Published on 03 September 2015. Downloaded by University of Manitoba on 04/09/2015 03:05:44.

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cite this: RSC Adv.,, 2015, 5, 74994

troponin-|

Electroactive graphene-multi-walled carbon
nanotube hybrid supported impedimetric
immunosensor for the detection of human cardiac

Shobhita Singal,®® Avanish K. Srivastava,® Sanjay Dhakate,® Ashok M. Biradar®

and Rajesh*@®

We report an electroactive 3-dimensional graphene-multi walled carbon nanotube (G-MWCNT) hybrid

prepared using a one step chemical vapor deposition (CVD) method with acetylene as a precursor

source, transferred over a glassy carbon electrode (GCE) as a biomolecular immobilization material, for

the construction of a bioelectrode. G-MWCNT/GCE was covalently immobilized with human cardiac

troponin antibody (anti-cTnl) through a molecular bi-linker, 1-pyrene butyric acid N-hydroxysuccinimide

ester (PyBuUNHS), and characterized by spectroscopy and electrochemical techniques. The bio-analytical

performance of the electrode was investigated using electrochemical impedance spectroscopy (EIS) by

fitting the impedance response of the electrode with an optimal fitted equivalent circuit model for the

quantitative detection of human cardiac troponin (cTnl) in human serum. A low value of exponent 'n’
(n = 0.44) observed in a constant phase element of the impedance of the G-MWCNT/GCE hybrid
electrode indicated a heterogeneous microstructure surface that exhibited diffusive characteristics but

showed dominant charge transfer characteristics (Ret) with n = 0.88 upon biomolecular immobilization
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and subsequent immunoreaction with target cTnl in the low frequency region of <1 Hz, showing a good

biocompatibility. The bioelectrode exhibited a linear impedance response to cTnl in a wide range of

DOI: 10.1039/c5ral5449a

www.rsc.org/advances cm? per decade.

1. Introduction

For the last two decades, graphene, a two-dimensional archi-
tecture of sp> bonded carbon atoms, has gained enormous
scientific attention due to its remarkable physicochemical
properties and potential applications." Graphene has
outstanding properties, including a large surface area, high
heterogeneous electron transfer rates, excellent thermal and
electrical conductivity, high intrinsic mobility, high Young's
modulus, and enhanced electrochemical behavior. These
properties make it a leading potential material for actuators,
solar cells, fuel cells, batteries, supercapacitors and electro-
chemical biosensors.>® Owing to its excellent electrical prop-
erties and huge accessible surface area, graphene and its
surface modified derivatives have been reported as advanced
transducer candidates for electrochemical biosensing applica-
tions.” However, for practical applications, monolayer graphene
is quite difficult to handle, due to its ultra-thin structure and
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0.001-10 ng mL~Yin human serum with a low detection limit of 0.94 pg mL™* and a sensitivity of 63.5 Q

flexibility, which causes it to easily curl, fold, and corrugate.*™**
This significantly decreases the conductivity and accessible
surface area of the monolayer graphene. On the other hand,
carbon nanotubes, cylindrical graphene sheets with nanometer
diameter, have high mechanical strength, good electrical
conductivity, chemical stability and high surface area;"
however, the electrical conductivity of CNTs is affected by the
non-uniform contact and discontinuities between all the CNTs
in heterogeneous structures,® thereby limiting their applica-
tions in sensors.”*° In this regard, the combination of one-
dimensional carbon nanotubes and two-dimensional gra-
phene into a three dimensional hybrid (G-CNT) is considered to
be one of the most effective strategies to fabricate advanced
carbon nanostructures'” with outstanding properties that are
superior to either CNTs or graphene alone.'® The high quality,
low cost and large scale production of G-CNT hybrids with well
controlled structures is a prerequisite for their bulk applica-
tions. Numerous methods have been explored for the prepara-
tion of G-CNT hybrids, among which the separate growth of two
nanostructures, followed by their mechanical assembly into a
single device, is the most explored method to date." Post-
synthesis methods, including hydrothermal processes,*

This journal is © The Royal Society of Chemistry 2015
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electrophoretic deposition,** layer-by-layer assembly,”> and
liquid phase reaction routes,” have also been found to be
effective for the fabrication of G-CNT hybrids. However, these
post synthesis methods are ineffective in creating covalent C-C
bonding between graphene and the CNTs in the hybrids;
moreover, they are also quite tedious, which significantly limits
their performance in a number of applications. In comparison,
the direct growth of G-CNT hybrids through chemical vapor
deposition (CVD) is more attractive due to the possibility to
provide covalent C-C bonding between graphene and CNTs, a
lower defect density compared to multi-step routes, and ease of
scaling. Recent efforts at fabricating such hybrid architectures
have involved growing CNTs on the surface of graphene oxide
(GO) or reduced GO coated with catalyst nanoparticles.”
However, the CNTs grown in such G-CNT hybrids suffer from a
poor degree of graphitization due to the high dissolution of
catalyst NP in GO and reduced GO.”® Therefore, it would be
quite advantageous to construct a 3D G-CNT hybrid nano-
structure in a one-step CVD process, involving the simultaneous
growth of graphene and CNT on an iron nanoparticle (Fe NP)
deposited copper foil.

