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ABSTRACT

A labelfree electrochemical DNA sensor based on pyrrojidpeptide nucleic acicacpcPNA-
immobilized on a papdrased analytical devicd?AD) was developedJnlike previous PNA
based electrochemical PABPAD sensors where the capture element was placedldiogcthe

electrode, acpcPNA was covalently immobilized goaatially oxidized cellulose paper allowing

regeneration by simple PAD replacemeks an example application, a sensor probe was
designed foMycobacterium tuberculosis MTB) detectionThe ePAD DNA sensor was used to
determine synthetic 1base oligonucleotide of MTB by measuring the fiati change in the
charge transfer resistand®, obtained from electrochemical impedance spectrosdei®). The

R of [FaCNg>* before and after hybridization with the targ@NA could be clearly
distinguishedCyclic voltammetryCV) was used to verify the EIS results, and showed an
increase in peak potential splitting in a similéepsvise manner for each immobilization step
Under optimal conditions, a linear calibration ain the range of-200 nM and the limit of
detection 24 nM were measuredhe acpcPNA probe exhibited very high selectiviby f
complementary oligonucleotides over sing&semismatch, twdbasemismatch and non
complementary DNA targets due to the conformatignadnstrained structure of the acpcPNA
Moreover, the ePAD DNA sensor platform was succgiyshpplied to detect PC&mplified
MTB DNA extracted from clinical sampleghe proposed papbased electrochemical DNA
sensor has potential to be an alternative devicdofo-cost, simple, labdtee, sensitive and

selective DNA sensor
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1. Introduction

TuberculosisTB) has long been a crucial global health problem arstili one of the top
10 causes of death worldwidie 2015, the World Health OrganizatioWHO) reported that 18
million people were infected with TB andImillion people died from this disease humans,
TB is caused by mycobacterils, tuberculosis(MTB). Standard TB diagnostic methods rely on
the identification of MTB and mainly employ sputemear microscopy, culture of bacilli and
polymerase chain reactiotPCR [1-6). Although these methods are sensitive, they have
limitations Sputum smear tests require trained personnel aadiia microscope to identify
MTB. Bacillus culture and PCR are complicated and -toresuming method$he requirement

of highly trained personnel, sophisticated instratagon and multiple detection steps limits the

feasibility of applying these methods for routinaghosisof TB in developing countries

Detecting specific DNA sequences has attractedeasing attention for disease

diagnosisMany detection methods for point of care assaghiding fluorescent,

electrochemiluminescend®, enzymatic9, surface plasmon resonant8 and electrochemical
11-:13, have been proposesimong the existing approaches, electrochemical B¥&Asors have
become an interesting option as they dfferplicity, portability and lowcostGenerally,

electrochemical DNA sensamrslyon oligonucleotide probes immobilized on an elettro

surfaceAfter exposure to a sample containing the specifimplementary target sequence, the

electrochemical response is monitored upon DNA idytation by either direct or indirect

methodsAlthough direct detection based on guani@eandor adenineA) oxidation allows a
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simple and reagentless process, the oxidation Is@g@ends on the number of electroactive

bases as well as their distance from the electriotlgacting sensitivity and detection lim@®n

the other hand, indirect methods require additieattroactive labels or indicators, including

redox couples such as methylene blde 15, daunomycinl6 or anthraquinondl, 17, 18
metal ion complexes with osmium or ruthenili®21;, or nanoparticle2 to generate sensitive
electrochemical signdilowever, strategies involving labels are tioomsuming and complicate
the detection process

A labelfree assay would be preferable for reducing time aomplexity in DNA
diagnostic$23, 24. Electrochemical impedance spectroscafySis a particularly useful
detection mode for DNA diagnostics because it dadsequire labels or indicata528. The
resistance to charge transtBg at the electrode surface is a sensitive indicatomfonitoring
the change of interfacial surface properties follmvDNA hybridizationLabelfree detection
based on EIS is therefore an ideal platform foretteping sensitive, lowost detection when
combined with portable instrumentation for patare applications

