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Abstract

A label- free electrochemical immunosensor is fadigd using high quality single-walled
carbon nanotube for early detection of leukemidscdt is based on P-glycoprotein (P-gp)
expression level detection; by effective surfacenime-complex formation with the monoclonal
anti-P-glycoprotein antibodies bound to an epoxydified nanotube surface. The expression
level of P-gp on the leukemia cell surface detetgayclic voltammetry is in good agreement
with immunofluorescence microscopy studies. Theppsed biosensor could be used for the
detection of P-gp expressing cells within a linearge of 1.5x1dcells/ mL — 1.5x10cells/mL
where lowest detection limit is found to be 19 gfefiL. A calibration plot of peak current v/s the
logarithm of concentration of leukemia K562 cefidound linear with a regression coefficient of
0.935. This strategy promises high sensitivity, lawest, fast, and repeatable recognition of
cancer cells. The immunosensor was stable for thesks and showed good precision with the
relative standard deviation (RSD) of 3.57% and %l1&ssayed at the cell concentrations of
1.5x1G and 1.5x10 cells mL* respectively. The proposed single-wall carbon have based
immunosensor showed better analytical performantecaomparison to similar leukemia
electrochemical sensors reported.

Keywords: P-glycoprotein (P-gp); Fluorescence MicroscophecEochemical Sensor; Chronic
Myeloid Leukemia; Single-wall Carbon Nanotube.

Introduction

Cancer is the second major cause of global mortahid also a leading cause for 8.8 million
deaths in 201%1]. Leukemia, a malignancy of the early blood celtgstly starts in the bone
marrow and infiltrates in the blood. It is the mosmmon cancer in children and teens, where it
is acute or fast-growing in nature. In adults, Emia is mostly chronic and slow growing.
According to the American cancer society, leukeisieanked ¥ in the estimated death rate in
2018 (24,370 people) and "on the estimated new cases in 2018 (60,300 cdgpsEarly
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detection leads to a better disease outcome anéfdhe, has spurred the need for both
biomarkers as well as improved technold@y5]. Early, efficient, and specific detection of
cancer are the key features that can determinéh#érapeutic regimen for a patient. Fabrication
of biosensors for detection of low cancer cell daemow being done using nanomaterials that
increase the surface area for maximum deted¢6hnin this work, we have used P-glycoprotein
(P-gp), a protein over expressed in drug resistalis, responsible for pumping drugs out of the
cellsresulting in failure of chemotherapy treatm@ntll]. Expressed on the cell surface, P-gp
emerges as a good candidate for detection of diffio treat cancers. In this paper, we show that
P-gp expressing leukemia cells bind to its respectntibodies on the transducer surface,
resulting in immune-complex formation; thereby, geting changes in the bioelectro-chemical
signal in an electrochemical cell.

Different nanomaterials have been used for biogsngabrication. Diverse nanomaterials
successfully utilized as biosensors include goldoparticles, polymers, quantum dots, carbon
nanoparticles and nanowires. Gold nanoparticledN@8) have huge advantage in the field of
bio-nanotechnology owing to their biocompatibiliiminished cytotoxicity, large surface area,
good optical and electrical properties, althougirthigh cost is a disadvantage?]. The ability

of AUNP to mediate electron transfer between tleetedactive biological analyte and electrode
reduces redox enzyme biosensing because a nomibéglamount of these molecules is lost in
solution while diffusing to the electrode surfd@8]. Quantum dots, a nanomaterial used widely
in photo-electrochemical and optical sensing, &se challenges due to crystal lattice structural
defects that trap electrons and holes leading to-radiative relaxatioi14]. Additionally,
guantum dots require biocompatible coating on iisfage to facilitate immobilization of
biomolecules on it15]. Magnetic nanoparticle a new entrant as a biagensaterial forms a
highly sensitive transducer not susceptible to moige or interference while generating signals.
However, immobilization of biomolecules requiresnagnetic label to acquire signals, and an
elaborate magnetic detection systelf, [17]. Presently, carbon nanomaterials such as carbon
nanotubes (CNTs) and graphene are being extensissyg for biosensing as electronic and
electrochemical transducer$8[ 19]. Particularly, CNT possesses molecular wire molpgy
with a unique combination of biocompatibility ante@ronic properties. They can be easily
functionalized with organic molecules to provideaahment site for biomolecules and facilitate
bio-electrochemical reactiofig0, 21]. It has high surface area to volume ratio, theliabyeases
the sensitivity of the sensor. Furthermore, labe fdetection is possible based on the molecular
recognition eventg22, 23].

