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ABSTRACT

In this work, polyaniline nanospindles have beemtlsgsized using iron oxide as
sacrificial template. These nanospindles were zetli for the fabrication of PANI-MgS
nanoflower architecturega hydrothermal route. The electrostatic interacbetween PANI and
MoS, improves the conductivity and provide more dirgaths for charge transportation. SEM,
TEM, XRD, Raman Spectroscopy techniques were engpldy explore the crystal structure, and
morphological properties of the PANI-Mg®anocomposite. Furthermore, an electrochemical
biosensing platform based on PANI-Mo®&anocomposite was fabricated for the specific
detection of chronic myelogenous leukemia (CML) bging electrochemical impedance
spectroscopy technique. The binding interactiondwéen the pDNA/PANI-MogITO
bioelectrode and target DNA sequence were alsoestu@he biosensor exhibits high sensitivity
and wide detection range (1M to 10%"M) of target DNA with low detection limit (3x1 M).
Additionally, the specificity studies of the gennser with various target DNA sequences
(complementary, noncomplementary and one base nabinand real samples analysis of CML

shows its potential for clinical diagnostics.

Keywords: Polyaniline-Mo$, hybrid structures, electrochemical, cancer, bisse
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1. INTRODUCTION

Recently, transition metal disulfides such as mogium disulfide (Mog have attracted
tremendous attention in various nanoelectronicalgsis and electroanalysis field applications
due to their large specific areas, unique magrattelectrochemical properties [1-4]. However,
restacking and electrical conductivity of MasS still a problem, that can be prevented by dgpin
it with conducting polymers [5, 6]. In this regapblyaniline (PANI) has been used extensively
due to its abundant protonated active sites andttstial stability during the charge-discharge
process[7-9]. Additionally, the nanostructured ferof PANI provide enhanced active surface
area and excellent adsorption ability [10, 11]. O¢fo poor mechanical strength, insolubility and
bad processability of PANI limit its applicationsetefore composite of PANI with MeSuill
overcome the drawbacks coming from the individualurderparts. Moreover, strong
coordination bond of metal Mo with nitrogen atomegent in PANI facilitate the controlled
growth of Mo$ on the surface of PANI. Thus, the synergistic affeetween MosSand PANI
make PANI-Mo$ nanocomposite an exciting substrate for varioetd$i applications and
provides excellent electrocatalytic ability and mgraths for insertion and extraction of ions
[12].

The electrochemical performance of the materiatt®gized depends significantly on the
morphologies, compositions, surface properties, et electrical conductivity etc. [13, 14].
Therefore, hybrid nanostructures of PANI-Md&ave been introduced as an electrode material
for fabrication of the biosensor. Although the etption of this composite in the field of
biosensing is in its primary stage but can be cmied as a reliable electrode material for future
fabrication of biosensors. For instance, Tao Yah@l. demonstrated the polymerization of
aniline on the surface of thin layered Masheets using a simple ultrasonic exfoliation métho
The composite exhibited superior electrochemicaiopemance and utilized for direct and label-
free electrochemical DNA sensing with high probe/Asurface coverage area [15]. The PANI-
MoS, nanocomposite prepared through intercalation bfdeged PANI into the molybdenum
disulfide (M0oS) nanosheets has also been reported. The existénegative charge and strong
n—n* interactions in the nanocomposite has been enspldpr label-free detection of single
nucleotide (adenine and guanimad their mixture in Britton-Robinson buffer soburt)
polymorphisms of oligonucleotides [16]. Therefolgybrid composites can be expected to

exhibit improved electrical conductivity and exeell electrochemical performance by
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employing the advantages of interfacial interadidretween both the materials (PANI and
Mo0S,).

Chronic Myelogenous Leukemia (CML) is one of thestnoommon types of leukemia,
induced by reciprocal translocation of Abelson merieukemia (ABL) viral oncogene from its
normal position (q34) on chromosome 9 to a breakpduster region (BCR) on chromosome 22
(q11), which leads to formation of BCR-ABL fusiorrge and the abnormal chromosome is
known as Philadelphia (Ph) chromosome [17]. ThastHe effective treatment of this disease,
sensitive and accurate diagnosis is crucial pdaiity) after the bone marrow transplantation. In
recent years, the conventional methods like chromes analysis, fluorescence in situ
hybridization, flow cytometry, and real-time quaative reverse transcription PCR have been
widely used for the detection and prognosis of BA&ER- fusion gene of CML. Nevertheless,
these methods have some disadvantages in ternmeeotbnsumption, poor precision, need for
high technology instrumentations and expensivefl&s19]. Hence, there is still a requirement
to develop simple, fast and economical methodsésty andaccurate detection of BCR/ABL
fusion gene. In this context, electrochemical DNé&sknsors based on nucleic acid hybridization
have been explored extensively owing to their betgecificity, response time, portability,
regeneration ability and direct diagnosis of blamhcer, tissue matching and various genetic
disorders [20] compared to other immunosensorscatid based biosensors[21]. Chenal.
have reported an electrochemical biosensor basedgraphene sheets/polyaniline/AuNPs
nanocomposites for the detection of BCR/ABL fusgene. The sensor exhibited a detection
limit of 1.05x10%M and was successfully applied for real samplesyaiza[22]. More recently,
in another approach, multiple layer CdS QDs fumatlzed polystyrene microspheres have been
used for signal amplification and graphene oxidbsudline composite as an electrode material
for the electrochemical detection of K562 cell |imehich provides increased detection signal
intensity and tumor cells load ratio [23].

