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ABSTRACT

A novel paper-based electrochemical biosensor veagldped using an anthraquinone-labeled
pyrrolidinyl peptide nucleic acid (acpcPNA) prob&Q-PNA) and graphene-polyaniline (G-PANI)
modified electrode to detect human papillomavired?¥). An inkjet printing technique was
employed to prepare the paper-based G-PANI-modifvedking electrode. The AQ-PNA probe
baring a negatively charged amino acid at the Niraus was immobilized onto the electrode
surface through electrostatic attraction. Electemcital impedance spectroscopy (EIS) was used to
verify the AQ-PNA immobilization. The paper-basddotrochemical DNA biosensor was used to
detect a synthetic 14-base oligonucleotide targéh v@ sequence corresponding to human
papillomavirus (HPV) type 16 DNA by measuring tHectrochemical signal response of the AQ
label using square-wave voltammetry before andr dfydridization. It was determined that the
current signal significantly decreased after theliteah of target DNA. This phenomenon is
explained by the rigidity of PNA-DNA duplexes, whimbstructs the accessibility of electron
transfer from the AQ label to the electrode surfadeder optimal conditions, the detection limit of
HPV type 16 DNA was found to be 2.3 nM with a lineange of 10-200 nM. The performance of
this biosensor on real DNA samples was tested thighdetection of PCR-amplified DNA samples
from the SiHa cell line. The new method employsirsxpensive and disposable device, which
easily incinerated after use and is promising f@ screening and monitoring of the amount of

HPV-DNA type 16 to identify the primary stages efwacal cancer.

Keywords: Graphene, Polyaniline, Paper-based electrochemidal biosensor, acpcPNA,

Electrochemical detection, Human papillomavirus
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1. Introduction

The most important factors for diagnostic devieaspecially for developing countries, are
low cost, simplicity and speed of results for eatyeening and monitoring of disease biomarkers.
To achieve this goal, paper-based analytical devi@ADs) have been widely used as an
alternative device design for point-of-care (PO@plecations [1-3]. Two detection modes that have
been most frequently used with PADs include coletiic and electrochemical detections. Since
first reported by Dungchai et al. [4], PADs witheefrochemical detection (ePADs) have
increasingly attracted attention as they offer mlmmation of simplicity, low power requirements,
low limits of detection, and ease of quantitati®i8]. ePADs are therefore an ideal platform for
developing sensitive, selective DNA biosensorgfaint-of-care applications.

In electrochemical DNA biosensors, many differetéceode types have been used,
including a gold [9-11], hanging mercury drop (HMPEL2, 13] and various carbon-based
materials [14-17]. Carbon is considered a goodtelde material due to its low cost, wide potential
range, chemical inertness and low background curfemthermore, carbon electrodes have a fast
response time and can be easily fabricated inrdifteconfigurations. These features make carbon
suitable for use in ePAD DNA biosensors. Howeviee, tise of micro-scale electrodes as part of
ePAD is a major obstacle due to limited sensitivitg overcome this problem, graphene (G) has
been used as a carbon-based nanomaterial and iaseatsignificant popularity due to the large
specific surface area and unique electrochemicapgsties of G [18-20]. G-based electrodes
exhibited superior performance compared to othdyarebased electrodes in terms of their electro-
catalytic activity and electrical conductivity [222]. G has also been used in combination with
various types of functional materials to fabricdtigh-performance electrodes. Among them,
polyaniline (PANI) is a useful conducting polyméat has been widely used for electronic, optical

and electrochemical applications such as enzymedbasosensors and DNA assays due to its
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excellent environmental stability and unusual dgfdedoping chemistry [23-25]. Moreover, PANI
improves the dispersion and reduces the agglorerati the planar $pcarbon of G [23, 26].
PANI also possesses free amino groups, which caasaa handle for the covalent immobilization
of suitable detection probes via amide bonds [8], Rinally, doped PANI possesses the positive
charge of the amino group, which can immobilize atigly-charged probes via electrostatic
interactions. Thus, it is a challenge to evaludtermative systems for immaobilization of various
bio-recognition elements via electrostatic intaract

