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Abstract

We report the fabrication of ultrasensitive Graphene Oxide (GO) based electrochemical immunosensor to
detect human telomerase reverse transcriptase (hnTERT), a lung cancer biomarker. The immuno-electrode-has been
fabricated by covalent immobilization of rabbit anti-hnTERT antibodies (Ab) onto GO films on ITO coated glass. The
Fourier Transform Infrared (FTIR) spectroscopic studies confirms the presence of diverse organic functional groups
(-COOH, -CHO, -OH) of GO, and the binding (anti-hTERT) onto GO/ITO electrode. Interestingly, Scanning Electron
Micrographs (SEM) also reveals clear visual surface modification of the GO film by anti-hTERT antibodies and
hTERT antigen (Ag). The electrochemical Differential Pulse Voltammetry (DPV) results show that the GO based
immunosensor exhibits specificity and low detection upto 10 ag mL" (10x10-"® g mL™") in wide detection range (10 ag
mL-'-50 ng mL") for hnTERT. The immunosensor showed ability to detect hTERT in spiked sputum samples upto 100
fg mL-" in dynamic detection range of 100 fg mL-'-10 ng mL-". The enhanced performance of Ab/GO/ITO is attributed
to fast electron transfer and efficient loading of Ab on large surface area provided by GO network. The low level
detection of hTERT warrants the realization of point-of-care device for early detection of lung/oral cancer through

oral fluids.
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Abbreviations: GO: Graphene Oxide; ITO: Indium Tin Oxide;
Ab: Antibody; hTERT: Human Telomerase Reverse Transcriptase;
BSA: Bovine Serum Albumin; AFM: Atomic Force Microscopy;
SEM: Scanning Electron Microscopy; XRD: X-Ray Diffraction;
CV: Cyclic Voltammetry; DPV: Differential Pulse Voltammetry;
TEM: Transmission Electron Microscopy; FTIR: Fourier Transform
Infrared Spectroscopy; EDC: 1-Ethyl-3-(3-Dimethylaminopropyl)
Carbodiimide; NHS: N-Hydroxysulfosuccinimide; AFP: Alpha
Fetoprotein; AuNP: Gold Nanoparticles; GDCS: Graphene Doped
Chitosan; PTH: Polymerized Thionine; GCE: Glassy Carbon Electrode;
Fc: Ferrocene; Gr: Graphene; TiO2: Titanium Dioxide; GOx: Glucose
Oxidase; PBSE: 1-Pyrene-Butanoic Acid Succinimidyl Ester; PSA: Prostate
Specifc Antigen; Chi: Chitosan; Py: Pyrrole; M*": Metal**; ANTA: N-Alpha-
Bis (Carboxymethyl)-L-Lysine; Si: Silicon; NSE: Neuron Specific Enolase;
FET: Field Effect Transistors; SWNT: Single Walled Carbon Nanotubes;
GO: Graphene Oxide; Diuron: 3-(3:4-Dichlorophenyl)-1: 1-Dimethylurea;
AP: Alkaline Phosphatase; HRP: Horseradish Peroxidase; SWV: Square
Wave Voltammetry; fG: Functionalized Graphene; SPE: Screen Printed
Electrode; ITO: Indium Tin Oxide; SPCS: Screen-Printed Carbon Strips;
ABA-g-SPCE: P-Aminobenzoic Acid Grafted Screen Printed Carbon
Electrodes; CYFRA-21: Cytokeratin 19 fragment; hnRNP A2-Bl:
Heterogenous Nuclear Ribonucleoprotein A2-Bl; MAGE-11: Melanoma
Associated Antigen-11

Significance of Research

Unavailability of apposite diagnostic test capable of monitoring
early stage progression/relapse of lung cancer is related to its high
mortality rate wordwide. We report for the first time detection of lung
cancer biomarker hTERT (human telomerase reverse transcriptase),
using anti-hTERT for fabrication of graphene oxide (a low cost unique
multifunctional material) based immunosensor in spiked sputum
samples in the dynamic detection range of 100 fg mL'-10 ng mL"' in
30 s exposure time. The easy fabrication of above said electrochemical

immunosensor warrants the development of low cost and non invasive
diagnostics (first and second stages) for lung cancer.