Cardiac troponin-T and I (¢TnT and cTnl) are highly sensitive
and specific biomarkers® for myocardial injury and have been
accepted by the World Health Organization (WHO) for the
diagnosis of acute myocardial infarction (AMI). cTnl has high
cardio-specificity and is virtually absent in skeletal muscle
tissue, whereas cTnT is expressed in skeletal muscle to a smaller
extent. ¢Tnl, with a molecular weight of 29 kDa,*” is a part of a
troponin complex that is present in cardiac muscles. During
myocardial damage, the troponin complex is broken up and
cTnl is released into the bloodstream. The cut-off concentration
of cTnl in the blood is 0.01-0.1 ng m1~'. Upon acute myocardial
infarction, the cTnl concentration in serum dramatically
increases within the range of 10-24 h, and its elevation in the
blood persists up to 10-14 days.”® When the c¢Tnl concentration
reaches 0.2-1.4 ng mL™ ', minor myocardial injury can be
concluded, whereas significant myocardial necrotic damage
should be considered when cTnl levels are elevated over 1.5 ng
mL "> The cardio-specificity of cTnl, along with its long
persistence in the blood, makes it the “gold standard”
biomarker that provides an extended diagnostic window for the
detection of AMI. Thus, reliable and early quantification of ¢TnI
concentration is highly desirable to improve the outcome of
cardiovascular disease. Various traditional techniques, such as
chemiluminescent immunoassays, enzyme-linked immuno-
sorbent assays (ELISA) and radio immunoassays, are used for
the quantification of cTnl. However, these techniques involve
complicated multistage processes that are tedious and time-
consuming. Electrochemical impedance spectroscopy (EIS)
has received considerable attention in recent years due to its
sensitive, rapid and non-destructive nature. The quantification
of ¢Tnl in an aqueous solution or serum is obtained using its
antigen-antibody (Ag-Ab) coupling mechanism, wherein these
couples of cTnl disturb the electrode layer by ion diffusion,
causing changes in the electrical impedance.

In the present study, we report the fabrication of highly
conductive, large area three dimensional G-MWCNT hybrid film
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on a glassy carbon electrode (GCE) as an impedimetric immu-
nosensor for highly sensitive detection of the human cardiac
troponin I (cTnl) biomarker. The G-MWCNT hybrid film was
synthesized by a simple single step atmospheric CVD process
on a Fe NP decorated copper foil and transferred onto a glassy
carbon electrode (GCE). The G-MWCNT/GCE electrode was bio-
functionalized with a bio-receptor, anti-cTnl, through a bi-
linker, 1-pyrenebutyric acid N-hydroxysuccinimide ester
(PyBuNHS), using a carbodiimide coupling reaction to an anti-
¢TnI-PyBuNHS/EG-MWCNT/GCE bioelectrode. The microstruc-
tural and electrochemical characteristics of the hybrid film were
systematically characterized by various spectroscopy techniques
such as scanning electron microscopy (SEM), transmission
electron microscopy (TEM), Raman spectroscopy and electro-
chemical techniques. The bioanalytical performance of the
bioelectrode was investigated for the quantitative detection of
c¢Tnl in human serum by electrochemical impedance spectros-
copy (EIS).

2. Experimental
2.1 Reagents

Anti-cardiac troponin I (anti-cTnI; Cat 4T21 MAb 19C7) and
human cardiac troponin I (cTnl; Cat 8T53) were obtained from
Hytest (Turku, Finland). Mouse immunoglobulin-G (IgG) (Cat
IGP3) was obtained from GENEI, Bangalore, India. 1-Pyr-
enebutyric acid N-hydroxysuccinimide ester (PyBuNHS), N-(3-
dimethylaminopropyl)-N'-ethyl carbodiimide hydrochloride
(EDC), and N-hydroxy succinimide 98% (NHS) were obtained
from Sigma-Aldrich Corp. All other chemicals were of analytical
grade and used without further purification.

2.2 Apparatus

TEM images were obtained on a high resolution TM model
Technai G2F30 Stwin. SEM images were obtained on an FE-SEM
model SUPRA40 VP, Germany. Raman spectra of graphene were
obtained on a Renishaw Raman Spectrometer, Germany, with a
laser excitation source at 514 nm. Cyclic voltammetry (CV) and
EIS measurements were performed on a PGSTAT302N, AUTO-
LAB instrument from Eco Chemie, the Netherlands. The EIS
parameters were obtained by circuit fitting the EIS experimental
data using GPES (General purpose electrochemical system
version 4.9, Eco Chemie) software. All electrochemical
measurements were carried out in a conventional three-
electrode cell configuration consisting of the proposed bio-
electrode as the working electrode, Ag/AgCl as the reference
electrode and platinum wire as the counter electrode.