Investigators have extensively explored variousénsor fabrications used for chronic myeloid
leukemia (CML) detection. Immunoassay of leukem&6K cells was carried out usinglassy
carbon electrode (GCE) modified either with AuNR#aban, or with cross-linker, could detect
8.71x16G cells/mL and 1x1bcells/mL cells, respectivel\24l, 25]. In 2007, Chen Hao fabricated
electrochemical immunosensor using epoxy silaneifreddGCE and estimated a detection limit
of 7.1x1G cells/mL P6]. Complex genosensor and cytosensor fabricatiosedaon GCE



modified with graphene sheets/chitosan solutiorwith AuNP-PANI nanofibers linked with
anti-P-gp have also been uggd, 28]. GCE modifications with either platinum nanopdetc
dotted CNT or with 3-aminophenylboronic acid fupnatlized manganese doped quantum dots
cyto-sensors have detected 500 and 200 cells/ngdecésely[29, 30]. Due to high stability of
indium tin oxide (ITO) glass substrate, it has dsen used as working electrode with certain
modifications. Fabrication of electrochemical gesmssors were established using composite of
chitosan — cadmium telluride quantum dots and arfunetionalized silica coated zinc oxides
nanoparticles with estimated detection limit of@v and 1x13° M concentration respectively
[31, 32]. Chunmei Yuet al developed electrochemical immunosensor based @n with
1.2x1G cells/mL detection limif33]. Electrochemical impedance cyto-sensor was faiericto
detect leukemia K562 cells by assembling a biocdimleafiim of graphene oxide and poly-
lysine where an astounding detection of 30 cells/mvhs reported 34]. An electro-
chemiluminescence sensor, a disposable devicelti@sensitive detection of leukemia K562
cells, detected 46 cells/mL where screen printedtedde was modified with nano-porous gold,
and carbon quantum dots coated ZnO nanospB&}e

Various electrochemical based immunosensors, gaeoge cytosensors and aptamer- sensors
have also been fabricated for cancer detectionr dttean CML. Of these, carbon nanomaterial
based biosensors have been reported with enhareettoehemical performance. Carbon
Nanotubes (CNTs) based label capable of dramajiasamplification of nucleic acid detection
of human acute lymphocytic leukemia (ALL34], immunosensor for detection affetoprotein
[37] and carcinoembryonic antigelq], using AuNPs on CNTs have been constructed. Qin
Shenet al fabricated electrochemical biosensor based oroogpaper, modified with TiIQCNT
nanocomposites on which different drug resistamkeenia cells were recognized based on their
different electrochemical behavioB9]. The electrochemical genosensor constructed Her t
detection of acute promyelocytic leukemia basedmiered FePt nanopatrticles decorated CNTS,
showed detection limit of 2.1x18 mol/L [40]. Electrical biosensors developed from CNT-Field
Effect Transistor have been used for detectionrostate cancer marker (PSA-ACT complex)
and immunoglobulin E (IgE) for allergy related digers with detection limit of 1 ng/mL and
250pM respectively4l, 42].

Multi-walled carbon nanotubes (MWCNTS) have alserbased because of its high surface area
to volume ratio, an attractive property for makeeffjcient sensors. Ying Waea al fabricated
electrochemical immunosensor using HRP functiordliMWCNTs for cancer biomarkers
detection such as prostate specific antigen aretlénikin; and could detect 5 pg fhland 8 pg
mL™* respectively 43]. With the aim of ultra-high sensitive microRNA iRNA)
electrochemical biosensor fabrication, MWCNTs-patidoamine (PAMAM) dendrimer
modified GCE was synthesized and obtained 0.5 fikteantration detection limit44]. Pencil
graphite electrode modified with polypyrrole anahdtionalized with MWCNTs to detect 0.08
umol L™ concentration of 6-mercaptopurine (6-MBJ¥][ There are reports on MWCNTs-ionic
liquid electrode coated with AuNPs for breast candetection and Pb-ion based for
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hepatocellular cancer detection with estimated afiete limit of 7.4 ng mL* and 3.33fg/mL
respectively 46, 47].