For most electrochemical DNA biosensors, a prolz th designed to detect a specific
sequence of target DNA is first immobilized on #@ectrode. Then, the electrochemical signal of
an electroactive species, which was either covglaitached to the probe or added later as an
indicator, is recorded and compared before and #fie hybridization with the complementary
DNA target [12, 29]. The probe is a key parametat tletermines the detection selectivity. While
most DNA biosensors employ short oligodeoxynuctiotprobes, several alternative probes have
been used with great success. Peptide nucleic(Bbld) [30, 31], a synthetic DNA mimic with a
peptide-like backbone of repeating N-(2-aminoetigyj)cine units replacing the sugar-phosphate in
natural DNA or RNA, has attracted increasing irderas the probe for electrochemical DNA
biosensors [12, 32-34] due to its sequence-spduaifiding to DNA or RNA, resistance to nuclease
and protease enzymes, and strong binding to tigett&NA. Recently, Vilaivan's group [35-37]
proposed a new conformationally constrained pyanolil PNA system (known as acpcPNA) that
possesses an,(3-peptide backbone derived from D-proline/2-amindogentanecarboxylic acid.
This new acpcPNA demonstrates a stronger bindirigpitgf and higher specificity towards
complementary DNA compared to DNA and Nielsen’s RIMAd there are several applications of
acpcPNA as a probe for DNA biosensors [38-40].

Human papillomavirus or HPV is the common virust tten be passed through any type of

sexual contact. There are some high-risk typesR¥ lihcluding type 16 and 18, which can cause
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abnormal changes to the cells of the cervix. Tlvhsemges can lead to cervical cancer which, is one
of the most important health problems for womare Tiortality occurring from cervical cancer has
continuously increased especially in developingntoes that have limited medical facilities [41].

In our previous work [38], the electrochemical sensased-on acpcPNA probe for HPV
detection was reported. Although the good limitlefection (LOD) was achieved, the use of PVC-
based sensor was costly and the procedure reliesvatent method for probe immobilization was
complicated and time-consuming. Cost is the modgicar challenge for disposable POC
electrochemical sensors. In this work, using PABR patential to address all of challenges of
disposable sensor in term of low-cost and simgbei¢ation. Electrostatic immobilization is also a
key step of this work. This method eliminated th@mplicate steps of covalent process and
significantly reduced time. Moreover, inkjet primgi used for electrode modification step is
advantageous due to it provided electrode reprbditgiand high pattern resolution [42]. Inkjet-
printing is scalable of mass production, while dmaihount of modifier is wasted in the
modification process.

Here, we aim to develop a novel paper-based etdwtroical DNA biosensor using an AQ-
labeled acpcPNA probe in combination with a G-PANbdified electrode. In this new DNA
biosensor, the acpcPNA probe labeled with anthramme (AQ) was first incorporated onto a G-
PANI-modified ePAD using electrostatic immobilizaii In the absence of complementary DNA, a
strong signal was observed for the AQ. Hybridizatrath the complementary DNA target resulted
in a decrease of the electrochemical signal timealily correlated with the concentration of the
target. The application of the biosensor to theskee detection of HPV DNA type 16 is
demonstrated. The proposed method is applicabteescreening and monitoring of HPV-DNA
type 16 in the primary stage of cervical cancedjsease that leads to the death of women around

the world, particularly in developing countriestthave limited resources for public healthcare.
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2. Materials and methods

2.1. Chemicals and materials

Graphene (G) was purchased from A.C.S (Medford, JJSRolyaniline, camphor-10-
sulfonic acid (GoH1604S), glutamic acid and N-methyl-2-pyrrolidone (NM®gre ordered from
Sigma Aldrich (St.Louis, USA). Carbon and silvewesr chloride ink were obtained from Gwent
group (Torfaen, United Kingdom). The screen-printddck was made by Chaiyaboon Co. Ltd.
(Bangkok, Thailand). The labeling electroactivecspi 4-(anthraquinone-2-oxy)butyric acidas
synthesized as described previously [39]. Analytigeade reagents, including NaCl, KPD;,
NaHPO, and KCI, were purchased from Merck and used witHorther purification. Synthetic
oligonucleotides which correspond to partial segesrof HPV type 16 and other types of high risk
HPV (HPV types 18, 31 and 33) used in the spetyffiEst, were obtained from Pacific Science
(Bangkok, Thailand). The sequences of the DNA aoligdeotides used are shown in Table 1.

