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a b s t r a c t

Acute myocardial infarction or myocardial infarction (MI) is a major health problem, due to diminished
flow of blood to the heart, leads to higher rates of mortality and morbidity. Data from World Health
Organization (WHO) accounted 30% of global death annually and expected more than 23 million die
annually by 2030. This fatal effects trigger the need of appropriate biomarkers for early diagnosis, thus
countermeasure can be taken. At the moment, the most specific markers for cardiac injury are cardiac
troponin I (cTnI) and cardiac troponin T (cTnT) which have been considered as ‘gold standard’. Due to
higher specificity, determination of the level of cardiac troponins became a predominant indicator for MI.
Several ways of diagnostics have been formulated, which include enzyme-linked immunosorbent assay,
chemiluminescent, fluoro-immunoassays, electrical detections, surface plasmon resonance, and colori-
metric protein assay. This review represents and elucidates the strategies, methods and detection levels
involved in these diagnostics on cardiac superior biomarkers. The advancement, sensitivity, and lim-
itations of each method are also discussed. In addition, it concludes with a discussion on the point-of care
(POC) assay for a fast, accurate and ability of handling small sample measurement of cardiac biomarker.
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1. Introduction

James Bryan Herrick, an American physician was among the
first to describe the symptoms of myocardial infarction (MI)
(James, 2000). Herrick (1912) suggested, the symptoms and ab-
normalities of heart attacks was led by thrombosis in the coronary
artery and this was not inevitable fatal. Thrombosis is obstruction
of the blood flow through the circulatory system due to the for-
mation of a blood clot inside a blood vessel. According to the pa-
thology, MI is defined as myocardial necrosis (cell death) due to
prolonged ischemia, reduction of blood supply to the heart (Thy-
gesen et al., 2007). It is considered as the main cause of death and
disability globally, and estimated 17.3 million people died in 2008,
which over 80% of death take place in low- and middle-income
countries. Moreover, by 2030, it is expected 23.3 million will die
annually from cardiovascular disease (WHO, 2014).

Electrocardiograms (ECG) are a current method to measure and
diagnose abnormal rhythms of the heart and helps to diagnose
damage to the conductive tissue that carries electrical signals.
However, ECG lacks sensitivity, although still remained as the re-
commended test to identify patients with MI (Zhang and Ning,
2012). The primary limitation of ECG is that only electrocardio-
graphic activity at a single moment in time is represented; thus it
usually needs to be done multiple times as a patient's clinical
condition changes (Leisy et al., 2013). The second limitation is a
subjective interpretation in the final analysis by the reading phy-
sician even though wave-pattern recognition and comparison with
expected normal findings are used in ECG assessment. Thirdly, ECG
is not useful for patients with non-ST segment (the contraction
waves segment in the ECG representation) elevation myocardial
infarction (NSTEMI), and found normal (Mahajan and Jarolim,
2011). Finally, an ECG is useful in identifying the presence of acute
myocardial ischemia, a history of myocardial infarction, or the
presence of a conduction defect or arrhythmia, but it is a highly
unreliable test for establishing the presence of early coronary ar-
tery obstruction. To overcome these limitations and issues with
ECG, the alternate strategy is the usage of potential cardiac bio-
markers, which would be applicable for sensing purposes.
2. Cardiac biomarkers

Cardiac biomarkers are the indicators, which have been pre-
dominantly used in the detection of MI. The earliest documented
study of MI based on biomarker has begun since 1954 (Dewar
et al., 1958; Ladue and Wroblewski, 1955) focusing on glutamate
oxaloacetic transaminase. It is logical to use protein quantification
in a blood sample for this purpose as stated by Rosalki et al.
(2004), i.e. the myocyte is the major cell in the heart, and the
heart's purpose is to pump blood. When myocytes essentially
cannot be regenerated due to heart cells die, then cardiac function
has a high probability of being damaged. When the cell dies, the
biomarker proteins (i.e. myoglobin, creatine-kinase MB, C-reactive
protein and cardiac troponin are most commonly used) inside the
cell will be released, with proteins in the cytoplasm leaving the
cell more rapidly than the ones in membranes or fixed cell
elements.