Introduction

Cancer is a major health problem worldwide, where poor prognosis
of the disease significantly contributes to its monstrous nature [1].
Among various type of cancers, lung cancer is the most prevalent
in males worldwide and remain a leading cause of cancer related
deaths (~18.2%). In year 2008; 16,07,000 cases of lung cancer with
13,75,000 deaths around the globe and 58,000 lung cancer cases with
51,000 deaths in India [2]. One of the major causes of high mortality
rates in lung cancer is unavailability of appropriate diagnostic test
capable of monitoring early stage progression/relapse. About 70%
lung cancer cases are diagnosed in advanced stage resulting in poor
survival chances. Contemporary methods for lung cancer detection are
Computed Tomography (CT) scan, Positron-Emission Tomography
(PET) Scan, thoracoscopy, Magnetic Resonance Imaging (MRI),
fluorescence bronchoscopy, sputum cytology, mediastinoscopy, needle
biopsy (fine needle aspiration), pulmonary function tests, blood tests,
immunological methods. However, all these tests identify the cancer at
advanced stage and are time consuming, expensive, and require trained
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manpower [3,4]. In recent years, advances in molecular characterization
and identification of newer cancer biomarkers in biological fluids led
to immense possibilities of developing the specific assays to detect and
monitor the cancer progression/relapse at early stage [5]. Biomarkers
like CYFRA-21, Carcinoembryonic antigen, hnRNP A2-B1, MAGE-11,
hTERT, D-dimers are reported to have elevated level in biological fluids
of lung cancer patients [6]. Among these, elevated expression of human
telomerase reverse transcriptase (hTERT) in sputum/saliva is regarded
as a hallmark of tumorigenesis [7]. hTERT is the catalytic subunit of
telomerase on chromosome 5p 15.33, and is a rate-limiting determinant
of the enzymatic activity [8]. Telomerase activity in human cancer is
associated with cell immortalization and acquisition of malignancy
with majority of normal tissues [9]. Fernandez-Marcelo et al. [10] have
shown that 77.8% cases exhibits telomerase activity during 1* stage of
lung cancer. The free circulating DNA of human telomerase reverse
transcriptase gene (hTERT) has also been found in blood plasma at first
and second stages of lung cancer, enabling early stage cancer detection
by DNA based tests [11].

Altered protein/biomarker levels are routinely measured using
Enzyme-Linked Immunosorbent Assay (ELISA), electrophoretic
immunoassay, Radioimmunoassay (RIA) and mass spectrometry-based
proteomics [12]. These methods are sensitive, accurate and precise,
but required expensive instruments, materials, trained manpower and
longer time for detection are major bottlenecks [13]. Immunosensors,
a class of biosensors, presents more attractive option because of design
simplicity and ease of operation to develop point of care diagnostics. The
most critical step for fabrication of immunosensor involves selection of
analyte, biological recognition element (i.e. antibodies), and a suitable
immobilization matrix (electrode material) for desired transducer
system. A variety of immobilization matrices (nanomaterials, polymers,
conducting polymers, carbon nanotubes, self-assembled monolayers
etc.) and immobilization methods have been used to fabricate
electrochemical, optical, mass based transducer systems for fabrication
of biosensors [14]. Inert metals, such as platinum or gold and carbon
based materials, have been commonly used as electrochemical
transducers for biosensors [15]. The low cost carbon paste is regularly

used as the electrode material because of simple construction, low
background current and ability for surface regeneration. However, the
difficulties in reproducing the composition of the paste and leaching
of bio-molecule from electrode surface leading to short life time of
electrode are the major drawbacks. The genesis of nanomaterials and
nanotechnology have made possible to develop highly sensitive and
miniaturized biosensors. Carbon nanomaterials (nanoporous carbon,
fullerenes, carbon nanotubes, carbon nanofibers) have been used in
development of biosensors with enhanced electrochemical properties.
Most of carbon based materials considered to be biocompatible,
facilitate easy biomolecule immobilization; exhibit reproducible
electrochemical behavior, along with extraordinary physico-chemical
properties.

Graphene, layer of carbon atoms arranged in a honeycombed
network is viewed as a true planar aromatic macromolecule, and
a basic building block of other carbon allotropes [16]. Graphene
exhibits unusual structural characteristics, electronic flexibility, high
planar surface (2630 m?/g), and ballistic conduction of charge carriers
[17,18]. As a result of the unique physico-chemical properties, dense
cloud of charge carriers confined in atomic thickness; large chemically
modifiable surface area, graphene and graphene-based nano-materials
have attracted strong interest in bio-electronic devices [19,20].

Graphene oxide (GO), a chemical derivative of graphene, is
considered as a promising material for biosensors due to excellent
electrochemical properties, biocompatibility, high defect density and the
presence of pendant organic functional groups (-OH, -COOH, -CHO)
[21]. GO can be electrostatically suspended in water due to the presence
of carboxylic (-COOH) groups [22]. The -COOH groups allows easy
attachment of various biomolecules, such as protein, enzyme and
nucleic acids onto the GO sheets that warrants its use as electrode in
the development of immunosensors. Various immunosensors based on
varied matrices have been compared on the basis of their performance
and are summarized in Table 1.