Table 1.List of oligonucleotides

Oligonucleotide Sequence (5'-3")
Complementary DNA (HPV type 16) 5'-GCTGGAGGTGTATG-3'
Non-complementary DNA 1 (HPV type 18) 5-GGATGCTGCACCGG-3'
Non-complementary DNA 2 (HPV type 31) 5-CCAAAAGCCCAAGG-3'
Non-complementary DNA 3 (HPV type 33) 5-CACATCCACCCGCA-3'

The forward (5-CACTATTTTGGAGGACTGGA-3) and revers primer (5'-
GCCTTAAATCCTGCTTGTAG-3') used for the PCR cell-lisamples were purchase from Pacific
Science (Bangkok, Thailand). The cervical cancdl-lioes with (SiHa) HPV types 16 were
obtained from the Human Genetics Research Groupaieent of Botany, Faculty of Science,

Chulalongkorn University.
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2.2 Apparatus

The electrochemical measurements using square-watametry (SWV) were performed
using a CHI1232A electrochemical analyzer (CH bnsients, Inc., USA). A three electrode system
was used and the working electrode was a G-PANI#meddscreen-printed carbon electrode (4 mm
in diameter). The electrochemical impedance spsotqy (EIS) was carried out using PGSTAT 30
potentiostat (Metrohm Siam Company Ltd., Switzetlam a solution of 0.1 M PBS with the
frequency range from 0.1 to 2Hz. The DimatiX" Materials Printer (DMP-2800, FUJIFILM
Dimatix, Inc., Santa Clara, USA) was used for tlexteode modification. JEM-2100 transmission
electron microscope (Japan Electron Optics LaboyatGo., Ltd, Japan) was used for
characterization of G-PANI composites. MALDI-TOF Mpectra was performed on a Microflex

MALDI-TOF mass spectrometer (Bruker Daltonik GmiBiemen, Germany).

2.3 Fabrication of a paper-based el ectrochemical DNA sensor
A paper-based electrochemical DNA sensor was fataitusing the wax-printing method

[43, 44]. Initially, the patterned paper was desmjrusing Adobe lllustrator and printed onto the
filter paper (Whatman No.1) using a wax printer @¢e Color Qube 8570, Japan). The printed
paper was then placed on a hot plate (175 °C, 30 g)elt the wax and create a hydrophobic
barrier. For electrode fabrication, three electregstems were prepared using an in-house screen-
printing method. First, carbon ink was screened a®rking electrode (WE) and counter electrode
(CE). Afterward, silver/silver chloride was scredres a reference electrode (RE) and conductive

pad. The basic design of the paper-based electmachEDNA biosensor was shown in Fig. S1.

2.4 Inkjet-printing of a G-PANI composite modified paper-based el ectrochemical DNA biosensor
Prior to electrode modification, a G-PANI compositas prepared using a physical mixing

method following procedures extracted from relevaetature [45]. Graphene powder (10 mg) was
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dispersed in N-methyl-2-pyrrolidone (NMP) and saméd for 20 h at room temperature.
Subsequently, 20 mg of PANI (emeraldine base) wased with 25 mg of camphor-10-sulfonic
acid (CSA) to generate a positively charged ammoig and also dissolved in 10 mL of NMP. For
the preparation of the G-PANI conductive ink, tldusons of G and PANI were mixed together
and stirred for 1 h. The mixture was centrifuged®@®d0 rpm and filtered through a 0.43 um filter
membrane before use. The morphology of G-PANI cotide ink was characterized by
transmission electron microscopy (TEM).

For electrode modification, the G-PANI compositéuion was used as the ink for inkjet
printing. The G-PANI conductive ink was loaded irgocartridge and printed onto the working
electrode of the paper-based electrochemical DN#sareusing a DimatiX' Materials Printer
(DMP-2800, FUJIFILM Dimatix, Inc., Santa Clara, Upat 30 °C, 20 V of applied voltage and 25
UM of drop spacing. Modification of the electrodeshown in Scheme 1A. Six layers of G-PANI
composite solution were printed onto the surfaea af the working electrode. Next, the modified

electrode was heated at 65 °C for 30 min to drystileents from the G-PANI conductive ink.