For MI, cardiac troponin T (cTnT) and cardiac troponin I (cTnI)
are regarded as more sensitive and specific than other cardiac
biomarkers i.e, myoglobin and creatine-kinase MB (Jaffe and Or-
donez-Llanos, 2010). Both are released from the death cell within
2–4 h and 3–4 h, respectively, after the onset of MI symptoms
(Burcu Bahadır and Kemal Sezgintürk, 2015). Some results are fa-
vorable for cTnI (De Antonio et al., 2013), but the comparison was
made between high sensitive cTnI with sensitive cTnT (Hetland
and Dickstein, 1998). In principle, cTnT and cTnI remain in the
blood stream approximately more than 10 days, reaches to peak
approximately 1–2 days (Thygesen and Alpert, 2000) after myo-
cardial injury. Because of its prolonged release in the blood, these
biomarkers are useful diagnosing sub-acute myocardial infarction
(Jaffe and Ordonez-Llanos, 2010). As cardiac troponin is cardiac-
specific biomarker, it helped in isolating cardiac from skeletal
muscle or other organs damage (McDonough and Van Eyk, 2004).
In normal patients, the level of cTnI concentration is around
0.001 mg/L, but increased to 100 mg/L in MI patients (Agewall et al.,
2011). Even the concentration as low as 0.01 mg/L can be related to
heart failure. An increased value for cardiac troponin should be
defined as a measurement exceeding the 99th percentile of a re-
ference control group (Thygesen and Alpert, 2000). Reference va-
lues must be determined in each laboratory by studies using
specific assays with appropriate quality control. Acceptable im-
precision (coefficient of variation) at the 99th percentile for each
assay should be defined as less than or equal to 10%. Fig. 1 shows
general information regarding myocardial infarction.

In addition, there is another biomarker called troponin C (cTnC)
(Takeda et al., 2003). It is originally from the 3-unit troponin
complex (troponin I, T and C) along with tropomyosin, located on
the actin filament. It is needed for the calcium-mediated regula-
tion of skeletal and cardiac muscle concentration. Unfortunately,
cTnC has no cardiac specificity due to the reason that cardiac
isoform of troponin C is shared with slow-twitch skeletal muscles,
which made it less favorable to be used as cardiac biomarker,
unlike cTnI and cTnT for the diagnosis of cardiac injury.
3. Detection and quantification methods of cTnI and cTnT

In this case, biosensors can be used to detect and quantify the
target molecules involved with cardiac biomarker interaction.
Biosensors are integrated diagnostic devices, which merge biolo-
gical or biologically-derived sensing element associated with a
physicochemical transducer (Mascini and Tombelli, 2008). Gen-
erally, surface of a suitable transducer of a biosensor is im-
mobilized with a biological receptor material (DNA, RNA or anti-
body), which enables conversion of biochemical signal into
quantifiable electronic signal (Qureshi et al., 2012), through the
mode of either electrochemical (Gomes-Filho et al., 2013; Horak
et al., 2015), optical (He et al., 2013; Leung et al., 2013, 2015; Lu
et al., 2014), mass change (piezoelectric/acoustic wave) (Lee et al.,
2013), or magnetic (Liu et al., 2014). Compared to the conventional
technique such as ECG, biosensors possess high sensitivity, high
selectivity, fast analysis, reliable pretreatment and simple in-
strumentation (Burcu Bahadır and Kemal Sezgintürk, 2015). Dif-
ferent methods have been developed for cardiac troponin detec-
tion and quantification which include enzyme-linked im-
munosorbent assay (De Antonio et al., 2013), chemiluminescent
immunoassay (Cho et al., 2009), fluoro-immunoassays (Hayes
et al., 2009), electrical detections (Tuteja et al., 2014), surface



Fig. 1. Diagnostics on myocardial infarction (MI). Troponin concentration level, symptoms, current methods of MI detection, and methods of cardiac biomarker detection are
described.
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plasmon resonance (SPR)-based detection (Liu et al., 2011), col-
orimetric protein array (Wu et al., 2010), point-of-care (POC) as-
says (Dittmer et al., 2010), and aptamer-based biosensor (Shu-hai
et al., 2014). This review focus on the advancement, sensitivity and
limitations of these methods towards detection of cardiac troponin
biomarkers. Table 1 displays the involvement of different diag-
nostics on MI using cardiac troponin as the biomarkers.

