Gold, Au; (Bhosphorus, P; on the
cross section surface of the AuNTs-PC (inside threg). The characterized validation of the P ancpasence for verifying Au
and DNA attachments.

The size and detailed morphology of the DNA segasrand their attachment to the surface of the
AuNTs after electric field amplification were intggmted by the high resolution transmission elettro
microscopy (HRTEM) analysis. The corresponding hrglsolution TEM image of the selected DNA
sequences is illustrated in Fig. 5. The HRTEM imafi®NA sequences demonstrates that they are around
5 nm in size. Fig. 5 demonstrates that the oligleuiitles were aligned under electric potential.etns
validates the alignment of the helical oligonudi@es. Inset shows helical shape of DNA sequences in
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magnified resolution. In Fig. 5 the attachment lo¢é DNA sequences to the AuNTs surface is clearly
validated.

—

Fig. 5. The HRTEM image of AuNT associated with ®Nample after applying the electric field. The Di¥Aquences in the
edge of AuNT. The alignment of the DNA sequencesratpplying the electric field. Inset; the helishlape of DNA sequences
in magnified resolution.

3.2. The Electrochemical DNA biosensor characterizen

The electrochemical DNA biosensors intensively il the immobilization and hybridization of the
DNA probe and target oligonucleotides on the sereectrode surface. The 3-D nanostructured-based
materials electrodes are the most capable to lkingbe electrochemical sensing of the DNA, [19:34].
The 3-D nanostructured-based templates have watetdkmicro-fluidic channel structures which prowid
satisfying design templates for DNA sensing. In panmson to one-dimensional (1-D) probe DNA
electrodes, 3-D nanostructured-based materialdretlkxs such as PC could fix the distribution limits
packing density restrictions and sensitivity prohde [30, 31]. Due to the high surface-to-volumeéorand
extreme sensitivity to target molecules, Au dectd®C template has been significant candidateB gk
sensing, [30, and 31]. These materials would resaliffusion resistance in sensing process. After
immobilization process, due to the interactiontd tons on the AuNTs-PC electrode surface, eldeifios
repulsion would cause ;Renhancement. At the electrolyte/electrode intexfategative charges can be
repulsed from the surface and positive charges agm along the AuNTs surface due to the higher
concentration of the positive charges in comparisorthe negative charges. This process can cause
challenges in the transfer of the charges, fornaingnterfacial layer and ultimately increase th&stance,
[29].

3.2.1. The EIS selectivity studies of the PC and AI's-PC (with and without electric potential)
electrodes

In order to measure the specificity and selegtigitthe fabricated DNA biosensor, the investigatio
of the hybridization of the mismatch, non-completaey and complementary DNA oligonucleotides with
the probe (ss-DNA) was conducted. The specificitthe biosensor is a crucial capability for measgiits
bio-sensing parameters. Fig. 6 shows the EIS meamsants for PC and AuNTs-PC (with and without
electric potential). Fig. 6A shows the Nyquist BI¢EIS spectra using [Fe(C§™ as redox maker ions),
for the bare PC electrode and Fig. 6B and C inditia¢ Nyquist plots for AUNTs-PC electrode modified
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with DNA oligonucleotide without and with electrigotential, respectively. Fig. 6D shows the charge
transfer resistance {fRvalues for DNA electrodes obtained from EIS measients. The results have been
achieved after three independent different tests $8-DNA, non-complementary, mismatch and
complementary DNA targets. All experiments were saead in 1 pM concentration.