2.3 Synthesis of G-MWCNT

The G-MWCNT hybrid films were grown by atmospheric CVD on
a copper foil (~2.54 cm?) decorated with 1 nm thick Fe NP using
an e-beam evaporator. The Fe NP and copper foil acted as
catalysts for MWCNT and graphene growth, respectively. The Fe
NP decorated copper foil was positioned in the interior of a
fused silica tube (inside diameter 5 cm, length 100 cm) main-
tained in a heating furnace, and the temperature was elevated to

RSC Adv., 2015, 5, 74994-75003 | 74995
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Fig. 1 Schematic of the stepwise fabrication of the bioelectrode.

750 °C under a 200 sccm (standard cubic centimetre per min)/
100 sccm continuous flow of Ar/H,. Once the temperature of
the furnace was stabilized to 750 °C, a 10 sccm flow of C,H, was
introduced for 20 min, followed by cooling of the furnace to
room temperature under Ar/H, atmosphere. Graphene film
grown on the back side of the Cu foil was burnt off using
reactive ion etching (RIE), followed by etching of the Cu foil in 1
M aqueous FeCl; solution to obtain the G-MWCNT hybrid film;
the film was washed repeatedly with deionized water and
aqueous HCI (5%) to remove metal impurities, as reported
earlier.*

2.4 Preparation of anti-cTnI-PyBu/EG-MWCNT/GCE

GCE was mechanically polished with 1, 0.3 and 0.05 um
alumina powder, followed by sonication in distilled water and
drying under vacuum. The G-MWCNT hybrid film was trans-
ferred onto the GCE surface (3 mm diameter) by careful
scooping and was dried at 50 °C for 1 h to obtain the G-MWCNT/
GCE electrode.

G-MWCNT mounted on GCE was pretreated by anodization
at a potential of 1.7 V vs. Ag/AgCl for 500 s in pH 7.4 PBS, fol-
lowed by cathodization at —0.6 V for 60 s to obtain electroactive
G-MWCNT (EG-MWCNT/GCE). This treatment of G-MWCNT
introduced defects on the edge planes of the graphene and
the ends of the carbon nanotubes with the generation of
carbonyl groups during oxidation that were subsequently
reduced to C-OH, leading to enhanced electroactive behavior of
the G-MWCNT hybrid, as reported earlier for GCE.** The EG-
MWCNT was treated with a molecular bi-linker, PyBuNHS, for
the covalent attachment of anti-cTnl using a carbodiimide
coupling reaction. 10 puL of 2 mM PyBuNHS in DMF was drop
casted on EG-MWCNT/GCE and incubated for 40 min at room
temperature, followed by extensive washing with DMF, and then
dried under N, gas flow to obtain the PyBuNHS functionalized
EG-MWCNT/GCE through m-m stacking. The PyBuNHS/EG-
MWCNT/GCE was biofunctionalized with a bioreceptor, anti-
cTnl, by incubating it with 10 pL PBS containing 100 ug mL ™"
anti-cTnlI at 4 °C for 2 h, followed by washing with PBS and
drying under N, gas flow. The abovementioned bio-
functionalized electrode was then incubated with 0.1% (w/v)
bovine serum albumin (BSA) to block the non-specific binding
sites on the electrode surface, followed by washing with PBS to
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remove any physically adsorbed antibodies and drying under N,
flow to obtain the desired anti-cTnI-PyBu/EG-MWCNT/GCE
bioelectrode. The stepwise fabrication of the bioelectrode is
schematically represented in Fig. 1. For a comparative bio-
analytical performance study, a biofunctionalized pristine gra-
phene bioelectrode, anti-cTnI-PyBuNHS/EG/GCE, was also
prepared using a bare copper foil by following the same
procedure, as described above and stored at 4 °C.

3. Results and discussion

3.1 Surface morphological characterization of G-MWCNT
hybrid

Morphological characterization of the G-MWCNT hybrid was
carried out by employing SEM, TEM, and Raman spectroscopy.
The CVD grown G-MWCNT hybrid film was transferred over a
SiO,/Si wafer to acquire the SEM images. As shown in the SEM
image (Fig. 2a), the one-step G-MWCNT synthesis method
produced highly dense multi-walled CNTs with an average tube
diameter of 60 nm growing uniformly over the entire large-area
graphene surface. Raman spectroscopy was instrumental in
characterizing the structure and crystalline quality of the G-
MWCNT hybrid. Raman spectra acquired of the hybrid on
copper foil (Fig. 2b) showed well defined D, G, 2D, and D + G
characteristic peaks at 1348 cm ™', 1590 cm™*, 2698 cm ™', and
2941 cm™ ', respectively. The two dominant peaks (D and G)
showed strong intensities and sharp profiles, and their intensity
ratios (Ip/Ig) were used to estimate the defect level in the
G-MWCNT hybrid. The Iy/I; intensity ratio of 1.71 corresponds
to a high value of defects with more sp® disorder than sp> order
in the G-MWCNT hybrid. The disorder-induced D band is
supposed to originate from crystal defects such as grain
boundaries, whereas the G band originates from the in-plane
vibration mode Ey..** The third common peak, generally
referred to as the 2D peak, occurs due to the second order
vibrations of the C-C bond and provides information about the
two dimensional graphitic stacking of the carbon materials. The
Lp/l ratio of 0.47 indicates that graphene is mostly tri-layer
(few layer) in thickness in the G-MWCNT hybrid.