2.5. Synthesis and labeling of the acpcPNA probe
The acpcPNA probe with the sequence Ac-(6EATACACCTCCAGC-Lys(AQ)NH

(written in the N-C direction, Ac = acetyl; AQ = anthraquinone; Glugtutamic acid; Lys =
lysine) was designed to detect 14 base synthetigoruicleotide target with a sequence
corresponding to human papillomavirus (HPV) type Tbe probe, referred to as AQ-PNA, was
synthesized by solid-phase peptide synthesis usingc chemistry as previously described [35].
The probe was modified with three glutamic acididess at the N-terminus to incorporate the
negative charge, which was followed by end-cappuith an acetyl group. At the C-terminus, the
acpcPNA probe was labeled with anthraquinone (AQ)4v(anthraquinone-2-oxy) butyric acid to

the amino side chain of a C-terminal lysine residiee progress of the reaction was monitored by
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MALDI-TOF-MS analysis on a Microflex MALDI-TOF masspectrometer (Bruker Daltonik
GmbH, Bremen, Germany). The modified PNA on thadselupport was treated with 1:1 (v/v)
agueous ammonia:dioxane in a sealed tube at 6@é@@ight to remove the nucleobase protecting
groups. Following cleavage from the solid suppoithwrifluoroacetic acid (TFA), the AQ-PNA
was purified by reverse-phase HPLC (C18 column¥0(it/v) TFA in HLO-MeOH gradient). The
identity of AQ-PNA was verified by MALDI-TOF MS ahgis, and the purity was confirmed to be

>90% by reverse-phase HPLC.

2.6 Immobilization and hybridization of the PNA probe

First, the AQ-PNA probe (3 pL, 125 nM) was immab#id onto the G-PANI modified
screen-printed carbon electrode surface by the-dagping method and incubated for 15 min at
room temperature. Next, 50 uL of PBS was placed tm electrode surface. After immobilization
of the probe, the AQ-PNA/G-PANI/SPCE modified etede was hybridized with 3 pL of target
DNA for 15 min. Then, the electrochemical signaspense was measured using square-wave

voltammetry. The immobilization and hybridizatioropedures are illustrated in Scheme 1B.
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216 Scheme 1Schematic illustration of (A) electrode modificatiand (B) immobilization and

217 hybridization steps of paper-based electrochenti®dA biosensor.

218

219 2.7 PCRamplification of the cell line DNA sample

220 The SiHa (HPV type 16 positive) cell line DNA samplas amplified using PCR as
221 previously reported [38]. Briefly, the amplificatiomixture containing 0.2 mM deoxynucleotide
222 triphosphate mixture, 1x buffer (KCl, Tris) + 1.9vrMgCl,, 0.5 U of Taq polymerase, OuM of
223 each of the primers and 100 pig/of the cell line DNA sample was amplified at 95 for 10 min,
224  follow by 30 cycles at 52 °C for 30 s and finall® C for 7 min. The success of the PCR was
225 confirmed by gel electrophoresis in 2% (w/v) agard8E gel followed by staining with ethidium
226  bromide and visualization under a UV-transillumorat

227
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2.8 Electrochemical measurement

For electrochemical measurements, the square-walt@mvmetry was used throughout the
experiment using a potentiostat (CHI1232A). Aftee immobilization process, 50 uL of PBS was
dropped onto the modified working electrode, folkmivby adding the DNA target. Hybridization
with AQ-PNA probe was done for 15 min. The eled@mical detection was performed under the
optimal parameters including a frequency of 20 &izamplitude of 100 mV and a step potential of
20 mV. The electrochemical signal after the hylzation was measured and compared with the

signal in the absence of the DNA sample.

3. Results and Discussion

3.1 Characterization of the G-PANI conductive ink

To confirm the success of the preparation of theAMI conductive ink, the morphology of
the ink was characterized by transmission eleatnroscopy (TEM). Figure S2A shows a TEM
image of the G-PANI composite, which indicates rargj dispersion of G inside the composites
without aggregation. Moreover, the electron diffiac pattern of G (Fig. S2B) matches very well
with the standard, single crystal graphene.