In this manuscript, for the first time, we have dipolyaniline-nanospindles (PANI-NS)
as a substrate for the production of edge-richgnatieve 3D hybrid PANI-Mo$g nanoflowers
which were used for the fabrication of high semsitelectrochemical genosensor for CML
detection. The sacrificial oxidative & template has been used for the synthesis of PAB|I-N
which were further utilized as a conductive sulietfar the uniform growth of PANI-MoS

nanocomposite. The nanocomposite shows excellerpepies such as large electroactive
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surface area, outstanding conductivity and thusbeansed as electrode material for fabrication

of electrochemical DNA biosensor.

2. EXPERIMENTAL SECTION
2.1 Reagents and Chemicals

Ferric chloride (FeG), hydrochloric acid (HCI), molybdenum trioxide (K@g), avidin,
sodium thiocyanate (NaSCN), 1-Ethyl-3-(3-dimethyilaopropyl) carbodiimide (EDC), N-
Hydroxy succinimide (NHS), ethylene diamine tetraetec acid (EDTA), monosodium
phosphate (Na}PQ,), potassium monohydrogen phosphate, potassiunddiggn phosphate,
sodium dodecyl sulfate (SDS), ammonium persulf&&®S), CML-specific oligonucleotide
sequences (22 bases; UID no. 12859844) correspmetdfisally to P210 kDa bcr-abl gene of
Philadelphia chromosome,[24] complementary, nondementary, one base- mismatch, and all
other reagents and solvents have been procured $Sigma-Aldrich Milwaukee, WI. All other
chemicals were of analytical grade and used witlpoufication. For the preparation of aqueous
solutions, deionized water (D.I; resistance 18Q bin) was used. DNA sequences used for the
studies are as follows:
Probe DNA: biotin-5-TGTCCACAGCATTCCGCTGACC-3
Complementary DNA: 5-GGTCAGCGGAATGCTGTGGACA-3’
One-base mismatch DNA: 5-GCTCAGCGGAATGCTGTGGACH-
Non-complementary DNA: 5-TACTCGCAATAACGTGATCTCC=3

2.2 Apparatus and Measurements

Transmission electron microscope (TEM, Hitachi Mpd4-800) has been utilized to
characterize the K83 PANI-NS, and PANI-Mo% nanocomposite. The morphological
investigations have been carried out using fieldssimn scanning electron microscope (FESEM,
Carl Zeiss). For elemental analysis of the syn#egbimaterials, SEM equipped with an Energy
Dispersive X-ray spectroscopy (INCA energy 250 ED3)alyzer has been used. X-ray
diffraction (XRD, Rigaku Miniflex X-ray diffractonter) patterns were recorded in therange
with a scan speed of 2°/min using Cy tadiation £=0.1542nm). Electronic conductivity was
measured on compacted pellets using two probe ctmdy method. Raman spectra were

measured using a 542nm laser, Renishaw via Ramegtremeter. Dynamic light scattering
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(DLS) measurements were performed at 25°C with dasfzer Nano-ZS90 (Malvern
Instruments) at a scattering angle of 90° to daternthe zeta potential value of the materials
prepared. Fourier Transform Infrared (FT-IR) spestopic studies were recorded using Perkin-
Elmer spectrometer (model Spectrum BX) at 25°C. t&dnangle (CA) studies have been
recorded using contact angle meter (Data PhysicAIGEC). Electrochemical measurements
have been performed with an Autolab potentiostbtéymstat (Eco Chemie, Utrecht, The
Netherlands) using a conventional three-electroggstem with PANI-NS/ITO or PANI-
MoS,/ITO as working electrode, Pt as an auxiliary etmbe and Ag/AgCl as a reference
electrode in phosphate buffer (PBS, 100mM, pH W0®% NaCl) containing 5mM of
[Fe(CN)6F" .