Graphene has been utilized for fabricating biosensaving to its extraordinary physical and
chemical propertiep48]. Unlike CNTSs, graphene has the additional advantagcapture cancer
cells on both side of the monolayer. Jiyang Létt al demonstrated electrochemical
immunosensor based on monolithic and macroporoaghgne foam as a free standing three
dimensional electrode for carcinoembryonic antigetection and could detect 90 pg/mL cells
concentration{49]. Graphene modified pencil graphite electrode wesed for microRNA-21
detection $0]. AuNP and toluidine blue based Graphene Oxide eldetrhave also been
fabricated and the obtained detection limit wa$219*? M concentration [51].

In this manuscript, a novel immunosensor has bedmichted based on silicon (Si) wafer
modified with single-wall carbon nanotubes (SWCNidowed by functionalization with 1%
3- glycidoxy-propyl-trimethoxy silane (3-GPMS) tmld antibody molecules on the electrode
surface for electrochemical detection of the leulkkelb62 cells. Cyclic Voltammetry (CV) and
Electrochemical Impedance spectroscopy (EIS) ssudiere undertaken to acquire signal from
the biosensor as biological signals are electroatedmn nature; therefore, electrochemical
detection is a suitable technigue. This methodis/enient, fast, reliable, and cost-effective. The
performance of the proposed sensor is found to behnsuperior in terms of crucial sensor
parameters such as lower detection limit (LOD),redpcibility, repeatability, shelf-life and
stability. The LOD obtained from the proposed sensd9 cells/mL. The SWCNT is found to
be highly efficient in comparison to the other repd MWCNTs based biosensors due to its
highly reactive sensor surface comprising of smallameter as compared to MWCNTSs. Due to
its molecular wire morphology, electron flow patlecbmes flawless which makes it an
outstanding candidate for carrying out electroclvahsensing.

Reagentsand Materials Required

3- Glycidoxy-propyl-trimethoxy silane, MonoclonahtaP-glycoprotein antibodies, and Bovine
Serum Albumin (BSA) were purchased from Sigma Aldrilndia. Trypan dye and RPMI-1640
media were procured from HiMedia, and Cell Clongpeztively. Human Leukemia K562 cells
were procured from National Centre for Cell Scie(M€CS), Pune. The nuclear stain i.e.64
diamidino-2-phenylindole (DAPI) was purchased fr@gma Aldrich. Alexa Flour 488, and 4
well chamber slide were procured from Thermo Sdienand SPL Life Sciences Co., Ltd.
respectively.

Synthesis of SWCNT/SIO,/S electrode

Synthesis of SWCNT was carried out using thermahahbal vapor deposition method. A Fe-Mo
catalyst island of 0.5 nm thickness was co-sputterethe Si@Si substrate where Mo acts as a
promoter to make carbon feedstock more active fNT Gormation. Nucleation sites were
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created by annealing the catalyst at 80th Ar/H, atmosphere for 30 min. Acetylene, ‘the
carbon feedstock’ is flowed through the quartz tidse8 min with the flow rate of 5 sccm at 775
degree Celsius which is the transition temperatdirdne metal nanoparticles to react with it to
form the SWCNT. 60 torr growth pressure was manadi High quality SWCNT network was

synthesized with this method. One end of the aeddetrwas sputtered with Au to make the
electrical contact through which connection wasetigyed.

Cell Culture

Human leukemia K562 cells were cultured in a T-#6 flask containing complete RPMI-1640
media with 10% fetal bovine serum and 10 pg'n@iprofloxacin in an incubator with 5% GO
at 37C. Trypan blue dye exclusion method was utilized dell counting using Neubauer's
chamber with 1Qul of cell suspension mixed with 10 pl of dye. Afeewweek on confluency, the
cells were centrifuged at 1100 rpm for 10 min. Pledlet obtained was washed twice with PBS
and re-suspended in the sterile PBS buffer to peegdferent dilutions from the stock which
were used for sensing.