Taking into account the early stage expression of hTERT in oral
fluids and synergetic thrust from multi-functional GO, we report the

S. No | Immobilization Analyte Label Detection Detection Detection limit |[Exposure Ref.
matrix technique range time

1 Anti-NSE/ SWNT/ GCE NSE AP DPV 0.033 ng mL-'-2 yg mL" 0.033ngmL*' 60 min [38]

2 Anti CA15-3/TH-NPG-Gr/GCE CA15-3 HRP DPV 5x10%- 40 UmL" 5x10% U mL" 30 min [39]

3 Anti-estradiol- Biotin/Strept-ABA-g-SPCE Estradiol HRP Amperome try 0.77 pg mL'-250 pg mL' 0.77 pg mL"! 45 min [40]

4 Anti-GH/ growth Lable DPV 25 pg mL"'-200 pg mL" 25 pg mL™" 30 min [41]
disposable SPCS hormone free

5 Anti CEA/APTES/ Si-FET CEA Label AC lock-in 0.2 ng mL"-114 ng mL" 0.2 ng mL"* 90 min [42]

free technique

6 Anti HIgG/Gr HigG HRP DPV 0.05 ng mL'-200 ngmL"" 0.05 ng mL"* 50 min [43]
nanosheets- AUNP/GCE

7 AntiAFP/AuNP/G DCS/PTH/GCE AFP HRP DPV 0.7 ng mL"-10 ng mL"* 0.7 ng mL" 25 min [44]

8 Anti-CEA/Au-G/ CEA Label cv 3.4 pg mL"-80 ng mL"! 3.4 pg mL"! 10 min [45]
Chi-Fc/nano- TiO,/GCE free

9 anti-D dimer/ poly D-dimer Label DPV 100 pg mL-"-500 ng mL"! 100 pg mL" 30 min [46]
(py-pyANTA/M?*)/Au free

10 GOx/Gr/AuNPs/C Glucose Label Ccv 180 yM-14 mM 180 uM - [47]
hi/ Gold electrode free

1 GOx/Gr-Chi/GCE Glucose Label cVv 0.02 mM-12 mM 0.02 mM - [48]

free

12 Anti-PSA/PBSE/ PSA Label multimeter 0.08 ng mL'-100 ng mL"  /0.08 ng mL"" - [49]
Gr/polycarbonate surface free resistance test

13 Anti-diuron/fG-GO/SPE diuron AP SWV 0.01 pg mL'-1000 ng mL" 0.01 pg mL"! 20 min [37]

14 Anti- hTERT Label DPV 10 ag mL" =50 ng mL'- 10 ag mL’ 30s present
hTERT/GO/ITO free study

Table 1: Response characteristics of various immunosensors reported in literature.

J Biosens Bioelectron
ISSN: 2155-6210 JBSBE, an open access journal

Volume 4 -« Issue 4 « 1000143




Citation: Choudhary M, Kumar V, Singh A, Singh MP, Kaur S, et al. (2013) Graphene Oxide based Label Free Ultrasensitive Imnmunosensor for Lung
Cancer Biomarker, hTERT. J Biosens Bioelectron 4: 143. doi: 10.4172/2155-6210.1000143

Page 3 of 9

fabrication, characterization, optimization and application of anti-
hTERT antibodies functionalized graphene oxide based electrochemical
immunosensor for detection of lung cancer biomarker hTERT. The
efficient and easy detection of hTERT from oral fluid and/or serum
may bring a paradigm shift in prognosis and early stage detection of
lung cancer.

Experimental Section

Materials and reagents

Graphite powder (99.9%, 325 mesh, Alfa aesar), Sulfuric acid
(H,SO,), Potassium permanganate (KMnO,), Hydrogen peroxide
(H,0,), Sodium Nitrate (NaNO,), 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysulfosuccinimide (NHS), Potassium
ferricyanide (K,Fe(CN),), Potassium chloride (KCI), Potassium
phosphate monobasic (KH,PO,), Potassium phosphate dibasic
(K,HPO,), Sodium chloride (NaCl), Ethanolamine and Indium Tin
Oxide (ITO) glass substrates were purchased from Sigma-Aldrich.
Antigen hTERT and polyclonal anti-hTERT antibodies generated
in rabbit were purchased from Bioss, USA. All the reagents/buffers
have been prepared/diluted in sterile pyrogen free water from Nirlife
Healthcare, Nirma Ltd. India.

Synthesis of Graphene oxide

GO was prepared by modified hummer’s method [23]. In this
process, 1 g of graphite powder and 1 g sodium nitrate (NaNO,) were
dissolved in 46 ml of H,SO, in an ice bath with continuous stirring.
Thereafter, 6 g of KMnO, flakes were slowly added to the above mixture
under stirring, until this solution becomes dark green. This solution was
then transferred to 35 + 5°C water bath and kept on vigorous stirring
for one hour, to make a thick past. Further, 96 ml of millipore water
was added, and the solution was stirred for 30 min at 90 + 5°C. To this
solution, 200 ml of water was added followed by the slow addition of 6
mL of H,O, (30%), turning the color of the solution from dark brown
to yellow. The warm solution was then filtered and washed with 200
mL of water. The filter cake were then dispersed in water by mechanical
agitation and centrifuged for 3-5 times at low (2000 rpm) and high
(8000 rpm) speed for 2 and15 min, respectively, and repeated until the
supernatant attains neutral pH. The final sediment was re-dispersed
in water with sonication using ultrasonic cleaner, giving a solution of
exfoliated GO.