2.3 Processing of real patient samples

The clinical samples of two male patients (P1 a@ji & Indian origin having? stage
CML with age of 33 years and 56 years, respectiveye obtained from Rajiv Gandhi Cancer
Institute and Research Centre, Delhi, India afterdthical approval by the Institutional Review
board (Nos. RGCIRC/IRB/96/2015). For the utilizatiof CML-positive patients samples in
biosensing application prior processing was doneubing QlAamp RNA blood mini-kit
(Qiagen) for the extraction of RNA from the blooah®ples. Then, leukocytes were separated
from lysed blood by selective erythrocyte lysisidaled by repetitive homogenization and
washing. Further, the reverse-transcription of sspd RNA to complementary DNA (cDNA)
was done by high-capacity cDNA reverse transcnipkd (Applied Biosystems). The cDNA
was diluted 10 times in TE buffer and heated at@d@ a water bath for about 5min followed
by chilling in an ice bath and then centrifugatatrl2 000rpm for about 10min to get denatured
single-stranded DNA was done. To break the long DiMAins into smaller fragments, a sample

containing DNA was subjected to sonication at 24kidguency for 15min [25].

2.4 Synthesis of Fe,O3 and PANI nanospindles

Synthesis of monodispersed ,8g nanospindles (R®s-NS) was done according to
previous reported method with slight modificatiqisg. 1(A)) [26]. Firstly, 40mM solution of
FeCk was prepared in 100ml of deionized (DI) water. ThenM of NaBPO, was added into it,
and the solution was heated at 100°C for 72hr.hégrtfor the synthesis of polyaniline
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nanospindles (Fig. 1(B)), F®s-NS was dispersed in 100mL of DI water to whichns\b of
SDS and 1mM of APS were added and the solutionalMawed to stand at room temperature for
14hr. After that, 20l of aniline and 1M HCI was added to the above mm&twith continuous
stirring at 4°C for 10h. The obtained green colaydouct was washed with HCI, DI water and
ethanol to remove the template {8¢). The material was then dried in a vacuum oveB0aC
for 24hr.

2.5 Synthesis of PANI- MoS, nanoflowers

For the preparation of 3D hybrid PANI-Mg$®anoflowers (Fig. 1(C))[27] 50mg of
PANI-NS was dispersed in 50mL of deionized watethwstirring for 20min followed by
sonication. Then 60mM of MoQand 150mM of NaSCN were added to above PANI-NS
suspension and stirred for 30min. The obtained uméxtvas then transferred to a Teflon-lined
stainless steel autoclave and kept at 220°C for. Zilbsequently, the obtained black material
was washed with DI water and ethanol several titilepH value reaches to 7.0. The product
was then dried in a vacuum oven at 80°C for 24hr.

2.6 Preparation of PANI-NS/1TO and PANI-MoS,/ITO electrodes

Electrophoretic deposition of synthesized PANI-N& &#£ANI-MoS was successfully
done using a two-electrode system. Pre-hydrolyZ&d (0.5cnf) substrate has been used for
deposition of synthesized material on the surfddd@© which can interact strongly with —NH
group present in the PANI. For the deposition ef BANI-NS, 10mg of PANI-NS was dispersed
in a mixture of ethanol and deionized water (149 80V was applied for 45s by taking ITO
substrate as cathode and thin platinum foil as rad@ Similarly, a colloidal suspension of
PANI-MoS, was prepared by dispersing 5mg of the composi0iml of acetonitrile with the
help of ultrasonication. PANI-MgSwas deposited onto ITO electrodes anodically &G
potential of 40V for 80s with platinum as the camelectrode. The obtained electrodes were

rinsed with deionized water three times and thewliaed.

2.7 Functionalization and hybridization of probe DNA
Avidin-Biotin interactions have been utilized fdret bioconjugation of the biotinylated
pDNA to the surface of electrophoretically depa$iRANI-MoS/ITO electrodes (Fig. 3(A)).
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For this purpose, 20 of 1mg/mL avidin solution activated by EDC (0.2Mhd NHS (0.4M)
was immobilized on the surface of PANI-M@ISO electrodes at 25°C for 2hr. Consecutively,
avidin-PANI-MoS/ITO electrodes were washed with PB buffer and lbated with 2Ql of
biotinylated probe DNA having 22 basepairs (@) for 3.5hr in a humid chamber at room
temperature (Fig. 3(A)). The prepared bioelectrd@&NA/PANI-MoS/ITO) were rinsed with
Tris-HCI (10mM) and EDTA (1mM) buffer solution (TEpH 8.0) several times to remove any
unbound pDNA from the electrode surface [28]. TB&NBA/PANI-MoS,/ITO bioelectrodes were
further employed for the hybridization studies bgubating it with different concentrations of
cDNA sequences (103-10°M), complementary, non-complementary and one-baisenatch
DNA sequences for about 15min in a humid chamb@batC (Fig. 3(A)). All the DNA solutions