In the field of electrochemical DNA sensors, onetlé key components to achieve

specific DNA detection is the proRélaivan's group proposed a new conformationally
constrained pyrrolidinyl PNA system which possesses,3-peptide backbone deriving from D
proline2-aminocyclopentanecarboxylic ackhown as acpcPNA29, 3Q.Compared to the
original aegPNA31, acpcPNA exhibits a stronger affinity and higher usetpe specificity

binding to DNA and RNAIt also provides the characteristic selectivityaottiparallelparallel
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binding to the target and a low tendency for-BghridizationMoreover, it can be modified at
nucleobase or backbone to incorporate diverse ifuralities These properties allow acpcPNA
to be widely used as a probe for biological appiices11, 18, 32, 38
The combination of PNA probe and lafirele detection based on EIS has been reported

(3436). However, the devices are expensive and requirectimplicated steps to fabricate
Therefore, it is not ideally suited for powitcare diagnosticRapetbased analytical devices
(PADs have continuously received significant interestaggointof-care sensoBecause PADs
are simple, inexpensive, portable and disposalé2;, theycan act as a preliminary screening
tool for diagnostics in developed and developingntoes alikeAdditionally, paper is typically

made of cellulose which is compatible for biologisamples and can be chemically modified

with a variety of functional group4(;. The emerging of acpcPNA probe and PADs has been
recently reported by our research netwadk 4345 and provides advanced possibilities of
alternative poinbf-care sensotn 2015, Jirakittiwut et al44 proposea fabrication of paper
based DNA sensor by covalently modifying cellulpsger with acpcPNA probEhe presence

of DNA was determined by the visual color of caitowrolorimetric dyes bound to DNA by

electrostatic interactiorhis new colorimetric DNA assay concept offerowa-tost fabrication
with great specificity way for DNA detectidn addition, a papdrased device for multiplex

detection of DNA oligonucleotiddsmsed on electrostatic interaction between acpcRINA
silver nanoparticles leading to distinct color opann the absence and presence of DNA was

developed45. Colorimetric detection; however, is limited by tmeed for low background

surfaces, a limited dynamic range, low sensitivallyd variability in environmental illumination
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Electrochemical sensing offers a quantitative afitve detection system for the DNA assay
Electrochemical detection can also improve the guarhnce of papdrased DNA sensor in
terms of sensitivity and selectivity while providifower detection limits

Here, we report dabelfree electrochemical PARePAD for DNA detection using
acpcPNAas a probe and electrochemical impedance specfrpsets as the detection motif

Unlike previous electrochemical PNA senselere the probe was attached to the electrode and
paper used as a transport mechanism, the acpcPbl#e pwas covalently immobilized onto

cellulose papefThe quantification of DNA was performed by monitayithe change in the
charge transfer resistance using EIS before amd tife acpcPNANA hybrid is formedThe

proposed concept was used for the detection & oligonucleotide and successfully applied

with PCRamplified DNA from a clinical sampleThis simpletofabricate labelree
electrochemical pap&ased DNA sensor has the potential to be devel@sedn alternative

diagnostic device for simple, legost, sensitive and selective DNA and RNA detection

2.Materials and methods

21 Chemicals and materials

Analytical grade reagents, including LiCl from WaRare Chemicals Industryapan
NalO, from CARLO ERBA reagentdtaly), 2,4dinitrophenylhydrazine2,4DNP) from H&W
(USA), NaCNBH; from Acros OrganicsUSA), NaCl, KHPOy,, NgoHPO, and KCI from Merck