Assembly of | mmunosensor

SWCNTSs film developed on Sifbi substrate was first exposed tg @asma treatment for 15
min to make the surface hydrophilic in nature ahent functionalized with 1% 3-GPMS in
acetone for 18 h at room temperature. It acts @scassary linker molecule to bind antibody to
the electrode surface which is used for the detectf leukemia cells. After binding, the
electrodes were washed with acetone to removehysiqally adsorbed coupler molecules. Titer
concentration in 1:500 ratio of anti-P-glycoprot@intibody (in PBS) was immobilized on the
electrode surface for 24 h at 4°C and then washiéd MBS (pH=7.4) to wipe out unbound
antibody biomolecules. Here, highly reactive epgkryups of the linker molecules readily react
with -NH; group of the antibody to form the -CN covalent ¢bam order to prevent the leaching
out of the bio-species during electrochemical sendion-binding sites present on the surface of
bio-electrodes (Ab/Epoxy/SWNT/Si®i) were blocked by 1 wt% BSA (in PBS). Incubation
with BSA was carried out for 1 h at room temperatdollowed by washing with PBS buffer. In
the next step, the prepared bio-electrodes werebated for 2 h at room temperature with
different leukemia K562 cells concentration (1.5%16 1.5x1G cells/mL) in PBS buffer
(pH=7.4). Eventually, electrochemical sensing wasedwith these bio-electrodes to determine
the binding effectiveness. The electrodes weresdtan PBS at 4°C until their use in sensing.
Scheme 1 shows the fabrication procedure of thpgs®d immunosensor.



Synthesis of SWCNT

Biomolecules immobilized on SWCNT

Electrochemial Sensing

Scheme 1. Fabrication procedure of the proposed immunosensor
Characterization of the Electrochemical Biosensor

Cyclic Voltammetry (CV) is a potentio-dynamic elexthemical method which is used to study
the resulting current change of the modified etet#rsurface in an electrochemical cell. CV was
conducted on Solatron 1280 C Potentiostat/Galvahosgth conventional three electrode system
in which Ag/AgCl was used as a reference electrqaatinum as counter electrode and
SWCNT/SiIQ/Si as a working electrode. The alterations indhiodic- anodic peak current and
peak potentials of working electrode were studigidg5 mM concentration of redox mediators
KsFe (CN)s/ K4Fe (CN)s in PBS buffer (pH=7.4) with potential range frot3 to +0.9 V at the
scan rate of 50 mV/s. Additionally, electrochemirapedance spectroscopy(EIS) measurement
was carried out in 5 mM of 4ce (CN)s/ K4Fe (CN)g and 0.1 M KCI (as electrolyte) in PBS
(pH=7.4) in the frequency range of 1 MHz to 1 Hzp®g 5 mV amplitude of sine wave
potential using Solatron electrochemical workstati@lodulab XM). FTIR (Vertex 70V, Bruker
Optik) and Raman spectroscopy (LabRam HR800, JYewsed to measure the vibrational
modes arisen due to attachment of different modecsibecies right from surface activation to
immobilization process. Scanning Electron Microse¢Nova NanoSEM 450, FEI; and Sigma,
Zeiss) were used to confirm the synthesis of thef€Bnd attachment of biomolecules. The
fluorescent microscope study was carried out orOdyenpus 1X83.

Expression analysis of P-gp by fluor escent micr oscopy

Expression of P-glycoprotein, present on the leukelb62 cell surface, was determined by
fluorescence microscopy. Immunofluorescence (IRyais is an influential technique for



visualizing intracellular processes, conditions atrdctures. It includes various steps and every
step is followed by washing of cells with PBS forngin each. Firstly, media containing
1x10cells/mL was added to the four-well chamber slidd aubsequently, media was removed
from the settled cells. Next step includes fixatiowhere cells were fixed in 4%
paraformaldehyde for 5-10 min at room temperatlihereafter, blocking was done with 3 wt%
BSA for 1 h in order to minimize false positive sads from binding of antibodies to non-target
structures. Further, in the first incubation steglls were incubated with primary antibody in 1%
BSA, and kept in humidified chamber at 4°C overhi¢n the second incubation step, cells were
then incubated with secondary antibody, Alexa Fld88 (in 1% BSA) for 2 h at room
temperature. Finally, a nuclear staining was donaduding 1ug/mL DAPI in PBS for 5 min at
room temperature. Then, cells were washed with BS min and air driedThe cover slip was
mounted with the drop of fluoroshield which is ugedorevent quenching and sealed with the
help of a transparent nail polish to prevent dryasgvell as movement under microscope.