3.1. Enzyme-linked immunosorbent assay (ELISA)

ELISA is a biochemical assay that utilizes antibodies and an
enzyme-mediated color change to identify the existence of either
antigen (proteins, peptides, hormones, etc.) or antibody in a given
sample (Gan and Patel, 2013). Detection of very small quantities of
antigens is permitted by using fundamental concepts of im-
munology of an antigen binding to its specific antibody, and has
been applied in the detection of cardiac troponin to diagnose MI.
The first article on ELISA published by Engvall and Perlmann
(1971) demonstrated quantitative measurement of IgG in rabbit
serum using alkaline phosphatase as the reporter label. In ELISA,
the antigen is allowed to bind to a specific antibody, which itself
afterwards is detected by a secondary, enzyme-coupled antibody
that reacted with a chromogen. The existence of antigen is in-
dicated by the production of a visible color change or fluorescence
from a chromogenic substrate for the enzyme. This color change
can be quantitative or qualitatively measured to detect the antigen
(Fig. 2).

The first generation of troponin T ELISA (TnT 1) was developed
by Katus et al. (1992), which can be considered more sensitive
enzyme immunoassay using two troponin T-specific monoclonal
antibodies. The method was based on the one-step sandwich assay
principle, the antigen was bound to the streptavidin-coated poly-
styrene tubes as the solid phase, by an affinity-purified polyclonal
antibody from sheep and detected by peroxidase-labeled mono-
clonal antibody. The assay is carried out at room temperature for
90 min, measuring range is 0.1–15 mg/L. Despite that, this assay is
unreliable in patient with severe skeletal muscle injury due to
increased false-positive result (Muller-Bardorff et al., 1997) due to
unspecific binding of skeletal muscle troponin T to the wall of the
test tube, which can then be detected by the cross-reactive en-
zyme-labeled antibody used in the TnT 1 assay.

The second generation of cardiac-specific troponin T ELISA (TnT
2) was developed by Muller-Bardorff et al. (1997), in which the
cross-reactive antibody 1B10 has been replaced by a high affinity
cardiac specific antibody M11.7. The substantial improvement for
this ELISA, in term of specificity, is the ability to differentiate be-
tween cardiac and skeletal muscle damage, even in patient with
severe skeletal muscle injury. The detection limit is 0.012 mg/L
with co-efficient of variation (CV) o5.8%. Reduction of turnaround
time for 45 min without loss in analytical precision and clinical
sensitivity has been achieved.

Next, Hallermayer et al. (1999) reported on the Elecsyss Tro-
ponin T third generation assay which used recombinant human
cTnT as standard material, thus allows a reproducible and reliable
standardization of troponin T assays. The assay has high precision,
especially at the low end of measuring range (inter-assay CV
o10% at 0.1 μg/L). The new standardization does not change the
cutoff value of 0.1 μg/L. The new assay has a linear calibration
curve; thus linearity problems observed with the second-genera-
tion assay have been eliminated.

As for cTnI, it was developed by Bodor et al. (1992), a double
monoclonal sandwich enzyme immunoassay to measure cTnI in
serum. The assay required o4 h to perform and used an enzyme
label for detection with minimum detectable dose of 1.9 mg/L. The
use of monoclonal antibodies allowed greater reproducibility of
reagents than the polyclonal antiserum. The ELISA was quite sui-
table for evaluating the value of cTnl measurements, but was not
rugged and precise enough for high-volume routine laboratory
use.