(Germany, potassium ferricyanide and potassium ferrocyafi@a SigmaAldrich (Singaporg
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were used without further purificatiohhe 18 MQcm * resistance water was obtained from a
Millipore Milli -Q water systemDimethylformamide and acetonitrile were productsvterck
Carbon graphene and sillver chloride ink were obtained from Gwent growpnited
Kingdom. The screemprinted block was made by Chaiyaboon. Cal. (Thailand. Synthetic
oligonucleotideswere obtained from Pacific Sciencdhailand. The sequences of the
oligonucleotides used in this study are shown ibl& 4

Table 1 List of oligonucleotides

Oligonucleotide Sequence5'-3)
Complementary DNA 5'.ATAACGTGTTTCTTG3'
Singlebasemismatch 5'ATAACGTCTTTCTTG3'
Two-basemismatch 5':ATAACGTCTCTCTTG3'
Noncomplementary DNA 5.CACTTGCCTACACCA3'

The forward G"CCTGCGAGCGTAGGCGTCG@)and reverse DNA primerS-
CTCGTCCAGCGCCGCTTCG@Ywere used for the preparation of the PCR samphes
clinical sample of MTB was obtained froksst Prof Chaniya Leepiyasakulchai, Department of

Clinical Microbiology and Applied Technology, Fatulof Medical Technology, Mahidol
University and was collected using university humsubjects board approved procedures

(MUIRB20160412803.

22 Synthesis of acpcPNA

The acpcPNA probe was designed to be complemetdahe synthetic oligonucleotide

MTB targets with a sequence of CAAGAAACACGTTAWritten in the NIC direction The
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acpcPNA probe was synthesized by sphdse peptide synthesis using Fmoc chemistry as
previously describe®9. L-lysinamidewas included at the-t&rminus to provide a handle for
subsequent immobilization via theamino group and the -férminus was endapped by
acetylation The progress of the reaction was monitored by MALDFEMS analysis on a
Microflex MALDI-TOF mass spectrometdBruker Daltonik GmbH, Bremen, GermanVhe
acpcPNA on the solid support was treated with (Lv) aqueous ammonioxane in a sealed
tube at 60 °C overnight to remove the nucleobasteegtiing groupsThe PNA was cleaved from
the solid support with trifluoroacetic acidFA) and purified by reversghase HPLCC18
column, O0l% (vv) TFA in HoO-MeOH gradient The identity of the acpcPNA was verified by

MALDI -TOF MS analysis, and the purity was confirmed te>86x by reversgphase HPLC

2 3 Fabrication of 3D paper-based el ectrochemical DNA sensor

A 3D ePAD DNA sensor was fabricated using the ywamting techniqua46. The
patterned paper was designed using Adobe lllustiadsed on the origami concep? and
printed onto the filter pap@whatman Nd,) using a wax printeiXerox Color Qube 8570, Japan
The printed paper was subsequently melted on aplaie (175 °C, 50 sto generate a
hydrophobic barrieFor electrode fabrication, threéectrode systems were prepared using an in
house screeprinting methodCarbon graphene ink was used as a working electvdeand
counter electrodeCE. Reference electrod®kE and conductive pad were screen printed using

silversilver chloride inkThe design and operation of the papased electrochemical DNA
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sensor was shown in Schemeé\$ shown in Scheme 1A, the sensor consists oflayers layer
A and layer BLayer A contains CE and RE while layer B contain WHEnm id). The sample

reservoir is punched in layer A to allow a solut@amnection directly from the top to the bottom

layerwhen the 3D DNA sensor was fully assembled by fajdayer A over layer B he design

of the papebased DNA sensor was shown in.8

24 Immobilization of acpcPNA

Covalent immobilization of acpcPNA on the paper Wgs carried out according to

previous reportgt850; with slight modificationThe immobilization process is shown in Scheme
1B. First, 210 M of LiCl in Nal0,0.04 M) was spotted onto the back of WHe reaction was

allowed to proceed in the dark at room temperafordl5 min to generate the aldehyde groups

on the surface of the cellulose papdr. Next, the WE was washed with Mi) water to remove
the inorganic salts and allowed to dry at room terafureFor covalent immobilization of the
acpcPNA, a solution of acpcPNA pM containing NaBHCN (1 mgmL)in DMF was prepared