Preparation and characterization of GO/ITO electrode and
Ab/GO/ITO Immunoelectrode

Scheme 1 shows preparation of Ab/GO/ITO immunoelectrode.
25 uL GO (1 mg mL"), prepared by modified hummer’s method was
deposited onto ITO coated glass (0.6x0.8 cm) via spin coating method.
The GO/ITO electrode was exposed to 1:1 mixture of EDC (0.5 M) and
NHS (0.1 M) for 15 min to activate the terminal carboxyl group on GO
surface for immobilization of anti-hTERT (Ab). 25 pl of anti-hTERT
antibodies (2 pg ml') was spread over the activated surface for 2 h
and unbound antibodies were removed by rinsing the electrode with
10 mM PBS. Remaining active sites were blocked using ethanolamine
(0.96 M for 5 min) to avoid non specific binding. GO/ITO electrode
and Ab/GO/ITO immuno-electrodes were characterized using Cyclic
Voltammetry (CV), Differential Pulse Voltammetry (DPV), X-Ray
Diffraction (XRD), Scanning Electron Microscopy (SEM), Fluorescent
Transmission Infrared (FT-IR) spectroscopy, Transmission Electron
Microscopy (TEM), Atomic Force Microscopy (AFM), etc.

Response studies of Ab/GO/ITO immunoelectrode

Ab/GO/ITO immuno electrodes were used to study the response
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Scheme 1: Fabrication of GO based electrochemical immunosensor.

behavior for various concentrations of hTERT (10 ag mL"-50 ng mL") and
hTERT spiked sputum samples (100 fg mL'-10 ng mL") in 0.05 mM
Zobell’s solution prepared with 5 mM PBS in total volume 3 ml, using
DPV. The Ab/GO/ITO immuno-electrodes were exposed to various
concentrations of hTERT with constant volume of 20 ul for 30 s and
washed with PBS before performing DPV electrochemical analysis.

Instrumentation

XRD spectra was obtained on BRUKER D8 Advance X-Ray
Diffractometer using Cu Ka radiation (A=1.541A). A Raman spectrum
was taken on Varian FT Raman. AFM studies of GO were carried on
by using AFM-Multimode-V, Veeco in tapping mode. High-Resolution
Transmission Electron Microscopy (HR-TEM) images were monitored
on a Tecnai G2 F30 S-Twin HRTEM, using an accelerating voltage of 200
kV. The specimens were prepared on a carbon film coated copper grid
(400 mesh), and then dried under room temperature. Electrochemical
experiments were performed with an Autolab instrument PGSTAT302N
(Eco Chemie B.V,, Netherlands) by using a conventional three-
electrode system. GO coated ITO (0.6x0.8 cm) electrode served as a
working electrode, a platinum wire (1.0 mm diameter) as a counter
electrode, and an Ag/AgCl electrode (3.0 mm diameter) with saturated
KCI solution as a reference electrode. Cyclic Voltammetry (CV) and
Differential Pulse Voltammetry (DPV) measurements were carried
out in 3 mM Zobell’s solution (3 mM K,Fe(CN), and 0.1 M KCl) and
0.05 mM Zobell’s solution prepared in 5 mM phosphate buffer saline
(PBS, pH 7.4), respectively, at 25°C with 3 ml working volume. Fourier
Transform Infrared (FT-IR) spectra were carried out using a Nicolet
5700 FTIR spectrometer in the frequency range of 400-3800 cm'.
Scanninng electron micrographs of modified electrodes were obtained
using Zeiss EVO MF10 Scanning electron microscope. Thickness of GO
film was obtained using Dektak-150 thickness profiler (Veeco Pvt Ltd.).

Results and Discussion

Scheme 1a-1e describes diagrammatic representation of fabrication
of immunosensor for detection of hTERT, a lung cancer biomarker. Pre
cleaned bare ITO (Scheme 1a) was used to deposit thin film (~15 nm,
Scheme 1b) of GO using simple spin coating method. Then, anti-hTERT
(Ab) was covalently immobilized onto GO/ITO surface through EDC-
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NHS binding chemistry to fabricate the Ab/GO/ITO immunoelectrode,
as shown in Scheme 1c. On exposure of prepared immunosensor with
test sample antibody-antigen complex formed (Scheme 1d) that results
in generation of electrochemical signal (Scheme le). The designed
immunoelectrode was characterized at each stage of its development
using XRD, Raman, AFM, FTIR, CV, SEM and HRTEM.