were prepared in Tris-EDTA buffer solution.
3. RESULTSAND DISCUSSION

3.1Microscopic and structural analysis

For analyzing the size and structure, which are ki parameters in controlling the
chemical and physical performances of the matesytshesized, TEM studies were performed.
Figure 1(D) shows a uniform and dense distributbspindle-like nanostructures of J&g with
a lateral dimension of about 50nm having an intangr spacing of 0.3%, which is further
confirmed by HRTEM image (Fig. 1(E)). These synibed spindles like F©3; nanostructures
may act as a template for the formation of PANI-R8lymerization of aniline on the surface of
Fe0s-NS and removal of the template leads to the grooitfPANI-NS (Fig. 1(F)). Due to
flexible nature of PANI and deposition of multipéeers around the surface of,Bg, PANI-NS
get slightly bend from the edges and results igdatateral dimension in the range of 70-80nm
in comparison to F®3-NS (Fig. 1(G)).

Further, these highly dispersed PANI-NS worked adeation sites for the uniform and
stable growth of PANI-Mogs nanocomposite. Figure 1(H & I) shows TEM imagestiué
synthesized PANI-MoSnanocomposite, where multiple thin nanosheets e&Mre stacked by
covering the complete surface of PANI-NS and forrae8D hybrid flower-like nanostructures
with several folds having diametre in the rang&@®- 700nm. HRTEM image (Supplementary
material Fig. S1(A)) of PANI-Mo$S hybrid material represents the lattice fringeshwén
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interlayer spacing of 0.62nm which is consistenthwhe 002 planes of MgSanosheets and
denotes a crystalline structure. However, the alesesf lattice fringes in PANI depicts it
amorphous nature in the hybrid material (Suppleargnnaterial Fig. S1(B)).

XRD measurements have been carried out to inastitpe crystallographic structure of
the materials synthesized. The XRD pattern of yimhesized F£; nanospindles can be seen in
Figure S1(C). After polymerization of aniline orethurface of F£3; and subsequent removal of
Fe,O; causes broadening of the diffraction peaks in tRXspectrum of PANI-NS (Fig. 2(A)).
Moreover, some diffraction peaks which correspomdhe FgO3; can also be observed in the
spectrum which is may be due to incomplete remav¥ahe template. Whereas, broadening
suggests the existence of PANI in a semicrystalitate which is ascribed to the periodicity
perpendicular and parallel to the polymer backbcman [29]. Further, in the XRD pattern of
PANI-MoS, (Fig. 2(B)) diffraction peaks observed at 13.83.53, 40.1°, 53.5° and 59°
represents the (002), (100), (103), (105) and (#iféaction planes of MoSrespectively, which
confirms the well-defined hexagonal structure of Mlevhile weak diffraction band observed
from 16.6 to 30.5° is related to the presence dfamuline [30]. The relative lower intensity of
diffraction peak at 13.8° signifies that MpBanosheets may contain only a few layers. The
interlayer distance of (002) plane which is the 8-81layer was calculated to be 0.62nm by
using the Bragg equation [30].

The Raman spectrum of the PANI-NS (Fig. 2(C); énhibits peaks at 1609, 1485, 1346,
1190 and 820cth which are assigned to C-C stretching vibrationbefizenoid ring, C=C
stretching vibration of quinoid ring, C-Mtretching of polaron structure, C-H bending Vilonas
and C-N stretching vibration of secondary amin@eetvely. Whereas, a slight shift in the peak
positions assigned to polyaniline can be observedhe Raman spectrum of PANI-M9S
nanocomposite (Fig. 2(C); (ii)) compared to Ramaectrum obtained for PANI-NS. The
additional two well-resolved peaks at 378 and 403ane ascribed to', in-plane vibration and

Alzgout-of-plane vibration of Mo and S atoms respedyiy@l].

3.2 Zeta potential, conductivity and EDX measurements
To determine the magnitude and sign of the effeativarge on the surface of PANI-NS,
and PANI-Mo$, zeta potential studies were carried out usingShmluchowski method [32].

PANI-NS exhibited a positive zeta potential valdi&8.5mV (Fig. 2(D)) revealing the presence
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of amine and imingroups. Whereas, after formation of a composith MbS, the PANI-Mo$S
nanocomposite exhibited zeta potential value of 2% (Fig. 2(E)), suggesting the electrostatic
interaction between negatively charged Ma8d positively charged PANI, which decreases the
overall charge on the surface of the compositeh@gired to a negative value (-26.1mV).

