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Herein, we report the fabrication of a novel label-free impedimetric biosensor employing porous graphene oxide
(PrGO) nanostructures for the specific detection of cardiac troponin-I (cTnI) to establish the myocardial infarc-
tion (MI). This nano-immunosensor demonstrates an outstanding selectivity and high sensitivity towards the
human-cTnI analyte. An excellent detection limit of 0.07 ng mL−1 and dynamic linear range of 0.1–
10 ngmL−1 were calculated for anti-cTnI/PrGO/GC. Finally, this biosensor was employed to check the concentra-
tion of the MI biomarker in real clinical samples and the results are in good agreement with standard enzyme-
linked fluorescence assay (ELFA) method.
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1. Introduction

During the last decades, carbon nanostructures including carbon
nanotubes, carbon nanofibers, carbon mesostructures and graphene
have shown great potential for application in electrochemical sensor
and biosensors [1–4]. Recently, studies have shifted towards the electro-
chemical properties of graphene-based nanostructures, because of its
superior electrochemical and electrical behavior in addition to its large
active surface area. Thus, design and application of graphene based sen-
sor and biosensors have attracted a great attention [5,6].

Acute myocardial infarction (AMI), the medical name for a heart at-
tack, refers to a heart condition that is caused when the blood circula-
tion or flow abruptly stops from the heart. This circulation break is
always life-threatening situation and it may last long enough to cause
tissue damage or death. Today, AMI is responsible for the highest rate
of morbidity and mortality and one-third of deaths in the world occur
because of this problem [7]. A timely and accurate diagnosis of AMI
may accelerate treatment procedure; hence it will be beneficial to re-
duce themortality rate. Determination the concentration of biomarkers
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in the blood sample is a critical factors to establish the AMI happening
[8].

There are several biomarkers for the detection of cardiac infarction
including C-reactive protein (CRP), cardiac troponin I, cardiac troponin
T, myoglobin, lipoprotein-associated phospholipase, interlukin-6 and
interlukin-1 (IL-6 and IL-1), and myeloperoxidase (MPO) in addition
to tumor necrosis factor alpha (TNF-α) [9–16]. Amongst these bio-
markers, determination of cTnI is preferred to diagnosis of AMI due to
its excellent specificity and great sensitivity for acute myocardial cell
damage [12,17,18]. It is worth mentioning that the normal value of
cTnI in healthy human is about 0.4 ng mL−1 [19].

Currently, several methods are employed for cTnI analysis including
conventional enzyme-linked immunosorbent assay (ELISA), Enzyme-
linked Fluorescent Assay (ELFA) and radioimmunoassay (RIA) [20–
23]. Most of thesemethods needs to be conducted undermultistep pro-
cessing of samples, long diagnostics times, and high cost [24]. Thus, a
sensitive and facile method is required to perform the fast and accurate
diagnosis of AMI.

During the last decades, several biosensors have been developed for
analysis of cTnI including electrochemiluminescence, fluorescence, col-
orimetric, Surface plasmon resonance (SPR), Acoustic and cationic
isotachophoresis [25–28]. However, most of these methods are based
on labeling technology which is costly and time consuming procedure
in addition to the complexity of the sensor fabrication.

Label free electrochemical biosensors can be considered as sustain-
able and inexpensive alternatives for biomarker analysis, in addition
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Fig. 1. (a) and (b) are the SEM micrographs of GO and PrGO, respectively. Also, (c) is a TEM image of PrGO nanostructures representing the porous structure of graphene sheets.
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to their relatively short response time compared to other biosensors for
cTnI detection [29].

Electrochemical based sensors and biosensors offered high sensitiv-
ity, considerable selectivity and low cost towards determination of
chemical and biological species in the real samples [30–35]. Electro-
chemical methods, especially electrochemical impedance spectroscopy
(EIS), are powerful techniques to monitor the events occurring on the
electrode–electrolyte interfaces [6,30,31,34,36,37]. Thus, EIS has played
a momentous role in the characterization of many types of biosensors
for analyzing the species. Additionally, thismethod has a great potential
to be used for label-free detection purposes [38–42].

In the present study, we introduce a novel and facile label-free elec-
trochemical biosensorwith ability of detecting the cTnI as AMI biomark-
er in patients. Herein, porous graphene oxide (PrGO), which is partially
reduced, was employed as an excellent substrate to immobilize the
anticardiac troponin-I (anti-cTnI) using the amide covalent bonding
procedure. Our results indicate that the anti-cTnI/PGO biosensor can
successfully detect the cTnI levels in a wide linear range of 0.1 to
10 ng mL−1, with an excellent detection limit of 0.07 ng mL−1.