Characterization of as synthesized Graphene oxide (GO)

Figure 1A shows XRD spectra of as acquired graphite (curve 1) and
GO (curve2), recorded using Cu Ka radiation (A\=1.541A) on BRUKER
D8 Advance X-Ray Diffractometer (Figure 1).

Strong diffraction peaks observed at 26 value of 26.5° for graphite
and at 20 value of 10.5° for GO powder are ascribed to the (002)
planes of graphitic structure. The inter-planer spacing d002 of GO and
graphite was calculated to be 8.421 A and 3.36 A, respectively, which are
comparable to the reported results. The increased interlayer spacing for
GO compared to graphite is attributed to the presence of various oxide/
epoxide groups and intercalated H,O molecules.

Further, the high value of I /I, (1.44) from Raman studies reinforce
the formation of oxidized sheets of graphene, i.e. GO, as shown in
Figure 1B. Figure 2A shows Atomic Force Microscope (AFM) image of
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Figure 1: (A) XRD spectra of graphite (curve 1) and GO (curve 2); (B) Raman
spectra of as synthesized GO.

showing the spread out GO sheets; (C) HRTEM image showing the lattice
image of single GO sheet; (D) IFFT reconstructed image clearly depicting
the atomic resolution image of GO, inset shows the SAED pattern from the
multilayer region.

GO film on silicon wafer, in tapping mode. It can be seen that GO nano-
sheets with lateral dimensions of ~2500 nm with few smaller sheets of
~200 nm are well distributed onto silicon surface. Height profile analysis
elucidates that the thickness of single GO sheet is approximately 0.87
nm. Although, it is very difficult to achieve 100% single layer graphene
using wet chemical methods, we have achieved sufficiently good
distribution of GO nano-sheets by controlling synthesis conditions.
It is, therefore, introspected that uniform distribution of nano-sheets
contributes towards higher surface area allowing higher loading of
biomolecules that will result in improved sensitivity of designed
immunoelectrode. Figure 2B shows the TEM micrographs of the
chemically synthesized large area GO sheets with multi-layered folded
areas. At low magnification, the presence of wrinkles and folds are
prevalent that can also be considered as multilayered regions of GO
sheet, otherwise, the areas showing the single unfolded sheet are highly
transparent. Figure 2C shows the lattice plane of the single layer of
GO with interplanar distance of 0.44 nm (4.40 A), which is more than
0.33 nm (3.30A) interplanar distance of graphene, which is credited to
the defects present in GO. Figure 2D shows inverse FFT (Fast Fourier
Transform) reconstructed image of the lattice images shown in Figure
2C. This image clearly depicts the hexagonal unit cell of the graphitic
structure, marked with the outline. Figure 2D shows the Selected Area
Diffraction (SAED) pattern from the multi/double sheet region with
a superposition of hexagonal patterns rotated by few degrees shows
a ring pattern. This angle corresponds to a mis-orientation between
multilayered GO sheets; an effect also observed recently in few-layer
graphene samples [24]. The diffraction spots match the hexagonal
lattice of graphitic structure. The d-spacing given by SAED pattern
is 4.3A. We found the variation in the 'd' value calculated from XRD
and SAED pattern. It can be explained from the fact that the spacing
between the layers decreases due to evaporation of H,O molecules
when electron beam is focused onto the sample under vacuum. The lack
of any diffraction spots other than those corresponding to the graphite
structure shows that oxygen-containing functional groups present in
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GO (of which the GO must partly comprise) do not form superlattice
type ordered arrays [24]. (Figure 2)

Electrochemical activity of GO

To confirm surface modification, electrochemical behavior was
analyzed in Zobell’s solution (3 mM K,Fe(CN), and 0.1 M KCl), using
Cyclic Voltammetry (CV) for both bare ITO and GO/ITO electrodes.
As shown in Figure 3A, it is observed that for GO/ITO electrode, the
anodic and cathodic peak current decreases slightly as compared to bare
ITO surface. In addition, the peak potential separation (AEP) between
anodic and cathodic peaks increased from 0.215 V to 0.288 V for ITO
and GO/ITO, respectively, confirming successful surface modification
by GO. To further assess the electrochemical behavior of GO/ITO,
CV studies have been carried out at different scan rates in Zobell’s
solution. Figure 3B, the CV of GO/ITO electrode in Zobell’s solution as
a function of scan rate (0.02-0.16 Vs™) exhibits significant increase in
redox peak current (I ) with the increase in scan rate. In addition to this,
AE_ ranging from 0.2 V to 0.344 V increases with increase in scan rate
indicating the quasi-reversible kinetics of the GO/ITO electrode. The
linear relationship in peak currentI (bothI and1 ) versus square root
of scan rate (v?), shown in Figure 3C reveals that the electrochemical
reaction at the surface of GO/ITO electrode is a diffusion-controlled
process [25,26]. The regression coefficient (R?) for linear fit of Ipa and IPc

The ratio of Ipc/Ipa:1.028 (at 20 mVs!), which is less than 1.27 is
ruling out the possibility of an irreversible electron transfer process
[27,28]. The value of Ipc/Ipa:1.028 nearly equals to 1 entails that the
electron transfer process is quasi-reversible that is approaching towards
reversible kinetics. As an approximate case, considering the process
to be a reversible at low scan rates, diffusion coefficient ‘D’ has been
calculated as 3.3376x10~° cm? 5!, using Randal-Sevcik equation [29] (1)
for planar electrodes.