The influence of the G-PANI ratio on the electraoieal conductivity of the modified
electrodes was investigated. The anodic curredt@imM [Fe(CNy]**" in a 0.1 M KCI solution
was measured using different proportions of G aAlIPInterestingly, the anodic peak current of
1.0 mM [Fe(CNYJ*"™ increased with an increasing G:PANI ratio. Thehefst anodic current of
[Fe(CN)]*"* was observed with the G-PANI modified electrodehat ratio of 1:2 indicating the
optimal sensitivity of the modified sensor (Fig.)S& addition, the peak currents gradually
decrease for the higher G:PANI ratio, which coutddue to the agglomeration of G within the G-

PANI modifier [45]. Moreover, the effect of the nber of printed G-PANI layers was also

11
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investigated as shown in Fig. S4. The anodic peakent of 1.0 mM [Fe(CN}
increase with an increase in the number of G-PAléls. However, the current of the printed G-
PANI modified electrode slightly decreased over ringng layers. We also believe that this
phenomenon arises from the aggregation of excess the modified electrode surface causing a
decrease in the anodic current response.

Next, the electroactive surface area (A) of SPCH @PANI modified electrode were
determined to illustrate that the G-PANI conducitink increases the surface area of the SPCE by
solving the Randles-Sevcik equation (equation 1):

I, = (2.69 x 16) n*?ACDYA/"?2 (equation 1)
Where } = current, n = number of electron transfer, C raamtration of electroactive species (mol
cm®), D = diffusion coefficient (crhs®) and v = scan rate (Vs As shown in Fig. S5, the cyclic
voltamograms of 5.0 mM [Fe(CKJ " in a 0.1 M KCI solution for SPCE and G-PANI modifi
electrode were obtained. The currepi§ directly proportional to the square root cdscate.
According to the Randles-Sevcik equation, an apprate value of A was calculated to be 0.041
cnt and 0.222 cinfor SPCE and G-PANI modified electrode, respetyivehis result provided a
5.4 times increase of electrode-electroactive sertaea, thus, G-PANI conductive ink can improve
the surface area of electrode, leading to enhdrecednsitivity. As a result, the six G-PANI-layered
modified electrode and the 1:2 ratio of G:PANI weoasidered to be the optimal conditions and

were used for subsequent experiments.

3.2 Characterization of acpcPNA-labeled probe

In order to confirm the success of the synthesid kEbeling of the AQ-PNA probe,
MALDI-TOF mass spectrometry was used to charaatetie unlabeled and labeled acpcPNA
probes. The 14-mers unlabeled acpcPNA showed a peassat 4754 m/z. After labeling, the mass

increased to 5477 m/z. This increase of 723 m/aaidés with the mass of AQ and three glutamic

12
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acid residues plus an acetyl group. Therefore, ltieling of the acpcPNA probe with the

electroactive species and the negatively chargédjiptamate was confirmed.

3.3 Electrochemical characterization

Electrochemical impedance spectroscopy (EIS) wed ts characterize the AQ-PNA probe
immobilization onto the working electrode. In gealethe shape of the semicircle portion obtained
from the EIS spectrum relates to either the electransfer limited process or electron transfer
resistance. Fig. 1A shows the Nyquist plots obthimem SPCE, G-PANI/SPCE and AQ-PNA/G-
PANI/SPCE before and after hybridization with therget DNA in a solution of 1.0 mM
[Fe(CN)]*™". Figure 1A (inset) shows the Nyquist curve of udified SPCE (red line) with an
Rc: value of 27.5 R. This value is larger than that obtained from GNRSPCE, and indicates that
the unmodified SPCE has a higher charge-trans$istamce. Therefore, the decrease ntd5.08
kQ of G-PANI/SPCE (blue line) indicates that G-PANigroves the electron transfer rates. After
the immobilization step (Fig. 1A), the semicircufartion of AQ-PNA/G-PANI/SPCE (pink line)
dramatically decreased with the;Ralue of 2.67 R. This result can be explained theoretically as
AQ is electroactive and can improve conductivithu$, the AQ-labeled PNA probe, which was
immobilized onto the electrode surface, can fatgitthe electron transfer process at the interface
between the G-PANI/SPCE surface and the electroide this reason, the Nyquist curve of AQ-
PNA/G-PANI/SPCE should have possessed the smakgsicircular portion. In order to confirm
the success of the immobilization of the AQ-PNAQ@pthe heterogeneous electron-transfer rate
constant (K, value was obtained from equation (2), which shtwvesrelationship between,f/nd