2. Experimental and methods

2.1. Materials and instrumentations

Human cardiac troponin-I (cTnI) was purchased from R&D System
and mouse anticardiac troponin-I (anti-cTnI) monoclonal (1E7) as an
antibody was bought from Abcam. All other reagents were purchased
from Sigma-Aldrich and used as received without further purification.
All solutions were prepared with doubly distilled water. The electro-
chemical impedance spectroscopy (EIS) measurements were per-
formed using a Zahner/Zennium potentiostat–galvanostat (Zahner,
Germany). AC perturbation amplitude voltage of 10 mV was imposed
Fig. 2. AFM images (100 nm × 100 nm area) of (a) PrGO/GCE, (b) anti-cTnI/Pr
on the open-circuit potential in the frequency range of 100 kHz to 100
mHz. EIS results were fitted to appropriate equivalent circuit based on
the complex non-linear least square (CNLS) fitting procedure. The elec-
trochemical experimentswere carried out in a three electrode cell using
a glassy carbon coated with porous graphene oxide and then modified
with human cardiac troponin I as working electrode. Also, a platinum
wire and an Ag/AgCl sat'd KCl were used as counter and reference elec-
trodes, respectively. The structural characterization of porous graphene
oxidewas done by Fourier transform infrared (FTIR) spectroscopy using
Vector 22 Bruker instrument, scanning electron microscopy (SEM,
TESCAN VEGA3), transmission electron microscopy (TEM, Hitachi
200 kV electron beam energy) and atomic force microscopy (AFM,
Nanoscope multimode atomic force microscope AFM, Ara, Iran).

Graphene oxide (GO) was synthesized from graphite flake using
modified Hummer's method and finally converted to porous graphene
oxide (PrGO) using freeze drying method.

To fabricate the biosensor, the glassy carbon electrode (GCE, a 2 mm
diameter disk electrode purchased form CH instrument) was polished
to have a mirror like finish. 3 mL of PrGO in dimethyl formamide
(DMF) was placed on GCE and incubated for 1 h at 80 °C. Then,
5 μg mL−1 of anti-cTnI antibody was suspended in a solution of 0.1 M
PBS (pH 7.4) containing 0.25 mg of sulfo-NHS and 0.5 mg of EDC and
the PrGO/GCE was immersed in this solution at room temperature for
3 h. After that, the cTnI/PrGO/GCE was washed with PBS buffer to elim-
inate the nonspecific binding conjugates.

Different concentrations of human-cTnI were tested by cTnI/PrGO/
GCE biosensor for 1 h. Then, the electrode was washed with PBS buffer
to eliminate the nonspecific adsorbed species. Also, the effects of two
major interferences (serum albumin and myoglobin) were studied. All
experiments were performed in the presence of 5 mM of K3Fe(CN)6
and K4Fe(CN)6 as electro-active probe. Also, Enzyme-linked Fluorescent
Assay (ELFA) of Troponin-I was employed as standard medical
GO/GCE, and (c) anti-cTnI/PrGO/GCE incubated by human-cTnI proteins.
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laboratory method to check the validity of the anti-cTnI/PrGO/GCE bio-
sensor by a VIDAS instrument (BioMérieux, France).

3. Results and discussion

3.1. Characterization of GO, PrGO, and cTnI/PrGO electrodes

The morphology and structure of GO and PrGO nanosheets were in-
vestigated using SEM. Fig. 1a and b represent the SEM images of GO and
PrGO nanosheets, respectively. As shown in Fig. 1b, nanosheets of po-
rous graphene oxide are apart from each other and punched. High
space and considerable porosity of PrGO nanosheets results in the
large surface to volume ratio and increases the immobilization effi-
ciency for cTnI in this work. Porous structure of graphene sheets was
also confirmed by transmission electron microscopy (TEM) method
(Fig. 1c).

Fig. 2 shows AFM images of various modified electrodes prepared in
the present work. The average thickness of PrGO layers obtained by
AFM analysis is almost 5 nmwhich confirms the aggregation of few sin-
gle graphene sheets. Additionally, the average thickness for anti-cTnI/
PrGO modified electrode was measured between 7–10 nm. Fig. 2b and
c clearly reveal that the surfaces covered by anti-cTnI antibodies and
Fig. 3. FT-IR spectra recorded for (a) PrGO incubated by cTnI protein, (b) anti-cTnI/PrGO,
and (c) anti-cTnI/PrGO incubated by cTnI protein.
coupling of human-cTnI proteins and anti-cTnI are much rougher than
PrGO surface due to the large size of these proteins compared to the
thickness of graphene sheets. Also, detailed topographic analysis
showed that the porosity and distance of PrGOnanosheets are increased
at the edges. This suggests that major fraction of functional groups are
immobilized at the edges of graphene nanosheets. Therefore, an accu-
mulation of anti-cTnI antibodies and consequently the cTnI proteins
are observed at the edge of the nanosheets.