Result and Discussion
Characterization of the SWCNTs

Scanning Electron Microscope (SEM) was used to ysttiee surface morphology of the
electrode. Raman spectroscopy (RS) was used tarrmotife graphitic nature of single walled
carbon nanotube, and Fourier Transform infrarediRF Bpectroscopy was used to study the
presence of surface functional groups.

In scanning electron micrograph [as shown in Fig)]L(it was clearly visible that CNTs are
highly entangled to form an enormous netwofkSWCNTs. Nanotubes are randomly arranged
in horizontal direction, densely packed and unifigrdispersed over the entire Si€urface.

Raman spectroscopy is often used to characterizENSW [52]. In Fig 1(b), peak at 210 chn
represents the presence of Radial Breathing Mo&&)Rvhich is characteristic of SWCNT and
is diameter dependenbd]. The diameter calculated from the aforementioR®M mode is
~1.18 nm[53]. The peak at 1345 chcorresponds to the D-band where its intensitysisduto
ascertain the density of the defects present in tthee, whereas the band at 1587 *cm
corresponds to G-band, characteristic of grapmtture of the nanotubé&4]. The 2D band
which is sometimes also called ash@and is obtained at 2676 Crarises due to two phonon
resonance effecb)].
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Fig 1: (a) SEM micrograph of SWCNT, (b) Raman spectruBWCNT, and (c) FTIR spectrum
of SWCNT.

FTIR study [as shown in Fig.1(c)] was performedstiody the functional groups present on the
CNT surface in a range of 400 — 4000 trithe peak at 612 cindepicts the bending of C-H
bond which is present adjacent to the carbon-catbple bond H6]. The absorption peaks at
471 cmi" and 1100 cii corresponds to the triply degenerated bendingstnetiching tetrahedron
(i.e SiQy) vibration modes respectivel§q]. The small shoulder peaks at 813 temd 1325 cm
represents the graphitic characteristic mo88k |

Characterization of the modified electrode

To confirm the immobilization of antibody and cetls the electrode surface, FTIR spectra and
SEM images are given below.

The FTIR spectrum of antibody treated bio-electrfaderepresented in Fig 2(a)] was similar to
the carbon nanotube spectrum barring f#ifferent peakswhich are mentioned in Table 1(a)
below.



1.5

(@ |

1.0 4

o
o
-

0.0 <

K562 cells Treated

Transmittance (a.u)
-
1

1.24

1.0 -

0.8

0.6

1848

Antibody Treated

T
500

Fig 2: (&) FTIR spectra of anti-P-gp antibody and leukei &2 cells treated bio-electrodes;
FESEM images of (b) anti-P-gp antibody treated ddextrode, (c) leukemia K562 cells treated

LB m m m e e S B
1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm'1)

bio-electrode.

Table 1(a): FTIR analysis of anti-P-gp antibody treated bieetlode.

S.No. Wavenumber (cm™) Assignment Ref.
1 1660 Corresponds to amide bond 59
2 1848 Corresponds to lactones 60
3 2123 Corresponds to=C 60
4 2632 Corresponds to primary amine 60
5 3600 Corresponds to free - OH bond 60




The primary amine group confirmed the attachmeramibodies to the electrode surface as NH
group is present on the antigen binding site, FabFec fragments of the antibo@§l, 62]. The
reaction involves (amide bond formation) primaryirgenof antibody with the epoxide group of
silane molecules to form secondary amine and hydlignoup as shown belové3d]:

!
RNH, + CH,-CH— ———> RNCH,CH —
\O/
OH
Primary Amine Epoxide Secondary Amine

Lactones (-OCO-) and %TC groups are present in the 3-glycidoxy-propyl-trintety silane
molecules.

Similarly, FTIR spectrum of leukemia K562 cells,nmabilized on bio-electrode is represented in
Fig (1a). The spectrum showed many peaks and feineof are listed in Table 1(b).

Table 1(b): FTIR analysis of leukemia K562 cells immobilizeéd-electrode.