Ket

o RT )

et —
nZF2RetACredox

13
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Where n = number of electron transfer, F = faralaghstant (KJ md), A = electrode surface area
(cmP), Credox = CONcentration of the redox couple (molYmFrom the equation, theeKvalues for
SPCE, G-PANI/SPCE and AQ-PNA/G-PANI/SPCE were dated to be 7.45 x 10cm s', 40.28

x 10° cm s* and 76.70 x 1® cm §', respectively. The increasing of.Kalues inferred that the
electron transfer process on AQ-PNA/G-PANI/SPCEemsier and faster than that on G-
PANI/SPCE and SPCE. These results indicate thamn#duatively charged AQ-PNA probe was
successfully immobilized onto the positively chatge-PANI modified electrode surface through
electrostatic attraction.

Next, the electrochemistry of the immobilized AQA$-PANI/SPCE probe before and
after hybridization with the DNA target were invigsted using square-wave voltammetry (SWV),
(Fig. 1B). The immobilization of the AQ-PNA/G-PAMIPCE probe displayed a redox peak at
approximately —0.65 V. After hybridization with aguimolar quantity of the complementary target
DNA, the electrochemical response significantly rdased due to the increased rigidity of the
PNA-DNA duplex relative to the native PNA probe.eThigidity hinders the electron transfer

between the redox-active label (AQ) and the eleetsurface [46, 47].
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321 and after hybridization with target DNA in 0.1 MgfEN)]*"*". (B) Square-wave voltammograms
322  of immobilized AQ-PNA probe on G-PANI/SPCE beforedafter hybridization with an equimolar
323 concentration of target DNA.
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3.4 Optimization of experimental variables

The experimental conditions were optimized next.e Thffect of AQ-PNA probe
concentration on AQ electrochemical oxidation wasestigated first. The oxidation current
obtained for different concentrations of the AQ-PNWbe measured by square wave voltammetry
are shown in Fig. 2. The current continuously iasezl up to 125 nM. Above 125 nM, the current
decreased significantly. The decrease in peak muragd high AQ-PNA concentrations can
potentially be caused do to an increased thicknésse organic layer [48, 49], which leads to a
lower electron transfer between AQ and the workiglgctrode surface. Hence, the probe
concentration of 125 nM was selected as the optomatentration for further experiments.

For electrochemical detection using SWV, the vaegdarameters including frequency, step
potential and amplitude were optimized using a h®5 AQ-PNA probe concentration without
DNA target shown in Fig. S6. The optimal parameterselectrochemical detection of this system

was found to be 20 Hz of frequency, 100 mV of atadi and 20 mV of step potential.
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Fig. 2. The effect of AQ-PNA probe concentration on AQcélechemical oxidation during the

immobilization step.

3.5 Analytical performance

To evaluate the analytical performance of the ACARMPANI/SPCE modified electrode,
different concentrations of DNA target were deteraai using SWV analysis. Figure 3 shows the
voltammograms as well as the calibration curveetinas a function of target DNA concentrations.
The calibration curve provided a linear range frb@hnM to 200 nM with a correlation coefficient
of 0.997. The limit of detection (LOD) and limit guantitation (LOQ), which were calculated as
the concentration that produced a signal at 3 tiareb 10 times of the standard deviation of the
blank (N=5) [4], were found to be 2.3 nM and 7.7 ,mekpectively. Our proposed method provides

a wide linear range and sufficiently low detectiomit for HPV detection. Table S1 shows a
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352 comparison of electrochemical performance betwedp-PNA/G-PANI/SPCE and the other
353 modified electrodes used for HPV detection. It barseen that a sufficiently low detection limit for
354 HPV detection could be obtained from our proposeethod. Importantly, this ePAD DNA
355 biosensor can be easily and inexpensively prepeoetpared to the other HPV DNA biosensors
356 [38, 48, 50.
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360 Fig. 3. Square-wave voltamograms of AQ-PNA/G-PANI/SPCErdfiybridize with the target DNA
361 in the concentration range of 10-200 nM and thébcation plots of the change in the probe
362 electrochemical current\() versus the target DNA concentration (inset) atiroal condition; 125
363 nM of AQ-PNA probe concentration, a frequency of 28, an amplitude of 100 mV and a step
364 potential of 20 mV.
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3.6 Selectivity of the HPV type 16 detection