The conductivity of the synthesized PANI-NS and RAMDS, samples was measured on
pellets pressed from powders using two probe metitodoom temperature. The measured
conductivity value of PANI-Mogshowed an enhancement of about one order of maignih
comparison to the conductivity value of PANI-NS ands found to be 8.26x1¥8/cm and
9.31x10°S/cm respectively. This increase in the condugtivialue is explained by large
electroactive surface area and increased the degfeeonjugation of bonds of the
nanocomposite, which provides low interfacial cleattansfer resistance and reduces the ion
diffusion length as a result of interfacial intetfans between PANI and M@$nonolayers [31].
Also, the compact and homogeneous distribution A IPfacilitates fast transportation of
electrons between PANI and MptBat leads to high intrinsic ionic conductivity.

To analyze the elemental composition of the syitleedsPANI-MoS nanocomposite, the
EDX profile was recorded. The EDX spectrum of PANGBS, shows the signals corresponding
to C, O, N, Mo, and S with their respective weigbtcentages (Fig. 3(D)). The peak of carbon
along with nitrogen represents the existence ofguline, while the peaks of Mo and S confirm
the presence of M@SThe remaining peaks (O, Zr and Na) observed ensfiectrum are either

due to the doping process or side products fornueiehgl hydrothermal process.

3.3 Surface characterization of prepared electrodes and bioelectrode

The morphology of the prepared PANI-NS/ITO, PANGSY/ITO electrodes and
pDNA/PANI-MoS,/ITO bioelectrode was confirmed by FESEM. The FESiEMge of PANI-
NS/ITO shows dense particle distribution of nanodfas that leads to tightly interconnection of
particles (Fig. 3(B)) However, FESEM image of PAMbS, reveals completely different,
flower-like morphology (Fig. 3(C) and Fig. S1(D)pdilitated by electrostatic interaction
between aromatic groups of PANI and basal planedMo$,, indicating that PANI act as
substrate for the formation of flower-like nanostures by enfolding MoSon its surface. Some
nanoflowers deposited are in isolation while soorens domains and exhibit dense morphology,

suitable for improved electrochemical performanod gensor sensitivity [33]. The image at

10
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higher magnification (inset of Fig. 3(C)) clearlyosvs that nanoflowers have a diameter in the
range of 500-700nm which is consistent with theultesof TEM and comprises of very thin
nanoplates having a thickness of about 15nm. Toigef-like nanostructures, due to their large
active surface area assist the efficient immolilra of pDNA without creating any steric
hindrance. Hence, on incubation of pDNA with PANBSY/ITO electrode (Fig. 3(E)) globular
morphology with shiny appearance indicates thatdleetrode surface has been covered by
pDNA [32], which can be clearly seen in the maguufimage (inset Fig. 3(E)). The variation in
the morphology reveals the successful attachmepbDbfA onto PANI-Mo$%/ITO electrode.

The FT-IR spectra of the PANI-NS/ITO, PANI-MgH O electrodes and pDNA/PANI-
MoS; bioelectrode are shown in Supplementary mater@alre S2. The peaks observed at about
794 and 1115cthin the curves of PANI-NS/ITO (Supplementary mateffig. S2(A)) and
PANI-MoSy/ITO (Supplementary material Fig. S2(B)) electrodes related to C-H out of plane
bending and in-plane bending of quinoid and benzknags respectively. Peaks are seen at
about 1230 and 1292¢hin both the curves (Supplementary material FigiASand B)) are
attributed to C-N and €N stretching vibrations of the aromatic amine. Whereeaks centered
at about 1469 and 1560¢nn both the spectrum are assigned to C=C stragatiéfiormations of
benzene and quinone rings respectively. The FTd&tsum of both the electrodes (PANI-
NS/ITO and PANI-Mo%/ITO) exhibit the characteristic bands correspogdmPANI except the
peak at 570cfh in the FTIR spectrum of PANI-Me8TO electrode, that belongs to Mo-S
stretching vibration and indicates the success&podition of the nanocomposite onto ITO
electrode [34]. Supplementary material Figure SA@ws FT-IR spectrum of the pDNA/PANI-
Mo$S; bioelectrode, the additional bands can be se€8@t 1043, 1377, 1420 and 1627tm
among these bands 980, 1043 and 1377ane associated with C-N stretching vibration, -anti
symmetric and symmetric stretching vibration modé®—O-C and P=0 in phosphoric acid
group respectively and 1420 and 1627cattributed to —CN and carbonyl stretching vibnasio
existing in the nucleoside bases respectivelycatthg the proper immobilization of probe DNA
on the surface of PANI-MafiTO electrode.