3 pLs of acpcPNA solution was dropped onto thetglde modified paper and allowed to react

for 12 hr in the dark and humid conditiokiterward, the acpcPNAnmobilized paper was
washed for 30 min with MillQ wateracetronitrile1:1)and allowed to dry at room temperature

Finally, the 3D DNA sensor was stored at 4°C pioouse
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Scheme 1A)Design and operation of 3D electrochemical p&aesed DNA sensaB) The

process of acpcPNA covalent immobilization

25 Hybridization of DNA

The solution of MTB DNA oligonucleotide target wasopped onto the acpcPNA
immobilized WE and incubated for 15 min at room pemature Then, the nomybridized
sequence was removed from the WE by washing witivOPBSpH 74). The same procedure
was applied for the selectivity test with singkse mismatch, twimase mismatch and non

complementary targets
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26 PCRamplified MTB analysisin real sample

The extracted DNA from clinical sample was amptlfiby standar®®CR(52. The
amplification reaction was performed usinthermus aquaticus(Tag polymerase and the
following condition1 pM each oAmpliTag DNA polymerase, nucleotides, 10X reactirifer
and primer were mixed togeth8ubsequently, GL of the extracted DNA was adddthe
sample was denatured at 94 °C for 5 min and theay2es of amplification were performed

The cycle consisted of denaturation at 94 °C famif, annealing at 68 °C formdin and

extension at 72C for 2 minThe PCR product was visualized by electrophoresss 2: agarose

gel containing ethidium bromide under UV light

2.7 Electrochemical measurement

For electrochemical measurements, the EIS was thsedghout the experiment using a

PGSTAT30 potentiostdtietronm Siam Company LtdSwitzerlandand CV was performed on

a CHI1232A electrochemical analyze€CH Instruments, Inc USA.AIll electrochemical

3.4.

experiments were carried out in 5 mMBCN)g ™™ After the immobilization and hybridization

process, 100 pL aFaCNyg**

was added onto the modified working electr@&l8 was recorded
in the frequency range of01 Hz-100 kHz with the potential at DV and A.C amplitude at

5mM. The R after the hybridization was measured and compartdthe R; in the absence of

the DNA target
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3. Results and Discussion

31 Characterization of acpcPNA - covalently immobilized electrode

In order to confirm the success of covalent imninatlon of acpcPNA, the change ofiR

in EIS was monitored in a stepwise electrode mealifon using 5 mMFaCNyg** The

semicircle of the Nyquist curve represents thetedectransfer resistance and thg Berived
from a diameter of semicircle portion of the Nyduots can indicate the efficiency of electron

transfer from electrode surface to the redox cosplationFirst, the electron transfer resistance

of bare electrode and modified paper electredieout the immobilization of acpcPNA probe

was measureérig S2. The bare and modified paper electrodes provideduygurvegiving

Ret values of 390 +008 kQand 3416 125 kQ, respectively, indicating that the electron
transfer of electrode surface is not affected l@yghper modification proce$sg 1A shows the
Nyquist plots obtained from bare electrode and BbjFccovalently immobilized on the
electrode before and after hybridization with th&lAD targetlt can be seen that the bare
electrode has the largest semicircle with ajp d® 3400 +0.08 kQ. After the acpcPNA was
immobilized on electrode, the.Ralue(1895 +0.35 kD) decreased, indicating that the acpcPNA

modified electrode provided a lower charge transfsistance and higher electron transfer to the

electrodeWe believe the increased electron transfer wadaltige electroactivity of guanin&
and adenineA) bases in the acpcPNA probe sequence as has begastaypreviousip355.