High resolution transmission electron microscopy (HRTEM,
model: Tecnai G2F30 STWIN) was employed to investigate the
pristine graphene and the G-MWCNT hybrid. It is important to
elucidate that a large area of graphene nanosheet was revealed

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (a) SEM micrograph of the G-CNT hybrid film on a Si substrate;
(b) Raman spectra of the G-MWCNT hybrid on Cu foil.

throughout the specimen in the case of pristine graphene
(Fig. 3a). Wrinkles occurring at instances in the graphene sheet
may be attributed to mechanical strain that occurred during the
transfer of the material onto the TEM grid.

At high magnification, it was further delineated that at the
edges of the films (marked with a set of white arrows in the inset
of Fig. 3a) we did not see any contrast and therefore, these
sheets are seemingly single instead of multifold. In the
composite sample, G-MWCNT hybrid, a high density of
MWCNTs is observed in the matrix of the graphene sheet (inset
Iin Fig. 3b). The carbon nanotubes are spread throughout in the
matrix of the graphene with diameters ranging between 50 and
70 nm (Fig. 3b). We further examined the compatibility between
the graphene sheet and CNT. As an illustrative example, the
atomic scale image of the interface between the graphene and a
nanotube (encircled with a white dotted line in the inset II of
Fig. 3b) depicts a clean image at the apex of the interface
without any microscopic imperfections. Moreover, the inter-
layer separation between the consecutive walls of the nanotube
was measured approximately as 0.34 nm (inset II in Fig. 3b). In
this G-MWCNT hybrid sample, effort was made to distinguish
the edges of the graphene nanosheets by carrying out focusing/

This journal is © The Royal Society of Chemistry 2015
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Large area Gr nanosheet

Fig. 3 HRTEM micrographs showing (a) large area graphene nano-
sheets and (b) the distribution of MWCNTSs in the matrix of the gra-
phene sheet. Inset in (a): high magnification of the edges of graphene
sheet; inset | in (b): dense distribution of the MWCNTSs in graphene;
inset Il in (b): interface between MWCNT and the graphene sheet; and
inset Il in (b): edges of the multilayered graphene nanosheet.

defocusing experiments during the microscopy. The thickness
of these sheets varied approximately between 2 and 2.5 nm. It
was observed that in general, at least two to three layers of
graphene are obvious in these nanosheets. A region revealing
multilayered graphene has been demarked with a set of white
arrows in inset III of Fig. 3b.

3.2 Electrochemical characterization of anti-cTnI-PyBu/EG-
MWCNT/GCE

Cyclic voltammetry (CV) is an efficient and widely used electro-
analytical technique, which provides useful information
regarding the surface status of electrodes. Theoretically, the
alteration in the peak current and peak potential positions in CV
at distinct electrode surfaces are linked to the electron transfer
resistance. Each step of the surface modification of GCE and
antibody immobilization was monitored by CV measurements
performed in a PBS solution (pH 7.4; 0.1 M KCl) containing a
mixture of 2 mM K;[Fe(CN)g] and 2 mM K,[Fe(CN),] as a redox
probe at a scan rate of 50 mV s~ . Fig. 4 shows the CV response of
the modified electrode before and after the immobilization of a
bioreceptor, anti-cTnl. The GCE shows a couple of reversible
redox peaks with a peak-to-peak separation between the

RSC Adv., 2015, 5, 74994-75003 | 74997
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oxidation and reduction potentials (AE,) of 140 mV, indicating
that the GCE has a clean and active surface. The GCE after
modification with CVD grown G-MWCNT hybrid film showed an
enhanced redox peak current. This outstanding electron transfer
ability of the G-MWCNT hybrid film modified GCE electrode
surface is attributed to the large active surface area and high
conductivity of the G-MWCNT hybrid. It can be noted that the
electrochemical behavior of the G-MWCNT hybrid is strongly
dependent on the density of defects, edges, and porous features.
There has been evidence in the literature that anodized CNT,
which contains oxygen related defects, is a superior platform for
protein interaction.® Thus, we simultaneously anodized and
cathodized the G-MWCNT surface to create edge plane defects
and porous features to facilitate fast electron transfer kinetics,
leading to a smaller interpeak distance of 59 mV and an
enhanced redox peak current, as is evident in the CV (Fig. 4). A
comparative CV response of the anodized electroactive 3D EG-
MWCNT/GCE hybrid and 2D pristine graphene (EG/GCE) elec-
trodes is shown in the inset of Fig. 4. The electroactive surface
area of both the 3D and 2D structures was estimated using the
Randles-Sevcik® equation (eqn (1)):