S.No. | Wavenumber Assignment Ref.
(cm™)
1 1311 Corresponds to amide Il 64
2 1355 Corresponds to symmetric C-O and C-H stirggch 64
3 1542 Corresponds to amide Il stretching 64
4 1628 Corresponds to amide-| beta sheet 64
5 1746 Corresponds to C=0 (lipids) 64
6 2903 Corresponds to asymmetric CH-Gittetching of fatty acid | 64
7 2963 Corresponds to symmetrical CH-Gitfetching of fatty acid| 64
8 3058 Corresponds to amide A 64

These bonds confirm the attachment of leukemias dellthe electrode surface because cell
membrane consists of proteins, carbohydrates amdkliAmide | and amide |l are indicative of
the secondary structure of proteBb]. Amide Il is also anothecharacteristic band of protein
which is ~ located at 1310 émThis region represents the PSQretching mode of nucleic acid
and the CO stretching vibrations from glycogen eadbohydrate residuegg- 69].
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SEM images shown in Fig.2 (b & c) verified the eliment of antibodies and cells to the
electrode surface. The coagulation of anti-P-gjbadtes (circled white) in Fig 2(b) confirmed
their attachment all over the electrode surface=ign2(c), leukemia K562 cells (circled black)
confirmed their attachment to the antibody molesulesulting in immune-complex formation.
Due to non-conducting nature of cells, charge enielectrons) transfer between the electrode
and the immobilized analytes were prevented. This-conducting nature was confirmed by
charging phenomenon on the electrode surface dsangple scanning and it is more wherever
cells are bound.

Electrochemical Char acterization of the modified e ectrodes

0.00020

Bare silicon surface
0.00015 L= CNT on silicon surface

0.00010 =

_ 0.00005 |-

0.00000 =

Current (A

-0.00005 =

-0.00010 =

-0.00015 =

_0‘00020.l.l.l.l.l.l.l.l.l.l.
14 12 10 08 06 04 -02 00 02 04 06 08

E (V)
Fig 3: Cyclic voltammogram of bare (black) and SWCNT nfiedi (red) Si wafer.

The characteristics of the modified electrode wanalyzed with the help of CV spectra as
shown in Fig 3. The figure shows that CNT synthessulted in enhanced redox activity on the
electrode surface. The nanotube clearly acts amducting path facilitating electron transport
on an enlarged surface area where all the sensomgsaare present on the tube surface. The
larger effective surface area provided by SWCNT wabdated by observing the increased
anodic/ cathodic peak current and position of redaxes. Si@ provided good adhesive strength
to the CNTs deposited on the Si substrate, waseaviffom the inhibited leaching out of the
CNT film from the wafer surface during experime@NT electrode was highly stable as
observed by the repetitive and overlapping loopsediox peak current obtained in multiple
cycles (not shown). The increased redox curre@\MmMmeasurements of SWCNT/Fe-Mo/SISi
surface is considered for charge capacitance efiand outer surface of CNTSs.
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Fig 4 (a) Cyclic voltammogram of modified bio-electrodbare nanotube surface, black; silane
treated surface, red; antibody immobilized, blu§ABimmobilized, dark cyan. (b) Impedance
spectra of modified bio-electrodes: bare nanotulidéase, black; silane treated surface, red;
antibody immobilized, blue; BSA immobilized, darkan.

When CNT was functionalized with the linker molezsil[Fig 4(a)], the anodic peak current
dropped significantly due to epoxy group which agsan insulator and thus preventing the flow
of electron transport on the electrode surface. ikatdhlly, as a consequence of covalent
functionalization in SWCNT, few C=C double bond wdroken while leaving behind holes in
the nanotube thus, render to alter the electricapgrties. Further, on immobilizing anti-P-gp
biomolecules the peak current was increased pgssild to the lone pair of electrons present on
the N of the NH group of an antibody biomolecule. Subsequentlyrnwhen-active sites of the
electrode were blocked with the BSA, there wasiragalight fall in the peak current that can be
attributed to the blockage of mass transfer oftedes due to the bulky protein groups. The
impedance plot [Fig 4(b)] shows that after silaatment on the SWCNTS, resistance increased
significantly (R= 40,573Q) vis-a-vis the nanotubes resistance£R298Q). This is attributed

to the fact that nanotubes got wrapped with thellaigsg linker molecules. Further when
antibody immobilization was done to the electroddaxe the resistance value decreaseg (R
4690Q) because electrons were donated by the lone paitrogen atom. Thereafter, resistance
value again increased {R 8336Q) due to bulky protein molecules (i.e. BSA) usedbtock
non-target sites. The results were found to beomdgagreement with Fig 4(a) showing cyclic
voltammogram of modified bio-electrodes.