Moreover, Fourier transform infrared spectroscopy (FT-IR), as a
powerful technique, was employed to confirm the formation and exis-
tence of functional groups at the GO and PrGO nanostructures. Fig. 3 il-
lustrates the FT-IR spectra recorded for PrGO, anti-cTnI/PrGO, and anti-
cTnI/PrGO incubated by cTnI protein. The FT-IR spectra show peaks at
1620–1750 cm−1, which can be assigned to C_O stretching vibrations,
also two bands at 1396 and 3410 cm−1 were attributed to O\\H vibra-
tion. Besides, the bands at 1620 and 1064 cm−1 were attributed to C_C
and C\\O vibrations, respectively. Thus, FT-IR data supports the cova-
lent bonding between PrGO and anti-cTnI antibody, aswell as the inter-
action between antibody and antigen.

3.2. Electrochemical studies of anti-cTnI/PrGO/GCE biosensor

The sequential modification of electrodes with PrGO, cTnI antibody,
and target human-cTnI was investigated using cyclic voltammograms
recorded between −0.4 and +0.8 V vs Ag/AgCl with a scan rate of
25 mV s−1 in a 0.1 M of PBS solution (pH 7.4) containing 5 mM of
both K3Fe(CN)6 and K4Fe(CN)6. As shown in Fig. 4, curve a, a pair of
peaks assigned to the reversible one-electron redox reaction of Fe(III)/
Fe(II) at GC electrode can be observed. After modification of GC elec-
trode with PrGO, the current slightly decreased compared to the curve
of bare electrode (Fig. 4, curve b). After incubation of PrGO/GC electrode
with anti-cTnI antibody, the peak currents were decreased due to the
substantial blockage of the electrode surface by antibody molecules
(Fig. 4, curve c). Subsequently, a significant drop in peak currents
were noticed after immobilization of target human-cTnI protein on
the surface of PrGO/GC electrode (Fig. 4, curve d), as a result of increas-
ing the electron transfer resistance at the biosensor surface. Thus, it is
concluded that the successful interaction between the anti-cTnI and tar-
get human-cTnI at the biosensor surface is occurred.

Considering the change in the electron transfer resistance (Rct) ob-
served in cyclic voltammetry, EIS method was employed to inspect
Fig. 4. Cyclic voltammograms recorded for (a) GCE, (b) PrGO/GCE, (c) anti-cTnI/PrGO/GC
biosensor, and (d) anti-cTnI/PrGO/GC biosensor incubated with human-cTnI protein at a
scan rate of 25 mV s−1 in a 0.1 M of PBS solution (pH 7.4) containing 5 mM of both
K3Fe(CN)6 and K4Fe(CN)6.



Fig. 6. Cyclic voltammograms recorded for PrGO/GC electrode (black), anti-cTnI/PrGO/GC
biosensor (red), and anti-cTnI/PrGO/GC biosensor incubated with myoglobin and BSA
proteins (both overlaid and represented in blue color) at a scan rate of 25 mV s−1 in a
0.1 M of PBS (pH 7.4) containing 5 mM of both K3Fe(CN)6 and K4Fe(CN)6. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 7. Nyquist plots recorded for (a) bare anti-cTnI/PrGO/GCE, (b) anti-cTnI/PrGO/GCE
incubated with myoglobin and (c) BSA proteins at open-circuit potential.

Fig. 5.Nyquist plots recorded for (a) GC, (b) PrGO/GC, (c) anti-cTnI/PrGO/GC, and (d) anti-
cTnI/PrGO/GC biosensor incubated by cTnI protein at open-circuit potential.
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the precise relation of the interaction between antibody and target pro-
tein. The semicircle diameter in the Nyquist plot corresponds to the
electron-transfer resistance (Rct), which controls the electron-transfer
kinetics of the redox probe at the biosensor interface. Fig. 5 represents
the Nyquist plots for GCE, PrGO/GCE, anti-cTnI/PrGO/GCE, and anti-
cTnI/PrGO/GCE incubated with human-cTnI protein. As seen, the
charge-transfer resistance significantly increases by immobilization of
anti-cTnI and after incubation of human-cTnI protein.