I, = 2.69 x 10°AD"*n¥*'2C (1)

where 7 is the number of electrons participating in the redox
reaction (1 in this case), 4 is the electroactive surface area (cm?),
D = 6.70 x 10 ° em? s, which is the diffusion coefficient of
[Fe(CN)¢]*~ in the solution, C corresponds to the concentration
of the redox probe (K3[Fe(CN)g], 0.002 M), and » is the scan rate
of the potential perturbation (mV s~ ). The electroactive surface
area of the 3D EG-MWCNT hybrid and 2D EG electrodes were
found to be 0.159 and 0.084 mm?, respectively, showing that the
surface area for the 3D hybrid was ~2.1 times larger than that of
EG. A decrease in the redox peak current with an increased AE,
of 76 mV was observed upon treatment of EG-MWCNT/GCE
with PyBuNHS due to the hydrophobic character of PyBuNHS
as well as to the formation of a physical barrier that decreases
the flux of the probe to the electrode surface, showing sluggish
heterogeneous electron transfer kinetics; this confirms the
formation of modified PyBuNHS/EG-MWCNT/GCE. Subsequent
decreases in the redox peak currents were observed after the
biomolecular immobilization of PyBuNHS/EG-MWCNT/GCE
with a bioreceptor, anti-cTnl, and its surface passivation with
a blocking protein, BSA; this may be attributed to the pertur-
bation of the electron penetration by the insulating layer of the
protein backbone molecules at the modified electrode surface.

The electrochemical properties of both the 3D and 2D
structures after protein antibody immobilization were further
investigated by EIS measurements in the applied frequency
region of 0.01 Hz to 10 kHz. The equivalent circuit, which is
often used to model interfacial phenomena, is called Randle's
circuit and includes the following four elements: (i) the ohmic
resistance of the electrolyte solution, R (ii) the Warburg
impedance, Z,, resulting from the diffusion of the ions from the
bulk electrolyte to the electrode interface; (iii) the interfacial
double layer capacitance, Cq, relating to the surface character-
istics of the electrode and (iv) the charge transfer resistance, Re..
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Fig. 4 CV of the bioelectrode at different stages of fabrication in PBS

(0.1 M KCL; pH 7.4) containing 2 mM [Fe(CN)gl* 4~ scan rate 50 mV
s~% 39 CV scan is shown. Inset: CV of EG/GCE and EG-MWCNT/GCE.

The latter three circuit parameters, Cq;, R and Z, are depen-
dent on the surface microstructural features and are affected by
changes in the interfacial properties of the electrode. The
inhomogeneous surface morphology of the 3D EG-MWCNT/
GCE causes Cq; to be replaced by a constant phase element
(CPE) to take into account the topological imperfections of the
electrode surface. The impedance of a CPE is depicted by

eqn (2):
Zo = 1juY, 2)

where Y, is a proportionality constant, w is the angular frequency
(w = 2I0fin Hz),j is the imaginary number (j = y—1)and n (-1 <
n = 1) is the frequency power that controls the extent of devia-
tion from the Randle's model and is attributed to the hetero-
geneity of the electrode surface. CPE can represent capacitance
(C = Y,) when n = 1; resistance (R = 1/Y,) when n = 0; induc-
tance (L = 1/Y,) when n = —1 or Warburg impedance when
n = 0.5. In our case, the value of n for distinct modified elec-
trodes is <1, indicating a pseudo interfacial double layer capac-
itance at the electrode/electrolyte interface. The chi-squared
function (x?) of the best fit equivalent circuit to the Nyquist and
Bode plots is the measure of the standard deviation between the
original data and the calculated spectrum; this was found to be
0.016 for the bioelectrode, and the EIS parameters are given in
Table 1. A negligible change in the value of Ry was observed
during electrode modification and therefore has been ignored in
the discussion. The typical impedance spectrum is represented
as a Nyquist plot, and consists two parts: a semi-circle part at a
higher frequency range and a straight line part at a lower
frequency range, corresponding to the electron transfer-limit
process and diffusion-limit process, respectively. The charge
transfer resistance (R.;) value is often directly determined by
measuring the diameter of the semicircle portion. The imped-
ance spectra obtained at different stages of bioelectrode fabri-
cation are shown in Fig. 5.

This journal is © The Royal Society of Chemistry 2015
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As seen, after the modification of GCE with G-MWCNT, the
value of R.. decreased from 74.2 Q cm?® to about 57.7 Q cm?
indicating an enhanced electron transfer rate (k° = 0.75 x 10*
m s~ ') because of the highly electroactive and large surface area
offered by the G-MWCNT hybrid film. After the electrochemical
treatment of the G-MWCNT hybrid film, the semicircle in the
high frequency region almost disappeared, suggesting that the
electrode reaction was only controlled by a diffusion limited
process. Since an n value of 1 corresponds to a smooth defect free
surface and 0 < n < 1 reflects a rough surface, the significantly low
values of n = 0.44 and Z,, = 6.94 x 10~° were obtained for EG-
MWCNT/GCE, further indicated an inhomogeneous microstruc-
tural electrode surface. The low R (0.26 Q cm?) with a compar-
atively high Y, (0.23 mF cm?) value for the EG-MWCNT hybrid
film may be associated with edge plane defects and oxygenated
groups on the surface of the EG-MWCNT, which contributed to
the increased capacitive charging current.