To confirm the effective immobilization of the pDNén the electrode surface, contact
angle (CA) studies have been carried out usingstssile drop metho[82]. The CA value
observed for the bare ITO electrode is 74.8° (Saipphtary material Fig. S3(A)), but after the
deposition of PANI-NS on ITO electrode the valueGA decreases to 48.2° (Supplementary

11



O 00 N o Uu »H» W N

N N R B R R R R R R R Ry
B O LW O N o uu b W N KL O

22
23
24
25
26
27
28
29
30
31

material Fig. S3(B)) indicating the availability bydrophilic amine and imingroups on surface
of PANI-NS/ITO electrode. A further decrease in tedue of CA for the PANI-Mo8ITO
electrode to 32.3°(Supplementary material Fig.SB(€veals the introduction of more
hydrophilic groups on its surface whether, on imitizdtion of pDNA on the PANI-Mo8ITO
using biotin-avidin interactions, CA value decreade 12.4° for pDNA/PANI-Mo8ITO
bioelectrode(Supplementary material Fig.S3(D)) \wtsgnifies the enhanced hydrophilicity due
to presence of phosphodiester backbone of pDNA dhatbe related to immobilization of the
pDNA on electrode surface[35].

3.4 Electrochemical Characterization

Electrochemical studies of the PANI-NS/ITO, PANI-BMITO electrodes and
pDNA/PANI-MoS,/ITO bioelectrode have been performed in phosphatier saline (100mM,
pH 7.0, 0.9% NaCl) containing 5mM of [Fe(GNY* using cyclic voltammetry (CV) technique
at a scan rate of 30mV/sec (Supplementary matEigalre S4(A)). The CV of PANI-NS/ITO
electrode shows an increase in the peak curreneVal14mA; curve(iv)) in comparison to bare
ITO electrode (435.387; curve(i)), which further increases to 1.27mArie(v)) for the PANI-
MoS,/ITO electrode. This increase in the peak curretiey for PANI-MoS%/ITO electrode is
attributed to the hybrid structure of PANI-Mo®hich act as a catalyst and offer abundant sites
for the efficient electron transfer through thecalede in the electrochemical cell. After
immobilization of pDNA on PANI-MogITO electrode, a decrease in the value of pealentr
(802.341A; curve(iii)) with respect to PANI-Mo#TO electrode has been observed which
decreases further to 659 @%curve(ii)) on hybridization with target DNA. Thisubsequent
decrease in the peak current value correspondetmhg polymer chain of DNA that slows the
electron transfer through the bioelectrode [25].

To determine the various kinetic parameters the Siulies have been carried out at
various potential scan rates (10-300my$or PANI-NS/ITO (Supplementary material Fig.
S4(B)), PANI-MoS/ITO electrodes (Supplementary material Fig. S4(@)y pDNA/PANI-
MoS,/ITO bioelectrode (Supplementary material Fig. S4(Dt has been observed that on
increasing the scan rate, the anodic peak potestititis to a more positive value and the cathodic
peak to a more negative value, revealing a quasisele system. The anodic and cathodic peak

currents (}a and ho) and potential peak valuesygland Ec) are proportional to the square root of

12
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scan rate and log of scan rate respectively overahge of 10-300mVs suggesting a diffusion
controlled electrochemical process on the modigézttrodes. The value of electron transfer
coefficient () and electron transfer rate constdfy) for different electrodes were determined by
using Laviron’s theory [32] and value of diffusiaroefficient(D) and electroactive surface
areas(A) were measured by using Randles—Sevciktiequ#32]. The calculated kinetic
parameters are represented in Supplementary nmaialde S1. The improvement in kinetic
parameters of PANI-MoBTO electrode compared to PANI-NS/ITO electrodelis to flower
like morphology of the PANI-MoSwhich provides more active edges for the direcrgha
transfer and increased surface area. Whereas ip&tameters calculated for pDNA/PANI-
MoS,/ITO bioelectrode indicates high and uniform suefaoverage of pDNA onto the PANI-
MoS,/ITO electrode.

To investigate the interfacial electronic properteetween the electrodes before and after
surface modification and electrolyte, electrochehicimpedance spectroscopy (EIS)
measurements have been carried out (0.0HZ)0in the presence of phosphate buffer (100mM,
pH 7.0, 0.9% NaCl) and [Fe(CNJ™ as a redox marker at working potential of 0.05V.
Computer simulated fitting of obtained faradic irdpace spectra of PANI-M@&TO electrode
has been done using six different electronic ciscfEC) based on Randles and Ershler
theoretical models (Figure S6)[36]. It was obsertiedt good fit between the experimental
spectra and the simulated electronic circuit isamitetd for EC5- KCy[Rct Zw]). Though, by
adding one more R and C elements in EC 5, i.e.-B@R:1Cyl) (Cai2[Re2 Zw]) a better fit
was obtained but percentage error was found higheomparison to that of EC5-4q[Rct
Zy]) so, EC-5 has been considered as best fit foexperimental data.