(1)

Where is the peak current, v is scan rate in Vs, A is area of film in
cm? (0.48 cm? in our case), C is the bulk concentration (here 3 mM for
FeCN 5'3), ‘0’ is number of electron transfer per molecule in oxidation
process (here n=1). The thickness of the film has been found as 15 nm
using Dektak-150 thickness profiler (Veeco Pvt Ltd.) (Figure 3).

I =(2.69%10°)n*?AD**Cy"”

Figure 3D shows the plot for dimensionless kinetic parameter (V)
and AE_ for GO electrode. Following Nicholson's working curve [30],
the values of dimensionless kinetic parameter ¥ have been calculated
from AE and found to be directly proportional to the reciprocal of
the square root of scan rate (v™*). Using linear fit curve, the value of
standard heterogeneous rate constant (k%) has been determined as
1.4x107 cms™ following equation (2):

were calculated to be 0.9660 and 0.9734, respectively. Y=k [RT/(nFD)]"? v (2)
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Figure 3: (A) Cyclic voltammertic (CV) studies of bare ITO and GO/ITO at 0.05 Vs in Zobell’s solution at 25°C; (B) CV of GO/ITO for various scan rates
(0.02-0.16 Vs) in Zobell's solution at 25°C; (C) Plot of peak current (I and I ) vs square root of scan rate (v'2); (D) Plot of AE_ and Nicholson’s kinetic
parameter (W) versus reciprocal of square root of scan rate (v'2).
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The obtained value of k® falls in the range of quasi-reversible electron
transfer process (5x10° cm s 2 k® > 2x10% cm s') in agreement with
literature [31]. The redox process for GO is significantly contributing
towards improved electron transfer owing to its inherent electron
transfer property and rise in values of k° and diffusion coefficient
(D) provide important insight towards this behavior. As compared to
literature, value of diffusion coefficient of GO in Zobell’s solution has
been improved by one order of magnitude compared to CVD-GO/
graphite oxide [32]. Similarly, improvement in heterogeneous electron
transfer rate (k°) for GO clearly insinuates that this favorable rise (both
D & k°) for GO/ITO electrode is ascribed to the uniformly distributed
GO nano-sheets and their polycrystalline structure. The results indicate
that GO films exhibits better electrochemical properties to achieve a
stable and robust electrochemical biosensing device. Further, it is
introspected that oxygen-containing groups in GO are contributing
hydrophilicity and rapid electron transfer where aromatic regions
provides active sites for mt-nt supra-molecular interactions [33].

Fabrication and characterization of GO/ITO and Ab/GO/
ITO immunoelectrodes

Infrared absorbance spectra of graphene oxide and antibody
immobilized graphene oxide films in transmission mode are shown
in Figure 4A. The FTIR spectrum reveals the characteristic peaks of
graphene oxide (curve i) showing the presence of hydroxyl (C-OH,
3050-3800 cm™) at 3420 cm™, carboxyl (COOH, 1650-1750 cm™) at
1747 cm’', ketonic species (C=0, 1600-1650 cm™) at 1636 cm™ and
asymmetric vibrational stretching of sp* hybridized (C=C, 1500-1600
cm™?) at 1545 cm’. Furthermore, the presence of some overlapped
regions such as a-region (lactols, peroxides, dioxolanes, hydroxyls,
epoxides, 900-1100 cm™) at 1020 cm™ and y-region (ethers, epoxide,
peroxide, ketones, benzoquinonoes, 1280-1500 cm™) at 1445 cm™
are attributed to oxidized graphene sheets i.e. GO [34]. It is observed
that the intensities of IR peaks get suppressed after immobilization of
antibodies onto GO/ITO (curve ii). The emergence of additional strong
peak at 1560 cm™ related to characteristic N-H bending vibrations
(1480-1575 cm™) of amide II due to the presence of anti-hTERT (Ab)
confirms the binding of antibodies onto GO/ITO electrode [35] (Figure
4).