As depicted in Fig. 6A, the Rwas increased by the hybridization of the probgoolucleotide (ss-
DNA) on the electrodes surface and inside the pans ds-DNA. The semicircle diameter and the limea
line in the impedance plot illustrateRand the capacitance behavior, respectively. Trsistrety
enhancement was mainly due to the electrostatigisigm of the negatively-charged phosphate grougs a
the dielectric backbone of the DNA, [29]. The cepending R in the bare PC electrode were dropped from
114530 to 11016Q for complementary and mismatch targets after loybation with probe, respectively,
Fig. 6D. The decreased electrostatic interactioagulsive interactions) at the interface betwe@ttebde
and electrolyte were the main factors that infleehthe R; alterations significantly. The charge transfer had
been hindered by repulsion through the interfate5][ The probe modified PC electrode indicated the
lowest R;, and the R of the functionalized probe surface was 7312Fig. 6D. Due to electrostatic and
steric repulsion, the probe modified PC electroemanstrated intensive charge transfer betweenrelget
and the electrode surface, in comparison to hytatthn measurements. This intensive charge transfer
reduced the semicircle diameter of the EIS spectliagram, [2-4]. Due to weak complementary duplex
materialization between non-complementary DNA atigdeotides and PC surface, a weak hybridization
has been demonstrated in comparison to complenyeatalr mismatch oligonucleotides and thg \Rilue
was around 9128, Fig. 6D.

Fig. 6B and C show the specificity of the AUNTs-Bl€ctrode surface with ss-DNA, mismatch, non-
complementary and complementary oligonucleotideshomt and with applying electric potential
respectively. In Fig. 6B, the EIS impedance speatee investigated for the AUNTs-PC electrode medif
with ss-DNA probe, and their hybridization bio-segswithout electric potential amplification. As@hin
in Fig. 6B, the diameters of the electrochemicgbeaance semi-circles of the AuNTs-PC were critycall
reduced in comparison to the bare PC electrodeausecof the AuNTs accommodation. In Fig. 6B the
results indicate that the AuNTs-accommodated aldetproved to possess a significant ability in DNA
sensing. The corresponding; Riere reduced from 1228 to 472Q for ds-DNA AuNTs-PC electrode and
ss-DNA AuNTs-PC electrode respectively, Fig. 6DeTlepulsive forces caused from phosphate groups
were the main factors for highegR[29]. The semi-circle diameter value of the probe hykadon with
complementary target was increased in comparisamoiecomplementary hybridization. This means that
the Rt was increased by the formation of the complemgrdaplex and the change was arouyigl; = 685
Q, Fig. 6D. Due to the electrostatic repulsive iattionswithout any nonspecific binding, the EIS
measurement under employing non-complementary mligeotides represented more charge transfer and
decreased resistance. In comparison to the prbbegléctrostatic repulsion between the redox madiesr
and AuNTs-PC enhanced.RFig. 6D. Fig. 6C shows the specificity of the ATNPC electrode with ss-
DNA, mismatch, non-complementary and complemendéigonucleotides with applying electric potential.
The corresponding kwere reduced from 328 to 106Q for ds-DNA AuNTs-PC electrode and ss-DNA
AuNTs-PC electrode, respectively, Fig. 6D. In thi®mrk, AuNTs-PC electrode under electric field
amplification was subjected to the HPV16 DNA. There diameter and overall density with AuNTs
decoration accommodated the DNA sensing. By apglyine electric field via establishing a voltageg th
sensor could increase the level of DNA immobiliaatand hybridization to the surface of the elearadd
also enhance the stability and minimize the comaéoh for DNA detection, Fig. S2. An applied elect
field will polarize the material by orienting thepdle moments of polar molecules. The presencéhef t
dielectric decreases the electric field produced lgwen charge density, Eq. (1).

Eeffective= Eexternal' Epolarization (1)

This effective electric field (&ecive Will cause the alignment of the DNA sequencestlon surface and
enhance the surface coverage and finally incrdasedsponse, Fig. 5. By applying the electric fielse
charge transfer was increased. This process sugpih@rtbio-sensing mechanism at very low concentrati
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The inset in the Fig. 6C demonstrates the Raneéplssalent circuit. In the Randle's circuit,,F-Cp. and R
are the charge transfer resistance, the double &agacitor in the interface between electrode swidtion
and the electrolyte resistance, respectively. B Randle's equivalent circuit, Warburg impedancg) (Z
originates from the redox couple diffusion and ¢hextrode at low frequencies, [24].