When the acpcPNA modified electrode was hybridizgth the DNA target, the R value
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increases to 205 (+0.15 kQ due to the increase in electrostatic repulsiowéeh the negatively
charged DNA and redox probe
CV was also usew further verify electrode modificatioAs shown in FiglB, cyclic

voltammogram shows a significant shift in the peakential and the increasing of anodic peak

current after acpcPNA immobilizatiorhe AE, of bare electrode was6J +0.01 V, while the
AE, of acpcPNA modified electrode was3® +0.02 V.Also, the current response of bare
electrode(7.13 *0.26) pA) was lower than acpcPNwodified electrode2889 +0.95 pA). This

result suggests that G and A bases of acpcPNA phale ability to accelerate the electron

transfer procestlpon the hybridization of DNA target, tid=,slightly shifted to @14 +0.0D V,
while the anodic peak current994 +0.76 pA) decreased, which implied that the electron
transfer is low due to the electrostatic repulgdlenomenon of PNANA duplexes and redox
coupleAccording to the characterization evidences, thange of R in EIS, AE, and peak

current in CV clearly indicate successful covalemnobilization of acpcPNA on the electrode
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Fig.1(A) Nyquist plot andB) cyclic voltammogram of bare electrode, acpcRéd&alently

immobilized on electrode before and after hybridawith an equimolar concentration of

target DNA

in 5 MMFaCNyg® 4"
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3.2 acpcPNA probe concentration
The effect of acpcPNA probe concentration gpndRtained from EIS was investigated as

shown in Fig2A. As the PNA concentration increased; fer acpcPNA functionalized electrode
decreased until a plateau was reached @neentration of 2 pMhe excess theNA

concentration will increase the PNA surface densithich hindered accessibility of redox
molecules to reach the working electrode surfaesylting in a constant:R Therefore, a 2 uM

of the acpcPNA probe concentration was selectetuftier studies

3.3 Hybridization time

The influence of DNA hybridization time on electeo@npedance was studied néitte
DNA target was incubated with the 2 padpcPNAmodified electrode for different periods of
time before washing with PB®01 M, pH 74.In Fig 2B, AR obtained after hybridization of

DNA target increases with the increasing the hybaiion timeand the largestR. was

obtained at 15 miThis result indicated that increasing hybridizatitme provided higher

efficiency of the binding between the acpcPNA prahd the DNA target, leading to an increase

in chargeransfer resistanc€he advantage of short time required for hybridoratwas
proposedWhile the hybridization of others DNA assay usinkp Eequires more than 30 min

incubation, our method requires only 15 min to mtevhighest efficiency of the binding

between the immobilized acpcPNA probe and the DifydtAccordingly, the hybridization

time at 15 min was selected as the optimal conditio
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Fig.2The effect ofA)acpcPNA probe concentration ailhybridization time of 1 uNDNA
target on the Rvalueusing a 2 uM acpcPNA probe concentratidre error bars represent one

standard deviatiot&D) obtained from three independent measurems+gs

3.4 Analytical performance

The analytical performance of 3D papessed electrochemical DNA sensor for MTB
determination was evaluata assess the detection limit and linear rand®; as a function of
DNA target concentration was determin€édy. 3. The calibration curveanset Fig3), which was

plotted as a function édgarithmic DNA concentration antiR.;, provided a linear relationship

from 2 nM to 200 nMwvith a correlation coefficient of @7 The limit of detectionLOD, SN=3)
and limit of quantitationLOQ, SN=10 were found to be 24 nM and 39 nM, respectivelyThe

wide linear range and low detection limit suggésitt tour proposed method is useful for MTB

DNA detection after amplification



292

293

294

295

296

297

298

299

300

301

302

303

12

¢ *
10 V'S
12
—~
g 8 ¢ 10 [ y=4.261x+1.064
= R?=0.997
S o~
< £
g ot -
< 6 < 4
§ 4
< 2
4 - 3 0
0 0.5 1 1.5 2 25
& Log concentration of MTB DNA (nM)
2
0 50 100 150 200 250 300 350

Concentration of MTB DNA (nM)