Figure 4B-4D depicts the SEM images (Zeiss EVO MA10 Scanning
electron microscope) of GO/ITO, Ab/GO/ITO and hTERT/Ab/GO/
ITO surface, respectively at 20 Kx, along with schematic illuminating
stepwise morphological changes with fabrication steps. Figure 4B shows
a wrinkled/pleated sheet of GO on ITO coated glass slide. Further, GO/
ITO electrode functionalized with Ab contains uniformly distributed
globules onto the surface of GO (Figure 4C), confirming the successful
immobilization of Ab. Ab/GO/ITO immunoelectrode was exposed
to hTERT (specific antigen) to affirm the binding of antigen to the
antibodies immobilized on the surface of immunoelectrode. Change in
morphology and presence of lighter colored regions can be assigned
to binding of antigen (hTERT) onto Ab/GO/ITO surface (Figure 4D).

Electrochemical characterization and response studies of Ab/
GO/ITO immunoelectrode

The CV and DPV studies of immuno-electrode were carried out
to identify the specific and non-specific antigen interaction. Figure
5A shows the CV curves of GO/ITO, Ab/GO/ITO and hTERT/Ab/
GO/ITO at scan rate of 50 mV s™. It is found that after the covalent
immobilization of Ab on to GO/ITO electrode, peak current decreases
significantly from 2.213x10* A to 1.711x10“A for Ab/GO/ITO surface.
Subsequent, observed decrease in peak current to 1.551x10*A due to

Transmittance a.u.
 apTe el

!

T T T T
500 1000 1500 2000 2500 3000 3500
Wavenumber cm

coated GO

on ITO
substrate
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antibody (Ab

i3sssasg .
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Figure 4: (A) FTIR spectrum of GO (curve 1) and Ab/GO/ITO (curve 2)
indicating the presence of functional groups; (B-D) SEM images of GO/ITO,
Ab/GO/ITO and hTERT/Ab/GO/ITO immunoelectrode along with schematic
representation of respective surface modifications on the left side.

binding of hTERT onto surface of Ab/GO/ITO immunoelectrode can
be attributed to surface coverage by the protein that masks the electron
transfer process [36]. These results are in agreement with the SEM
studies revealing successful fabrication of immunoelectrode.

DPV response studies of Ab/GO/ITO immunoelectrode carried
out for various concentrations (10 ag mL"'-50 ng mL") of hTERT with
exposure time of 30 s at 25°C are shown in Figure 5B. It is observed
that peak current decreases when hTERT binds to the surface of Ab/
GO/ITO immunoelectrode. These observations are in tune with the
SEM and CV studies, reconfirming the antigen-antibody interaction
onto the immunosensor surface. It is further noted here that the peak
current continue to decrease with the increase in the antigen (hTERT)
concentration. DPV studies reveal that 50 ng mL"' hTERT is the surface
saturation concentration for Ab/GO/ITO immunoelectrode and beyond
this concentration no further decrease in peak current is observed.
On the other end, lowest concentration of hTERT capable of bringing
decrease in DPV peak height is 10 ag mL. Besides this, as shown in
Flgure 5C, the linear regression equation: I (1A)=14.6986-1.2912 log

C,pprr (g mL™) with R?=0.99318 is fitting i in range of 100 fg mL" to 50
ng mL" hTERT. The fabricated Ab/GO/ITO immunoelectrode possess
remarkable response characteristics showing 10° times improved
detection limit with 30 s antigen exposure time [37].

Figure 5D shows DPV response curves of Ab/GO/ITO
immunoelectrode exposed to non-specific cancer antigens (CD-59,
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Figure 5: (A) CV studies of GO/ITO, Ab/GO/ITO and hTERT/Ab/GO/ITO in zobell’s solution at 0.05 Vs™'; (B,D) DPV response studies of Ab/GO/ITO
immunoelectrode in 0.05 mM K,Fe(CN), contained in 5 mM PBS, pH 7.4 at pulse amplitude 0.03 V and pulse width 0.05 s: (B) DPV for various hTERT
concentration (10 ag mL'-50 ng mL™"); (C) Calibration of the immunosensor for h\TERT determination; (D) DPV for specific (nTERT) and non-specific
antigen (CD-59, MAGE-A11).

MAGE-A11) 10 pg mL"! each, in 5 mM PBS containing 0.05 mM
K,Fe(CN),. Ab/GO/ITO immuno-electrode exhibited remarkable
specificity, as there was no appreciable decrease in peak current
corresponds to non-specific antigens CD-59 and MAGE-11. hTERT/
Ab/GO/ITO immuno-electrodes were also examined to evaluate the
reusability of the immunosensor, using 30 mM NaOH solution (60 s
exposure time) to break the antibody-antigen linkage. Interestingly,
it was found that regenerated Ab/GO/ITO immunoelectrode showed
DPV response similar to the native Ab/GO/ITO. The fabricated
immuno-electrode retains 100% signal after four subsequent
regeneration cycles and showed decrease in the signal to ~92.5% after
5™ regeneration cycle having relative Standard Deviation (SD) of 5.6%.
Besides this, Ab/GO/ITO immunoelectrode has been found to retain
100% DPV response signal after 4 weeks of its fabrication when stored
in desiccated condition at 4°C. (Figure 5)