The capability of the AUNTs-PC biosensor was ojz@d by exploiting the capacitance mechanism
of the AuNTs-PC electrode under electrical fieldsiThe impacts of the applied electrical fieldtba
HPV16 DNA biosensor for ss-DNA and ds-DNA undeffatiént potentials in 0.01 pM concentration were
investigated. Fig. 6 (E, F) indicate the EIS smedwr the probe modified AuNTs-PC electrode and
hybridization with complementary target under aledield amplification. The parameters for the Hka's
equivalent electrical circuit elements obtainedrfrthe simulation of the impedance spectra of th&lPas
PC electrode under electric field amplification anelicated in table 2. The EIS measurements were
contentedly fitted to the circuit elements. Idltia in this measurement, the effect of the probe
immobilization on the AuNTs-PC electrode was chéckg the applied potential, Fig. 6E. It is complgte
seen that as the applied electric field enhancedinRhe EIS measurements was reduced. ThenvRs
reduced from 10&2 to 26 Q for +5 V and +40 V, respectively, table 2. Thee tlesponse of the target
hybridization with probe was investigated, (Fig.).6Fhe concentration was fixed in 0.01 pM. As the
potential driving force was increased, the resistaend R were decreased. In the AUNTs-PC electrode, the
R was decreased from 328 to 93 Q, table 2. The electric field amplified the ss-DNs&quences
immobilization on the surface and increased the ré&ponse. Under the applied electrical potentiaddf,
the electric field compelled the DNA sequencesrtertate and align in the preferred and favoredation,

Fig. 5. By applying the electric field, the chargansfer was enhanced. This process supports the bi
sensing mechanism at very low concentrations. Pipdiead electric field obligated the biosensor te@te
and detect the HPV16 DNA in very low concentratiang high reproducibility.
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Fig. 6. (A) The EIS impedance spectra of DNA oligoleotides probe, mismatch, non-complementary antptementary target
DNA oligonucleotides hybridization in the specificitest for PC electrode with 1 uM concentratioB) The EIS impedance
measurements of the probe, mismatch, non-complemeahd complementary DNA oligonucleotides in thedficity test for
AuNTs-PC electrode with 1 pM concentration. (C) TE&S impedance measurements of the probe, mismatch;
complementary and complementary DNA oligonucleatida the specificity test for AuNTs-PC electrodethwil pM
concentration under electric potential (+5 V). lnghe simulated Randle's equivalent electricatuitrof the EIS biosensor. (D)
The R; of bare PC and AuNTs-PC (with and without applyielgctric potential) electrodes modified with ssB&Nhon-
complementary, mismatch and complementary DNA targdl values in 1 uM concentration. (E) and (FjeTelectrochemical
EIS plots of the probe immobilization and targebiigization for AUNTs-PC electrode under differegiectric potentials,
respectively.

Table 2. The summary of the Randle's equivalent cauit parameters for the AuNTs-PC electrode under @ctric field
amplification.

Sample Rs(Q) Cp. (UF) N Rc1(Q) RSD Value Zy

ss-DNA (+5V) 6 0.000302 0.76 106 2.35% 0.0000497
ss-DNA(+40 V) 7 0.000361 0.81 26 2.07% 0.0000901
ds-DNA(+5V) 14 0.000143 0.70 325 3.89% 0.0000264
ds-DNA(+40 17 0.000202 0.84 93 1.93% 0.0000299
V)

3.2.2. The EIS responses, sensitivity and stabilitpf the AuNTs-PC electrode (with and without
electric potential)

The sensitivity and stability of the AUNTs-PC eftede responses with and without electric potential
amplification were investigated. The sensitivity aserements were conducted by the examination of the
biosensor response to various concentrations ofctimeplementary target DNA oligonucleotides. The
sensitivity of biosensor to the complementary sagas was measured for AUNTs-PC electrode (without
electric potential) from 1 nM to 0.1 pM and witteelric potential from 1 uM to 0.01 pM, Fig. 7A aRd).
7B, respectively. The applying electric field halpthe biosensor to reach the lower concentrations i
comparison to non-existence electric field situatilb is important to note, due to weak immobiliaatand
hybridization of DNA with the bare PC surface, gensitivity of the bare PC electrode was ceasédlat
KM concentration and no significant sensitivity veatieved at lower concentrations.