From Fig. 5c, it is observed that Rct value increased after immobiliza-
tion of anti-cTnI on the PrGO/GCE, indicating the decrease in the inter-
facial electron-transfer rate (estimated by complex nonlinear fitting
method using ZMAN 2.0 software as 25Ω). The amount of charge trans-
fer resistance due to subsequent binding of the target protein and anti-
body, is also increased sharply (almost 42 from Fig. 5, curve d).
Interestingly, the results of EIS experiments confirm the successful im-
mobilization of anti-cTnI and human-cTnI.

To further quantify any background effect due to the nonspecific
binding of non-conjugate target, anti-cTnI//PrGO/GC was fabricated
and incubated with myoglobin and bovine serum albumin (BSA).
Upon the addition of 60 ng mL−1 myoglobin protein and 40 ng/mL bo-
vine serum albumin solutions to the anti-cTnI/PrGO/GC electrode, very
small changes in the current was observed; providing an evidence for
the absence of significant binding between myoglobin or BSA protein
and anti-cTnI antibody (Fig. 6).

To further confirmation of the cyclic voltammetry results, similar
tests were performed using EIS plots, with the anti-cTnI/PrGO/GC elec-
trode incubated with myoglobin protein and BSA protein, showing in-
significant change in the Rct values (Fig. 7, curves b and c). These
results indicate that insignificant affinity interaction is existed between
anti-cTnI andmyoglobin or BSA. Moreover, the applicability of the pres-
ent biosensor was examined in several electrolytes including probable
interfering ions at biological concentrations such as KCl, CaCl2, NaCl,
Na2HPO4, and mixed solutions of them. Insignificant changes were ob-
served in the biosensor response in the absence of cTnI protein in differ-
ent electrolytes. Also, the effect of the mentioned electrolytes on the
biosensor signal for a fixed concentration of cTnI protein was inconsid-
erable. These observations confirmed the selectivity of the biosensor to-
wards the human cTnI protein.

To examine the ability of anti-cTnI/PrGO/GCE to detect ultra-low
concentrations of cTnI protein in biological samples, the effect of differ-
ent concentrations of human-cTnI were analyzed by CV and EIS
measurements.

Fig. 8a demonstrates the cyclic voltammograms recorded for anti-
cTnI/PrGO/GC electrode in various concentrations of human-cTnI (0.1,
0.2, 0.5, 1.0, 2.0, 5.0, 7.0, and 10.0 ng mL−1). By increasing the
concentrations of human-cTnI, the current decreases compared to the
curve of the anti-cTnI/PrGO/GC electrode in the absence of target pro-
tein. Fig. 8b shows the impedimetric responses of the biosensor for var-
ious concentrations of human-cTnI. As expected, the diameter of the
appeared semicircle in Nyquist plots notably increased with increasing
the concentration of human-cTnI. Using the impedance spectroscopy
results, anti-cTnI/PrGO/GC biosensor responds linearly towards cTnI
protein concentrations in the range of 0.1–10 ng mL−1 (each point
was rechecked three times). Considering the standard deviation of the
biosensor response to the blank sample, detection limit of the present
biosensor was estimated as 0.07 ng mL−1. The detection limit of the
anti-cTnI/PrGO/GC biosensor is lower than much of the previously re-
ported cTnI electrochemical biosensors. Thus, it can be concluded that
the present study can show new horizons to develop and improve the
facile and reliable electrochemical biosensors.



Fig. 8. (A) Cyclic voltammograms recorded for detection of various concentrations of
human-cTnI at a scan rate of 25 mV s−1 in a 0.1 M of PBS solution (pH 7.4) in the
presence of both K3Fe(CN)6 and K4Fe(CN)6 and (B) Nyquist diagrams of various
concentrations of human-cTnI at open-circuit potential observed for anti-cTnI biosensor,
and (C) plot of the biosensor response towards cTnI protein.
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4. Conclusions

In the presentwork, porous graphene nanosheetswas applied to de-
sign a novel label-free impedimetric biosensor for the selective detec-
tion of cardiac troponin-I protein as a biological marker to understand
themyocardial infarction (MI). This nano-immunosensor demonstrates
good selectivity and remarkable sensitivity towards the human-cTnI
protein. Herein, an excellent detection limit of 0.07 ng mL−1 and rela-
tively wide linear range of 0.1–10 ng mL−1 were calculated for anti-
cTnI Ab/PrGO/GC. This biosensor was employed to check the concentra-
tion of the MI biomarker (human-cTnI protein) in real clinical samples
and the results are in good agreement with standard ELFA method.
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