The characteristic impedance spectra (Nyquist plutshe fabricated electrodes (PANI-
MoS,/ITO, PANI-NS/ITO) and bioelectrode (pDNA/PANI-M@$TO) are illustrated in Figure
4(A) and the Randles equivalent circuit is preseémtethe inset of Figure 4(A), which contains
electron transfer resistance {R Constant phase elementp@ solution resistance ¢R and
Warburg impedance (4. The values of R Ceg, R, Zy for PANI-M0S/ITO electrode were
found to be 286@, 11.1QF, 39.6Q and .322x10 respectively. The change in the electron-

transfer resistance which is represented by thenaeter of semicircle at electroekolution

interface can be correlated to transfer of eletteaucally produced charges[37]. The Ralue
of 489.4) for the PANI-NS/ITO electrode (Figure 4(A); curiup(is attributed to increased

13
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conductivity which facilitates fast electron tramsfMoreover, a decrease in the value gft®
286.42 for PANI-MoS/ITO electrode (Figure 4(A); curve(i)) is assigrnedincreased surface
area owing to flower like morphology and strongn* interactions between the aromatic
backbones of PANI and basal planes of Mafich enables direct path for charge transfer and
superior electrocatalytic performance [14]. Furthem immobilization of pDNA onto PANI-
MoS,/ITO electrode, the Rvalue increases to 104®8(Figure 4(A); curve(iii)) which is
assigned to presence of negatively charged phaspghetkbone of pDNA that hinders the
electron transfer on the electrode surface by liegethe negatively charged redox marker
[Fe(CNY]*™. Optimization of various experimental conditiongrape concentration,

immobilization time and incubation time) has begplained in supplementary material section.

3.5 Electrochemical response studies

DNA hybridization studies have been performed byubating pDNA/PANI-Mo%ITO
bioelectrode with varying concentrations €1® 10*’M) of the complementary DNA sequence
(Figure 4(B)). On incubating the bioelectrode WeDNA, hybridization occurs and theRalue
increases with increase in the concentration of ADMhdicating the introduction of more
negatively charged phosphate backbones of DNA, wtepels the [Fe(CN)*'* redox ion. The
measurement signahR.; =R:ccona- Refona) e€xhibited a linear relationship with the loganitic
value of the complementary target DNA concentratiamging from 13’ to 10°M (Fig. 4(C))
and follows the subsequent equation:

AR¢ = 8289.03 + 451.26 log cDNA
with a linear regression coefficient (RC) of 0.993te detection limit calculated using the
expression &/sensitivity has been found to be 3%%® whereo is the standard deviation of the
pDNA/PANI-MoS,/ITO electrode. In addition, to study the bindingteractions between
pDNA/PANI-MoS,/ITO bioelectrode and cDNA, the association corts{&) was calculated
using the Langmuir isotherm approach in which isoth assumes equal binding energy for all
the binding sites [38]. The variation in;Ralue was used to determine thgafd is expressed
by the following equation:
M = 1- R(pDNA)/R(CDNA) 1

14
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Where M, is the number of occupied, binding siRgpDNA) and R(cDNA) is charge transfer
resistance of pDNA/PANI-Mo#ITO bioelectrode before and after hybridizatiorthveDNA,

respectively. The relation between M angdén be represented by the following equation:

M = K.C /1+KC 2

Where C is the concentration of molecules in tHatmm

From equations 1 and 2
KaC = Re(CDNA) — Re(pDNA) / R:(pDNA) 3

which can be written as
KaC = AR/ R(pDNA) 4

Using equation 4, the curve betweaR./R(pDNA) and concentration of cDNA showed
linearity (Supplementary material Fig. S7) anddal$ the equation
AR/R:(pPDNA) = 7.0298 + 0.2347 log cDNA 5

with a correlation coefficient of 0.979. Whereas, fir pDNA/PANI-M0oS/ITO bioelectrode
was measured from the slope of the regression iequatd was found to be 0.413MThis high
value of K, for flower-like nanostructures corresponds to tomducive morphology which

provides abundant sites for loading of pDNA.

3.6 Specificity and validation with real samples

The specificity of the prepared bioelectrode waalwated by incubating with different
target DNA sequences including cDNA, single-basemmaitch and non-complementary DNA
sequence with pDNA/PANI-MoBTO bioelectrode under the same experimental c¢mm
(Fig. 4(D)). The significantly higher Rvalue of the complementary DNA sequence (603Y.6
in comparison to the other two mismatch DNA seqgaesn(one base, non-complementary)
showed that the pDNA immobilized onto PANI-M@IS O electrode has successfully hybridized

with its cDNA sequence. Whereas, a very small mseein the R value (1106.2) was

15
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observed when pDNA/PANI-MaBTO bioelectrode was incubated with single-bassmaitch
DNA sequence illustrating that hybridization oceatrincompletely due to mismatching of the
DNA sequences. However, after incubating the pDMNRPMOoS,/ITO bioelectrode with non-
complementary DNA sequences, no obvious changdéeanR; value (970.8) was observed
showing the little or no hybridization has takeaqd.