The sensitivity of the AuNTs-PC electrode undeceic potential reached to 0.01 pM. The R
values were increased with the enhancement in otrat®n of the complementary DNA target. In Fig\ 7
and 7B, it is completely obvious that AuNTs-PC #iede indicated high sensitivity. Fig. 7C demortstisa
the calibration curve for the hybridization of thebe with complementary HPV16 DNA target in diffiet
concentrations for the AUNTs-PC electrode undestetepotential amplification. The calibration cerwas
plotted by the R values achieved from the simulated Randle's etgnvaelectrical circuit of the EIS
biosensor. Fig. 7C indicates that the changes dnhRve a linear relationship with the log scale of
complementary DNA sequences concentrations inahge from 1uM to 0.01 pM in AuNTs-PC electrode,
(Fig. 7C red line). The info-diagram clearly shoawsigh sensitivity of the AuNTs-PC electrode. Imsth
case, the detection limit of 1 fM can be evaludt®dAuNTs-PC electrode under electric potentia], [the
LOD (limit of detection) was estimated via Eq. (2):

Y=S + 3oy (2)
Where $is the signal of blank ang}, is the standard deviation of blank.

The stability of the HPV biosensor was investigadter six weeks of storing the biosensor in the
freezer at 2C, Fig. 7C (blue line). The results demonstrateat the maximum response of the biosensor
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under external electrical potential force was dbleetain 97% of its initial response after six w&eThis
indicates that the fabricated electrochemical lmieseresponses had longstanding stability.

Fig. 7D shows the calibration curve for the hylmadion of the probe with complementary target in
different concentrations for the AuNTs-PC biosensgthout electric potential amplification. Fig. 7D
indicates the effect of electric potential on thesknsor performance. The stability of the bare &G
AuNTs-PC electrodes (without electric potential)swalso investigated after six weeks of storing the
biosensors in the freezer 8C4 and the results demonstrated that the maximsporee of the bare PC and
AuNTs-PC (without electric potential) biosensorgevable to retain 32% and 91% of their initial r@sges,
respectively. This proved that the AuNTs-PC elat#rdiosensor responses with and without electrical
amplification have longstanding stability

(A) [ feee 10m (B) [ et V)

000 0.1 nM
i == 0.10M (+5V)
= 10 pM
1500 P [ F~=1pM  (+5V)
| [~ 1pM
== 0,01 pM (F5V)
200 0.1 pM

200 -

1000

-Z" (ohm)
-Z" (ohm)

500

!

1 l 1 L I L
1000 1500
Z' (ohm)

5
100 y=12853X+1967.3 R = 0.9985(+5V) v=109.96 X +21769 R =0.9335
1200 N
1200 y=120.68X+1849.2 R = 0.9933(+5V)
1000 |-
u’; 5
@) 800 |-
G
et i B EIS Measurements
= 600
ﬁ without electric potential
400 i
200 |- B
0 ok
l ] l ] ] | | | | |
-14 12 -10 -8 -6 -13 -12 =11 =10 9
Log [C(M)], Target Concentration Log [C(M)], Target Concentration

Fig. 7. The sensitivity of the AUNTs-PC electro@®) The sensitivity of biosensor to the complemepntsequences for AUNTs-
PC without electric potential, from 1 nM to 0.1 plB) The sensitivity of biosensor to the complementagyuences for AUNTs-
PC with electric potential (+5 V), from 1 uM to @.@M. (C) The linear relation between thR and the log scale (log [C(M)])
of complementary DNA sequences concentrations énAhNTs-PC electrode under electric potential afiggaliion, (red line).
The R, values derived from Randle's circuit. The stapitift the AUNTs-PC DNA biosensor under electric ptitd (+5 V) after
six weeks (blue line). (D) Thedrvs. complementary target concentrations (log [G¥0r AUNTs-PC without electric potential,
Rct values derived from Randle's circuit.
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3.2.3. Reproducibility of the bare PC and AuNTs-PQwith and without electric potential) electrodes

The investigation of the reproducibility of thebfecated DNA biosensors for both AUNTs-PC and
PC electrodes in HPV16 bio-sensing after recordiigmeasured data from three independent electrodes
fixed in 1 UM concentration, was conducted. Thatre¢ standard deviations (RSD) values for AUNTs-PC
without electric potential were 0.93, 3.77 and &/%r non-complementary, mismatch and complementary
targets, respectively. While the RSD values for AsNPC with electric potential (+5 V) were 0.88, G8.0
and 3.89% for non-complementary, mismatch and cemehtary targets, respectively. The RSD values
lower than 9% indicate that the AuNTs-PC electrbde excellent reproducibility in bio-sensing diagiso
in comparison to previous reports, [2]. The RSD suead values for the bare PC electrode were 921, 1
and 13.53% for three types of the chosen targespectively. The weak reproducibility for the b&€
electrode has been achieved.