Application of the immunoelectrode in hTERT spiked
sputum samples

To investigate the implications of fabricated Ab/GO/ITO
immunoelectrode for real biological samples, experiments have been
performed using spiked sputum samples. Sputum of normal healthy
person was collected and centrifuge two times at 3000 rpm for 15
minutes. Clear supernatant was further diluted in PBS (1:4) and used

to investigate the response studies of Ab/GO/ITO immunoelectrode at
25°C. It is observed that DPV response slightly shifts to higher potential
(Figure 6A), and is ascribed to the binding of certain salts and other
non-specific interferents to the immunoelectrode surface. It can be seen
that Ab/GO/ITO immunoelectrode is able to detect upto 100 fg mL™" of
hTERT in spiked sputum and peak current continued to decrease till
10 ng mL" of hTERT. The linear regression equation: I (1A)=8.83931-
1.10668 log C, ..., (fg mL™") with R>=0.96173 is fitting in range of 100
fg mL"! to 10 ng mL" for hTERT in spiked sputum (Figure 6B). These
results indicate that fabricated electrode exhibited a good analytical
performance with spiked sputum samples and has implications for its
application to investigate other cancer biomarkers in real biological
fluids.

Furthermore, the analytical performance of the fabricated
immunoelectrode has been compared with that of various recent
immunosensors based on existing literature [38-49], as shown in Table
1. The present immunoelectrode displayed a good performance with
considerable specificity and low detection of analytic concentration.
The novelties exhibited by the designed immunosensor are attributed
to the multifunctional nature and better physicochemical properties of
graphene oxide.
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Figure 6: (A) DPV response studies of Ab/GO/ITO immunoelectrode in 0.05 mM K,Fe(CN), contained in 5 mM PBS, pH 7.4 at pulse amplitude 0.03 V
and pulse width 0.05 s for various hTERT concentration (100 fg mL"-10 ng mL™") spiked in sputum; (B) Calibration of the immunosensor for nTERT
determination in spiked sputum.

Stability, reproducibility and reusability studies of Ab/GO/
ITO immunoelectrode

The stability of the Ab/GO/ITO immunoelectrodes has been
evaluated for over a period of one month. The immunoelectrodes were
stored at 4°C after fabrication. Stability of the designed electrodes was
studied by incubating them with 50 pg ml"' of hTERT and DPV was
performed before and after incubation with hTERT. The activity of the
immunosensors was evaluated and found no loss of signal upto 20" day
after incubation. After that the signal was decreased slowly. Therefore,
the designed electrode is suitable for hTERT analysis up to 20 days.
To evaluate the reproducibility of the immunosensors, a series of five
immunosensors were prepared for detecting 50 pg mL"' hTERT. The
Relative Standard Deviation (RSD) of the measurements for the five
electrodes was 5.3%, suggesting the precision and reproducibility of the
immunosensor was quite good. In an effort to evaluate the reusability
of the immunosensor, 30 mM NaOH solution was used to break the
antibody-antigen linkage. After detecting 2 ng mL' of hTERT, the
immunosensor was dipped into the NaOH solution for 60 s, and used
to detect hTERT again. The immunosensor retained 92.5% of the initial
value after 5 regeneration cycles and a RSD of 5.6% was obtained. The
good regeneration ability demonstrated by the immunosensor may be
attributed to the good stability of the antibody on the electrode surface
through covalent binding.

Conclusion

In conclusion, Graphene Oxide prepared from graphite using
modified Hummers method is successfully used to deposit thin
films of GO onto ITO coated glass substrate. An ultrasensitive label
free electrochemical immunosensor has been developed by covalent
immobilization of anti-hTERT antibody onto GO/ITO. The results
indicate that the Ab/GO/ITO immunoelectrode can effectively sense
hTERT at low level of concentration upto 10 ag mL"' with linear
detection range of 100 fg mL’-50 ng mL' hTERT. The Ab/GO/ITO
electrode showed in the detection of hTERT in spiked sputum samples
in the dynamic range of 100 fg mL"'-10 ng mL"' hTERT, suggesting its
potential for real biological fluid samples. Besides this, the immuno-
electrode retained its activity after multiple uses. The excellent

performance of the immunosensor is ascribed to graphene oxide that
provides favorable microenvironment for protein immobilization
and promotes direct electron transfer at the electrode surface and
larger surface area. The ease of fabrication using low-cost process,
the graphene oxide based immunosensor promises for cost effective
commercial device for early detection of lung cancer. Further, the
compatibility of GO to integrate with MEMS technology could pave
the way for the development of miniaturized immunosensors towards
point-of -care diagnostics.
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