Before detecting the expression of P-gp electroatediy, the leukemia K562 cells were first
checked for P-gp expression on their surface. tiisy immunofluorescence analysis was done.
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Expression analysis of target protein p-gp on K562 cell surface

(A) (B) ©)

Fig 5: Fluorescence micrographs showing (a) DAPI staibid\, (b) Alexa-fluor 488 stained P-
gp transporters, (c) merged image of a & b showmagimal localization of P-gp on cell surface.

Fig 5(a) depicts the staining of the nuclear DNAf@ened with the help of DAPI dye7(].
These dye molecules intercalate with the DNA thenetarking the nucleus of a cell. Fig 5(b)
shows the stained P-gp transporters (through secprahtibodies named Alexa Flour 488)
present on the surface of the leukemia déll§. Fig 5(c) confirms the presence of transporters
on the leukemia K562 cell surface.

Cyclic voltammetry measurement for leukemia K562 cell detection

Another interesting feature of the proposed biogemss observed in its sensing performance.
When the concentration of the leukemia cells waseimsed the peak current decreased for the
same [Fig 6(a)] due to the insulating nature oséheells 72-74]. These results implicate that
bulkier cells prevent the flow of electrons througk conducting nanotube. A larger surface area
of SWCNT can provide more active sites for biomales attachment therefore, making the
sensor more sensitive. Fig 6(b) shows the linekibredéion plot (peak current v/s the logarithm
of concentration of leukemia K562 cells) with anesgion coefficient of 0.935 for 1.5X1®
1.5x10 cells/mL concentration range and detection liméswound to be 19 cells riL[75].
Cyclic voltammetry is highly sensitive techniqueitasan compute extremely low detection limit
[76]. The peak current of non-faradic current in ayeloltammetry experiment appears to be the
hysteresis current given by the equatién|

Ine = (Ia-lc/2) where la stands for anodic peak aureend Ic for cathodic peak current.
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Fig 6: (a) Cyclic voltammogram of fabricated immunosembrdifferent cell concentrations:
1.5x10, 1.5x16, 1.5x16, 1.5x1d, 1.5x1Gcells/mL; (b) Calibration plot: peak current v/s
logarithm of concentration of K562 cells.

The experimental detection limit as obtained frdma talibration plot (Fig 6b) was calculated
using the following equation:

LOD [78]=Kx (S.D)/S
where,

K = 3.3, the confidence level parameter whicheiated to noise with statistical confidence of
99%.

S.D = Standard deviation of blank measurements3(foeasurements).
S = Slope of calibration plot (peak current v/sdothm of concentration of K562 cells).

The comparison of sensitivity/LOD of our fabricatesimunosensor with other existing sensors
for CML detection is shown in Table 2.
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Table 2: Comparison of sensitivity/LOD of fabricated immueasor with other existing sensors
for CML detection.

Nanomaterial modified electrode Sensing Sensitivity/ Ref.
LOD
AuNPs / GCE Electrochemica]  1X4@ells/mL 24
AuNP’s-chitosin modified GCE Electrochemical 8.70%1 25
cells/mL
GCE Electrochemical| 7.1x3@ells/mL 26
Graphene sheets/chitosan/GCE Electrochemical M1p 27
AuNP-PANI nanofibers Electrochemical 80 cells/mL 28
Pt nanopatrticles dotted CNT Electro- 500 cells/mL 29
chemiluminescent
(ECL)
Mn doped quantum dots / GCE Photo- 200 cells/mL 30
electrochemical
Chitosan — cadmium telluride quantum dots /Electrochemical 2.56 pM 31
ITO substrate
Silica coated zinc oxides nano particles/ ITO  Etedtemical 1x10° M 32
ITO Electrochemical | 1.2xf@ells/mL 33
Graphene oxide and polyhysine Electrochemical 30cells/mL 34
Screen printed electrode/nano porous Au/ ECL 46 cells/mL 35
carbon quantum dots (CQDs) coated ZnQ
nanosphere
SWCNT/Si Electrochemical 19 cells/mL Present
work