3.2.4. The surface coverage of the different electles

The surface coverage is related to the ratio & thrget sequences hybridized with probe
oligonucleotides on surface of the bio-electrodedrtain concentrations, [24-29]. The surface cager®)
can be calculated via Eq. (3):

0=1- =2 (3)

Where, R is the charge transfer resistance obtained f@NA&-bio-electrode and Rs the charge transfer
resistance obtained for ds-DNA bio-electrode fer specific target DNA concentrations. Fig. 8 intksathe
surface coverag® of the PC and AuNTs-PC electrodes in differeniations. It is obviously seen that the
AuNTs-PC electrode under electrical field demonstsamore surface coverage in comparison to other
electrodes even in lower concentrations. The magace coverage was achieved by AuNTs-PC electrode
under electrical field at +40 V interestingly irettowest concentration (0.01 pM). In this situati®aiNTs-

PC shows a maximum of 73.2% for probe on the sarfbeing successfully hybridized with the
complementary sequences.
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Fig. 8. The surface coverage of the differenttetetes.

3. 3. Comparative study
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Table 3 discusses the comparison of the recentiighed works on the HPV DNA bio-sensing with
our work. The electrochemical biosensors were basetihe label and the label free approaches. Aa/isho
in table 3, our proposed biosensor demonstrated/d OD and a wide linear range that is comparabléé
mentioned biosensors. This is due to the high seigiof the AUNTs surface. The AuNTs decorated PC
could amplify the EIS signal under applied eleetriteld and enhance the detection response arsitiséy
to the HPV DNA sequences.

Table 3. Comparison of the different biosensors foHPV detection

Biosensor Linear Range Detection Limit Detection Reference
Electrode Technigue

Au  electrode/L- 18-250 nM 18 nM DPV [8]
cysteine

Au electrode 0.1-50 nM 110 pM Steps and Sweeps  [32]
Screen-printed Au 0-770 pM. 0.308 pM SWV [5]
electrode

Au electrode 12.5 nM-350 nM 3.8nM CVand DPV [6]
(Polyaniline-CNT) 10 nM -50 nM 490 pM CVand SWV [7]
Platinum electrode

SWCNT/Au NPs 1 aM-1pM 1 aM (Atto molar) EIS [4]
Carbon nano-nion 0-20 nM 0.5 nM Amperometry [3]
modified GC

GC-GNS electrode 1 pM-1uM 0.15 pM EIS [2]
AuUNTs PC 0.01 pM-1uM 1fM EIS This Work

4. Conclusion

In this study, we have successfully designed abddated a high sensitive HPV16 DNA biosensor
in label free detection based on AuNTs. The AuNTséfectrode accomplished the DNA hybridization
detection in very low concentration and the EIS Bired signals were intensified by AUNTs and extdrn
electric field bias in order to acquire very low DOn a wide linear detection range. Moreover, tsel
bio-sensing electrode (DNA biosensor) could distisly the complementary sequences from the mismatch
and non-complementary oligonucleotides, indicatiagy good stability and maintenance. In conclustba,
materialized novel conceptual design and performaridhe fabricated biosensor would be very atitract
for human papilloma virus diagnosis and its genetitations.
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Highlights

* Impedimetric human papillomavirus DNA biosensor by AUNTs-PC electrode was fabricated
*The EIS response was intensified by AuNTs and electric field to acquire LOD of 1fM
*Biosensor in label free detection showed the good linear ranges of 0.01pM to 1uM
*Biosensor could highly specify ds-DNA from the mismatch and non-complementary targets

* Biosensor was stable up to 6 weeks and showed 97% of itsinitial detection responses