Since the amount of protein immobilization on the electrode
surface depends upon its surface area, the protein amount was
calculated and compared on both the 3D and 2D structures
(inset of Fig. 5a) using eqn (3) as described earlier:**

I' = 4RTCIF*A 3)

where A is the electroactive surface area of the electrode, Fis the
Faraday constant, R is the gas constant, T is the temperature,
and C is the capacitance of the adsorbed layer. The amounts of
protein adsorbed (I') on the 3D EG-MWCNT and 2D EG elec-
trodes were found to be 26.8 x 10~° mol em 2 and 17.3 x 10~°
mol cm™?, respectively, revealing a comparatively 1.5 fold
higher surface protein concentration on the 3D hybrid than on
the 2D graphene. This high surface protein concentration on
the 3D hybrid may be attributed to its large active surface area
as described above during the discussion of the CV measure-
ments. This unique feature of the 3D geometry of the hybrid
with a high surface protein concentration has been further
investigated as a highly sensitive material for the electro-
chemical detection of ¢Tnl in human serum.

3.3 Electrochemical impedance response of the hybrid
bioelectrode to cTnl

The impedimetric response of the bioelectrode was tested
towards the protein antigen, cTnl, spiked in normal human
serum. Before EIS measurements, the bioelectrode was
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Fig. 5 Nyquist plot obtained at different stages of the bioelectrode
fabrication in PBS (0.1 M KCL; pH 7.4) containing 2 mM [Fe(CN)gl® /4.

incubated with 10 pL individually spiked human serum
samples of different c¢Tnl concentrations for 10 minutes, fol-
lowed by washing with PBS and drying under N, gas flow, at
room temperature. An incubation time of 10 min was optimized
based on the observation of not obtaining any significant
change in the impedance of the immunoreaction beyond this
time period. The Nyquist plot of the impedance response of the
bioelectrode with different concentrations of cTnI spiked
human serum is shown in Fig. 6a, wherein the response with
non-spiked human serum was taken as a control sample
response. The diameter of the semicircle in the Nyquist plot
increased gradually upon incubation of the bioelectrode with
increasing concentrations of the ¢Tnl spiked human serum due
to the antigen-antibody interaction upon immunoreaction,
which acts as a kinetic barrier to interfacial electron transfer at
the electrode surface, leading to increased electron transfer
resistance, R.. Since the change in the value of R is much more
pronounced in comparison to other impedance components
(Table 2), it was taken as a suitable signal for sensing the
interfacial properties of the bioelectrode.

A continuous decrease in the value of Y, on immunoreaction
with increasing cTnl concentration indicated a decrease in the
capacitive behavior of the bioelectrode due to the increasing

Table 1 CV and EIS characteristic parameters at various stages of electrode surface modifications AE, = redox potential; Re; = charge transfer
resistance; CPE = constant phase element; k° = apparent rate constant; Z,, = Warburg impedance

CPE
Type of electrode AE, (mV) Ret (Q em?) Y, (mF em™?) n K (ms™) Zy (Q cm?) x> (x 1072
Bare GCE 140 74.2 0.09 0.83 3.6 x 1074 2.82 x 107° 1.35
G-MWCNT/GCE 123 57.7 0.19 0.68 0.75 x 10~* 3.26 x 107° 1.43
EG-MWCNT/GCE 59 0.26 0.23 0.44 10.4 x 102 6.94 x 107° 7.84
PyBuNHS/EG-MWCNT/GCE 76 23.3 0.03 0.88 11.6 x 1074 5.62 x 107° 2.99
Anti-cTnI-PyBuNHS/EG-MWCNT/GCE 90 102.5 0.02 0.88 2.64 x 107* 4.76 x 1077 1.64
Anti-cTnI-pyBuNHS/EG/GCE 126 196.1 0.01 0.85 1.38 x 10°* 415 x 107° 1.86

This journal is © The Royal Society of Chemistry 2015

RSC Adv., 2015, 5, 74994-75003 | 74999


http://dx.doi.org/10.1039/c5ra15449a

Published on 03 September 2015. Downloaded by University of Manitoba on 04/09/2015 03:05:44.

RSC Advances
150
e
S 1001
G
:hl L
0.001 ng mL"!
50 0.01 ngij -
0.10 ngmL
1.00 ng mL!
10.0 ngmL"
1 " 1 1 " 1 2
100 200 300 400
Z' 1 Q cm?
1 v 1 v 1 M 1
e 160
0.25F «{‘
| i -
S i
440 P
E 0.2F % °
— } 0 . ~
u 3T X ) S
o [ \\'\:x\% \ ‘ :
S \ S
0.15F control % > 720
—-+—- 0.001 ng mL’ }
—-—- 0.01 ngmL’"
L —-—- 0.10 ngmL’ b, 1
— - 1.00ngmL::
1 o 100ngml” L oo
-2 0 2 4
Log f/ Hz

Fig. 6 (a) Nyquist plot of the bioelectrode before and after incubation
with different concentrations of cTnl-spiked human serum; (b) cor-
responding Bode plot.

thickness of the dielectric layer between the electrode and the
electrolyte. These results were further elaborated by the corre-
sponding Bode plots (Fig. 6b) in three distinct frequency
regions of the high frequency region (>10 Hz), the intermediate
frequency region of 1 to 100 Hz and the low frequency region of
<1 Hz. At frequency >10 Hz, the impedance was found to be
independent of frequency with a nearly zero phase angle (®);
this corresponds to the solution resistance, R;. In the inter-
mediate frequency region of 1 to 100 Hz, the slope of the log |Z|