In order to investigate the selectivity of the aN& probe, the current response obtained
from the 14-nucleotide oligomer HPV type 16 DNAgelr was compared to non-complementary
14-nucleotide oligomers, which originate from thew types of high risk HPV (types 18, 31 and
33), under the same experimental conditions. Asvehia Fig. 4, a significantly different current
was only obtained from the complementary DNA rektito the non-complementary DNA.
Therefore, the immobilized AQ-PNA probe selectivéiynds to the HPV type 16 DNA target
sequencesAccordingly, the proposed DNA biosensor demonstrdttigh selectivity to HPV type

16 DNA.

1.80

1.50

1.20

0.50 -

Al (pA)

0.60

0.30

000 b b ]

Type 16 Type 18 Type 31 Type 33

HPV Types

Fig. 4. The electrochemical signal response derived frdpaPNA/G-PANI/SPCE probe after

hybridized with various HPV types.
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3.7 Reproducibility and stability of the paper-based electrochemical DNA biosensor

The electrode-to-electrode reproducibility andosity of the paper-based electrochemical
DNA biosensor was examined. The relative standawations (RSDs) of five electrodes were
tested in the concentration range of 10-200 nM. %hRSDs was determined to be between 2.16%
and 7.79%. These results indicate that the propoB®A biosensor offers acceptable
reproducibility. Moreover, the storage stabilityasother important parameter for DNA biosensor
development. The ePAD DNA biosensor was storedanrtemperature (25 °C) for 2 weeks before
recording the current response to 10 nM target DNAvas determined that 90.2% of the initial
current response was retained in the aged sensgared to the response obtained from the freshly
prepared sensor. The stability of this DNA sensanainly attributed to the environmental stability

of PANIL.

3.8 Detection of the PCR DNA sample

To test the ePAD biosensor, DNA was extracted ftbenSiHa cell line, HPV type 16 and
amplified using PCR. Figure 5A shows the SWV resgoaftheproposed DNA biosensor in the
presence of positive PCR products. It was obsethat the current response decreased in the
presence of the PCR product from the HPV type I1itipe cell line. Moreover, the current
response decreased with increasing amounts of saampkhown in Fig. 5B. These results indicate
that the paper-based electrochemical DNA biosehasmotential for detecting HPV type 16 DNA

in PCR samples in clinical samples in future work.
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Fig 5. Square-wave voltammograms of AQ-PNA/G-PANI/SPCEbpran the presence of PCR-

amplified HPV type 16 positive sample from SiHal-tiele.

4. Conclusions

A novel paper-based electrochemical DNA biosensas weveloped and used for the
determination of high-risk HPV type 16 using AQ-PNWobe immobilized on a G-PANI/SPCE
modified electrode. The AQ-PNA probe was modifiethwegatively charged amino acids at the
C-terminus to enable electrostatic immobilizationtbe cationic G-PANI electrode. Using SWV,
the electrochemical current decreased after hyaiin with the complementary target DNA.
Under optimal conditions, a linear range of 10-200 was obtained and the limit of detection was
determined to be 2.3 nM. The proposed DNA senssw akhibited very high selectivity against
non-complementary 14-base oligonucleotides, inclydiPV types 18, 31 and 33 DNA. Finally,
this sensing system was successfully applied tecti¢he PCR amplified DNA from HPV type 16
positive SiHa cells. As was demonstrated, seveaiufes make this highly sensitive ePAD DNA
biosensor suited as an alternative tool for thgrmbatic screening and detection of cervical cancer.
First, the ePAD can provide a low-cost, disposaaesor for this POC application. Second, the
immobilization through electrostatic attraction ngsi G-PANI modified electrode is attractive

relative to covalent immobilization because of itherent simplicity. Third, the inkjet printing
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method for electrode modification process provithespotential for mass production while helping

to reduce the variation among individual sensotschvis crucial for disposable sensor.
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Highlights
A paper-based DNA biosensor using AQ-PNA probe and G-PANI modified electrode
was first devel oped.
This developed DNA biosensor was highly specific over the non-complementary DNA.
This sensor was successfully applied to detect the HPV-DNA type 16 obtained from

cancer cell lines.

This sensor isinexpensive and disposable, which can be incinerated easily and safely

after use.