To test the real application of the fabricatedsbrwsor, the change iniRralue of the
bioelectrode after hybridization with real samptéCML patients was determined (Fig. 4(D)).
It was observed that the.[Ralues obtained for the CML positive patient saesmre similar to
the R value of cDNA, which shows complete hybridizatiwith pDNA sequence. These results
demonstrate that the biosensor exhibits high spégifor synthetic as well as real samples of
CML patients. The performance of the fabricatedsérsor compared to other biosensors
reported for CML detection has been summarizeduppf&mentary material Table S2. It was
observed that the fabricated biosensor exhibitsecdd sensitivity and stability compared to

other biosensors.

3.7 Sability, reproducibility and regeneration studies
The fabricated biosensor was found to have highilgtaof 6 weeks and retained 87.5%
of its original signal response after eight cy@ésuccessive denaturation and regeneration with

reasonably good repeatability(details can be faorsipplementary material section).

4. CONCLUSIONS

In summary, a facile strategy has been presentethéosynthesis of PANI-NS by using
Fe O3 as the oxidative sacrificial template. ThereafANI-NS have been used as a substrate
for the construction of 3D hybrid PANI-Mg@®anoflowers via hydrothermal route. The unique
architecture of PANI-Mog offers large electroactive surface area, fasttelactransportation
and improved catalytic activity, which are advaetags for the enhancement of electrochemical
performance. Further, PANI-M@$®omposite has been employed as a sensing platfaritiné
detection of CML over a wide range of target DNAcentration (18-10%'M). The fabricated
genosensor has a low limit of detection (3%4M), good regeneration capability and high
stability for 42days (at 4°C) and was also abldatect CML in the clinical samples. With these

outstanding benefits facilitated by a synergisfiec between Mosand PANI, this biosensor
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platform might also be used in other electrochehseasors, electro-analysis of biological and

organic molecules and may have implications in generation point of care diagnostics.
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Figure Captions

Figure 1. Schematic illustration for the synthesis of (Ap®¢ nanospindles. (B) Polyaniline
nanospindles using K@; templates (C) PANI-MogSnanocomposite. (D) TEM image of &g
nanospindles (E) HRTEM image of &® nanospindles. TEM images of PANI nanospindles (F)
at lower magnification (G) at higher magnificatidrfEM images of PANI-Mognanocomposite

(H) at lower magnification (1) at higher magnifigat.

Figure 2. X-Ray Diffraction patterns of (A) PANI-NS (B) PANWM0S, nanocomposite. (C)
Raman spectra of (i) PANI-NS (ii) PANI-Mg@®anocomposite. DLS measurements representing
zeta potential values of (D) PANI-NS (E) PANI-Mosanocomposite.

Figure 3. Schematic illustration of (A) Electrophoretic depgmn of PANI-M0S nanocomposite
on ITO electrode and fabrication of pDNA/PANI-MgB O bioelectrode. SEM images of (B)
PANI-NS/ITO electrode (C) PANI-MoATO electrode (inset representing the image abdrig
magnification) (D) Energy dispersive X-ray spectaPANI-MoS)/ITO electrode. (E) SEM
image of pPDNA/PANI-Mo%/ITO bioelectrode.

Figure 4. Nyquist diagram for the Faradic impedance of (A\PANI-MoS,/ITO electrode (ii)
PANI-NS/ITO electrode (iii) pDNA/PANI-MoZITO bioelectrode (B) EIS response of
pDNA/PANI-M0S,/ITO bioelectrode as a function of cDNA concentat{10*’ to 10° M) (C)
Linearity relation curve betweenR. and log of concentrations of cDNA for pDNA/PANI-
MoS,/ITO bioelectrode (D) EIS response of pDNA/PANI-MASO bioelectrode (i) with (ii)
non-complementary (iii) one-base mismatch (iv) CMuositive patient samplel (v)

complementary (vii) CML positive patient sample 2.
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Highlights

Synthesis of uniform 3D PANI-MaShybrid nanostructures.

Deposition of PANI-Mog onto ITO substrate enhances electrochemical pegoce.
Label-free, selective and ultrasensitive (3%1) biosensor for CML detection.
Validation with clinical samples shows its greateutial in cancer diagnosis.