View Article Online
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vs. log f'plot was found to be close to —0.7 with the phase shift
(#) moving from 58° to 65° upon immunoreaction with
increasing cTnl concentration at the electrode surface; this
indicated a pseudo capacitive behavior of the bioelectrode, as a
slope of <—1.0 or a @ value of =90° corresponds to an ideal
capacitive behavior. At frequencies <1 Hz, where current/time
(/t) and voltage/time (V/t) are nearly in phases (lowest phase
angle), which signifies the frequency independence of the
charge transfer characteristics (R.) and the diffusion
controlled process (Z,) of the bioelectrode. The maximum
changes in the overall impedance of the bioelectrode on
immunoreaction were observed in this low frequency region,
R.: is the dominant character. It was found that the lowest
phase angle (R. dominant character) moved towards a lower
frequency on immunoreaction with increasing c¢Tnl concen-
tration, further revealing the good biocompatibility of the
bioelectrode.

The equilibrium dissociation constant (K4) was measured to
evaluate the affinity of the antibody to its binding ligand in a bi-
molecular antibody-antigen interaction. The smaller the Ky
value, the greater the affinity of the antibody for its target
antigen. The dissociation reaction between the antigen [A] and
antibody [Y] for K4 can be represented by eqn (4) & (6):

AY - A+Y (4)
Ka = [AIYVAY] (5)

Assuming the surface coverage of the antigen-antibody
complex is 6, the surface coverage of unbound antibody will be 1
— 6, as given in eqn (6):

Ka= (1 - 0I6)[A] (6)

The value of K4 can be obtained by relating either the charge
transfer resistance (R.) or capacitance (Cq4) to the surface
coverage.® Since insignificant changes were observed in the
capacitance values (Table 2), we used the R., component for Ky
measurement, considering a Langmuir adsorption isotherm
and a linear relationship between the surface coverage () and
Re. ' by eqn (7)-(9).

ARctil = B(ARctil)max [7)

Table 2 EIS characteristic parameters of the bioelectrode on immunoreaction with different concentrations of cTnl-spiked human serum Ry =
charge transfer resistance; CPE = constant phase element; Z,, = Warburg impedance; RSD = relative standard deviation

CPE
Immunoreaction with [¢TnI] Re: (Q em?) Y, (mF cm™?) n Zy (Q cm?) X’ (1073 RSD (%) (n = 3)
Control 102.5 0.029 0.887 4.76 x 107° 1.64 —
0.001 ng mL ™" 156.2 0.028 0.885 4.73 x 107° 1.56 3.22
0.010 ng mL " 207.6 0.028 0.883 4.74 x 10°° 1.62 7.06
0.10 ng mL™* 276.2 0.027 0.887 4.73 x 107° 1.66 6.43
1.00 ng mL ™! 323.3 0.025 0.882 4.68 x 107° 3.17 9.00
10.0 ng mL™" 405.4 0.023 0.887 4.65 x 107° 2.61 2.82
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where
ARy = [(Ret No—o — Ret MRt Moo (8)
and

A (Retil)max = [(Ret71)0:0 - (Retil)max]/(Retil)O:O (9)

The R, change was taken into the Hanes-Woolf form to
avoid overloading of the data at low protein concentrations and
can be described by eqn (10):

[A]/ ARct71 = [A]/ A (Rctil)mz\x + I<d/A (Rctil)max (10]

wherein the dissociation constant was calculated by dividing
the intercept by the slope obtained from the corresponding plot
shown in Fig. 7. K4 was found to be 1.52 ng mL™", which
corresponds to 5.2 x 10~ M and is quite comparable to earlier
reports.*® This low value of K4 indicated a strong binding affinity
of anti-cTnl towards the target cTnl in an antigen-antibody
interaction at the electrode surface.

Fig. 8 shows the calibration curve of the bioelectrode,
depicting a linear relationship between the change in charge
transfer resistance (ARet = (Ret)after immunoreaction (Ret)control)
and the logarithmic concentration of target cTnl over the
concentration range from 0.001 to 10 ng mL™" ¢Tnl, which can
be represented by eqn (11):

AR (log[cTnI]) = b log[cTnI] + 245.37 (11)

The bioelectrode shows an R, sensitivity (slope b of the
calibration curve) of 63.5 Q cm” per decade of cTnl with a
correlation coefficient of 0.99. The points of the calibration
curve represent the average of three independent measure-
ments with relative standard deviations from 2.8% to 9%, which
are shown in the form of error bars.