Electrochemical | mpedance Spectroscopy (EIS) for detection of K562 cells

Fig 7(a) represents the Nyquist plot of EIS for SWTZSi modified surface on incubating with
different concentrations of K562 cells. EIS measuble response by computing the impedance
at each (low or high) frequency which equals tlestance value as depicted with a semi-circle.
This response can be calculated through equivaiecuit (a network of circuit elements in an
electrochemical cell). The circuit, shown in Fid), (suitably fits the experimental data acquired
throughout the frequency range (verified by ZSimpWa.21 software) and includes the
following components: electrolyte resistance)(Rharge transfer resistancefRelectrode-
electrolyte double layer capacitanceyj@nd diffusion control for thin films (0)7P]. Fig 7(a)
shows that the increase in charge transfer resistdR;) with the confluence of cells on the
transducer surface. Fig. 6 (a) and Fig. 7 (a) skianédar observations of a significant increase in
resistance or fall in current when the cell conmin reaches 1.5 million cells/mL and results
are in good agreement with each other.
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Fig 7: (a) Electrochemical Impedance spectra of fabriccatemunosenor at different cells
concentration: 1.5x101.5x16, 1.5x16, 1.5x1d, 1.5x16 cells/mL; (b) equivalent circuit of the
designed immunosensor.

Reproducibility of the biosensor

We have investigated the reproducibility of ourda@nsor using statistical analysis over a period
of time. The immunosensor property was assessdudthgt intra-assay precision by calculating
two different cells concentration values (1.5%#0d 1.5x10 cells mLY); the relative standard
deviation for 5 cyclic voltammetry measurements evdound to be 5.57% and 3.68%
respectively. To determine the long-term stabildf the immunosensor, successive CV
measurements were carried out. The relative stdrafariation (RSD) obtained for 40 cycles of
1.5x10 cells mL* and 1.5x10 cells mL* range was 3.57% and 2.12% respectively. This
indicates the good stability of the immunosensoemrghantibody modified SWCNTs provide
strong immobilization capability to the leukemia@bcells.

After three weeks, there was no apparent changéhen CV readings for both the cell
concentrations. The response of the fabricated inusensor for the concentrations of 1.5%10
and 1.5x10 cells mL™* was retained up to 95% and 93% respectively ofnitial value. This
indicates good stability of the sensor and assthat all modifications (Leukemia K562/P-
gp/GPMS/SWCNT/Si) performed, get firmly attached ttee electrode surface. Thus, the
proposed method is successful for the fabricatioB\WWCNTs based immunosensors. Thus, we
can conclude that electrochemical method providesd geproducibility and high stability as
well as sensitivity.

Conclusion

A label-free cytosensor device based on electroatednsensing for leukemia K562 cell
detection is presented in this work. The use oflshwall carbon nanotube (SWCNT) electrode
provides a biocompatible and highly sensitive platf for the chronic myeloid leukemia (CML)
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detection with a lower detection limit of 19 cefid/. The fabricated device is cheap and less
time consuming in comparison with the availablevettional techniques. The performance of
the proposed immunosensor is found to be much gugerothers in terms of the crucial sensor
parameters such as LOD, reproducibility, shelf:ldad stability. The SWCNT is found even to
be highly efficient in comparison to the other repd multi-wall nanotube based biosensors as
the surface area becomes much larger in compatasthe later. Due to its smaller diameter, the
curvature of the tube surface becomes strongerinigaid more reactivity as well as high
sensitivity. Therefore, SWCNT based electrode isfggred over MWCNT in developing
immunosensor for CML detection.
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Highlights

SWCNT/SIO,/Si based highly sensitive electrochemical biosensor is fabricated for Chronic
Myeloid Leukemia (CML) detection.

Detection limit of our sensor was found to be 19 cells ml™ which is more superior in comparison
to other existing electrochemical sensor.

The fabricated device is cheap and less time consuming in comparison with the available
conventional techniques.

The Relative Standard Deviation (RSD) of our immunosensor for two cell concentration i.e
1.5x10° cells ml™ and 1.5x10° cells ml™ range was found to be 3.57% and 2.12% respectively.