Fig. 3 The change of RARc versus DNA target concentration and calibratiorveunetween
ARy and log DNA target concentratioinset for MTB detectionin 5 mM [FaCNyg® ",
frequency @1 Hz100 kHz, potential @ V. The error bars represent one standard devigibn

obtained from three independent measureme+gs

3.5 Sectivity
In order to evaluate the selectivity of the sentiog, R;obtained from MTB DNA target

was compared to singmse mismatchkDNAp, twobase mismatchDNA»and non
complementary DNADNA o using a 2 uM acpcPNA probe concentratiorthe presence of

DNAm the R; increased dramatically; whereas the d&d not change for DNA, DNA, and

DNA,c as shown in Figd These results indicated that there was no sigmfiinterference by
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305 provided high selectivity for MTB detection, whickemphasizes the usefulness of acpcPNA
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310 The error bars represent one standard deviatl®D obtained from three independent
311  measurements-3).
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3.6 Sability and reproducibility

To investigate the stability of the proposed ldbst DNA biosensor, the sensor was

stored at 4 °C in dry environment over one monfbrieetesting the Rresponse before and after

hybridization with 20 nM DNA targethe R; response was collected on a weekly b#sigas
observed that the change of Becreased to I, and 941+ of the initial response for acpcPNA

covalently immobilized on electrode before and rafteybridization with DNA target,

respectivelyFig S4. The electrod¢o-electrode reproducibility of the DNA biosensor waso
examineds shown in Figure SBhe relative standard deviatio®SDs of five electrodes were
tested in the concentration range 20D nM The xRSDs was determined to be betwees80
and 346« These results indicate that the proposed DNA bemeoffers acceptable stability and

reproducibility

3.7 Real sample analysis

To evaluate the efficiency of the proposed methibd, developed labélee DNA
biosensor was used to detect MTB in P&@Rplified DNA from ablood sampldt was observed
that the R was increased in the presence of positive sanfdiéT® (Fig S5, which confirmed
the occurrence of hybridization in the proposedesysio increase the sensitivity, the signal

could be improved by performing the hybridizatience onto the same electrode to accumulate

more analyte bound to the immobilized prdbavas found that the fncreased with the

increasing of amount of PCR positive sample as shiowFigure 5Therefore, it clearly shows
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that this labefree DNA biosensor platform is applicable for deteing MTBin an extracted

and amplified DNA from clinical samples

29
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17

14

11
Probe Sample 2x Sample

Fig 5 R response of the labffke DNA biosensor in the presence of P&@Rplified MTB
positive sample from clinical sampl€he error bars represent one standard deviatah

obtained from three independent measureme+gs

4.Conclusions
A new labelfree electrochemical DNA biosensor platform usingd@NA as a probe was
successfully developed for MTB detection by meagyohanges in resistance to charge transfer

Unlike previous methods that required direct etstdr modification, the acpcPNA probe was

covalently immobilized onto partially oxidized adlbse paper by reductive alkylatidine



346 change of surface resistance in the presence gétt&NA monitored by EIS was used to

347 achieve the quantitative measuremé&he labefree system offers the advantage over the more

348 widelyused electroactive indicators or labels since imiebtes the complicated and time-
349 consuming steps for labeling or adding indicatoithoeut compromising the performance in

350 terms of detection limit and linearity rangée proposed DNA sensor demonstrated very high
351  selectivity of acpcPNA against sindlase mismatch, twiease mismatch and nen
352 complementary DNA targefBhis sensing system can be employed to determieePGR
353 amplification of MTB from clinical sampleAs a result, this ePADNA sensor is well suited as
354 an alternative platform that provides a simple aodteffective solution to achieve a rapid
355 screening of MTB and can be readily applied to oA targets
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Highlights

» An electrochemical paper-based PNA detection method is reported.

» The approach uses modified paper as opposed to modified electrodes to enable rapid
replacement

» Technique was demonstrated on tuberculosis as a model application.