The reproducibility of the bioelectrode response was exam-
ined by recording the impedance of the three different indi-
vidual bioelectrodes, prepared at different times, with cTnI
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Fig. 7 Hanes—Woolf plot for determining the dissociation constant
(K4) between cTnl and anti-cTnl.
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Fig. 8 Concentration dependent calibration curve of the bio-
electrode; inset: normalized response AR (%) of the bioelectrode
towards non-specific CRP and IgG with respect to cTnl.

concentrations in the range from 0.001 to 10 ng mL™". The RSD
of the resulting impedance response of the bioelectrode did not
exceed 9% in any case, exhibiting good reproducibility perfor-
mance within the acceptable error range. The results demon-
strate that AR is linear with the logarithmic value of cTnl
concentration over a range of 0.01 to 10 ng mL ™' with R
sensitivity of 63.5 Q cm? per decade of cTnl. This R, sensitivity
was found to be ~1.5 times higher than the sensitivity (44.3 Q
cm” per decade) obtained with a pristine 2D graphene based
bioelectrode (EG/GCE); a comparative sensing performance
experiment, carried out under identical experimental condi-
tions, demonstrated the advantage of using the high surface 3D
G-MWCNT hybrid in a biosensing electrode. The limit of
detection (LOD) of the hybrid bioelectrode was found to be 0.94
pg mL~" based on three times the signal-to noise ratio, which is
a much lower concentration than the recently reported 0.2 ng
mL " in the case of a similar carbon nanofibre based impedi-
metric biosensor. The LOD obtained has further been compared
with other electrochemical detection techniques given in Table
3, underlining the superiority of the present platform system.
The stability of the bioelectrode was also investigated by
carrying out repeated EIS measurements with the same
dispensed cTnl-spiked human serum sample, and the corre-
sponding R.. response was measured. It was found that an
almost constant R, response was observed even after more than
5 repeated measurements, indicating the good stability of the
bioelectrode in the solution. The specificity of the bioelectrode
was examined by evaluating the normalized resistance response
AR (%) upon exposure to each 10 ng mL ™" concentration of
non-specific IgG and another cardiac biomarker, C-reactive
protein (CRP) spiked human serum samples, under identical
experimental conditions. It was observed that both the IgG and
CRP contributed insignificantly to the total response with
10.2% and 7.4%, respectively, with respect to c¢TnlI (inset of
Fig. 8), indicating the high selectivity of the bioelectrode
towards cTnl.

RSC Adv., 2015, 5, 74994-75003 | 75001


http://dx.doi.org/10.1039/c5ra15449a

Published on 03 September 2015. Downloaded by University of Manitoba on 04/09/2015 03:05:44.

RSC Advances

Table 3 Comparative analytical performance of the bioelectrode with existing electrochemical systems for cTnl detection
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Sensing technique Transducing matrix Detection range Limit of detection Ref.
Amperometry PDMS/Au 0.2 ng mL™" to 10.0 pg mL~" 148 pg mL™" (ref. 27) 27
Capacitive Au/screen printed electrode 0.2 ng mL ™' to 12.5 ng mL™" 0.2 ng mL™" 28
Impedimetric mSAM/Au 2.9 pg mL ™" to 2.9 pg mL ™" 2.9 pg mL™" 36
Impedimetric Carbon nanofibre 0.25 ng mL ™' to 1.0 ng mL ™" 0.2 ng mL " 37

Stripping voltammetry Ag/screen printed electrode 0.10 ng mL ™" to 32.0 ng mL ™" 0.1 ng mL™* 38
Amperometry Screen printed electrode 0.50 ng mL ™" to 50.0 ng mL™" 0.1 ng mL " 39
Potentiometry Au/indium-tin-oxide 1.0 ng mL ™" to 100.0 ng mL ™" — 40
Impedimetric G-MWCNT/GCE 1.0 pg mL™ " t0 10.0 ng mL ™" 0.94 pg mL ™" Present work

4. Conclusions

In this study, we demonstrated a G-MWCNT hybrid modified
GCE for the biomolecular immobilization of a highly specific
human cardiac bioreceptor, anti-cTnI, acting as a platform for
the quantitative impedimetric detection of the cardiac protein
antigen, c¢Tnl. The microstructural and electrochemical char-
acteristics of the bioelectrode have been extensively character-
ized by SEM, TEM, Raman spectroscopy and electrochemical
techniques. The conjugation of 2D graphene and the perco-
lating network of 1D CNTs results in a quasi-3D conduction
network with exceptionally high electroactive features and a
large surface area, leading to an enhanced and effective loading
of the bioreceptor in the analytically active layer, providing a
wide range of cTnl detection from 0.001 to 10 ng mL™'
concentration in human serum. The EIS studies of the bio-
electrode showed dominant R.. characteristics towards target
cTnl on immuoreaction in the low frequency region of <1 Hz,
indicating a good biocompatible feature. The bioelectrode
exhibited a low value of dissociation constant, Kq of 5.2 x 10~
M, showing strong binding affinity towards the target cTnI with
high sensitivity, which is about 1.5 fold higher than that of the
electrode fabricated with 2D-pristine graphene; this indicates a
strong antigen-antibody interaction at the electrode surface.
The bioelectrode showed a low detection limit of 0.94 pg mL ™"
cTnl, which is much lower than those recently reported in the
literature. These results indicate that the abovementioned G-
MWCNT hybrid modified electrode may be used to immobi-
lize other enzymes, proteins or DNA for various biological and
electrochemical applications.
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