Even though, ELISA has been used for the detection of cardiac
troponin biomarkers, it has some hurdles as it suffers from im-
portant sample and reagent consumption in large scale studies;
need to be performed in central laboratories of clinic and hospi-
tals; and take a very long time to perform (more than 6 h), which



Table 1
List of cardiac troponin biomarker detection methods with their probe type, sensitivity, and advantages.

Method Probe Lowest detection limit of
troponin (lg/L)

Advantages Reference

Enzyme-linked immunosorbent assay
1st generation (TnT 1) MAb-TnT 0.1 Sensitive Katus et al. (1992)
2nd generation (TnT 2) Mouse MAb-cTnT 0.012 Cardiac specific Muller-Bardorff et al.

(1997)
3rd generation cTnT (Elecsyss) MAb-cTnT 0.1 Eliminate linearity problem Hallermayer et al. (1999)
Double monoclonal sandwich enzyme immunoassay cTnI MAb-cTnI 1.9 Greater reproducibility of reagent Bodor et al. (1992)

Chemiluminescence
Chemiluminometric EOC Anti-cTnI 0.027 Fast detection Cho et al. (2009)
Screen-printed (SP) microarray MAb-cTnI, MAb-Myo, MAb-CRP,

MAb-BNP
0.06 Multiple cardiac biomarker detection, highly

sensitive
Marquette et al. (2009)

Mitsubishi PATHFASTs Mouse MAb-cTnI 0.003 Rapid, sensitive, quantitative Kurihara et al. (2008)
Fluorescence immunoassay
Fluoro-microbead guiding chip (FMGC)-based sandwich immunoassay MAb-cTnI 0.1 Highly sensitive Song et al. (2011)

Electrical detection
CMOS-compatible SiNW array Mouse MAb-cTnT 0.000001 Label free, ultrasensitive, real time detection Chua et al. (2009)
Multiplexed detection CMOS-compatible SiNW array Anti-cTnT, anti-CK-MM, anti-CK-

MB
0.000001 Highly sensitive and selective, real time detection Zhang et al. (2009b)

SiNW FETs CMOS MAb-cTnI 0.092 High sensitivity and selectivity, mass production
ability, anti-interference

Kong et al. (2012)

Single PANI nanowire MAb-cTnI, MAb-Myo, MAb-CK-MB,
MAb-CK-MM

0.00025 Ultra-high sensitivity, good sensing reproducibility,
high specificity

Lee et al. (2012)

Functionalized SnO2 nanobelt FETs with integrated microfluidics Anti-cTnI �2 Real time, label free, Portable Cheng et al. (2011)
CNT supported by a conductive polymer film MAb-cTnT 0.033 High sensitivity, good sensing reproducibility and

repeatability
Gomes-Filho et al. (2013)

Amine functionalized CNTs, incorporated into the ink printing used to
fabricate screen printed electrode (SPE)

Mouse MAb-cTnT 0.0035 Better stability in measurement, high sensitivity,
label-free

Silva et al. (2013)

Monolithic graphene sheets MAb-cTnI �0.0001 Highly sensitive, label-free Tuteja et al. (2014)
Surface plasmon resonance
Optical-based-SPR Mouse MAb-cTnI 0.25 Enhanced sensitivity Wei et al. (2003)
Fiber-optic-based SPR sensor Mouse MAb-cTnI 1.4 Fast Masson et al. (2004)
Quick detection SPR Mouse Biotinylated MAb-cTnT 0.01 Cardiospecific, Highly sensitive, Fast Dutra and Kubota (2007)
SPR sensor on a commercially available SPR AUTOLAB SPIRITs Biotinylated MAb-cTnT 0.05 Specific, Good reproducibility Dutra et al. (2007)
self-assembled monolayer (SAM) with high anti-fouling ability Anti-cTnT 100 high detection capability, high accuracy and re-

producibility, rapid, label-free
Liu et al. (2011)

Colorimetric detection
Poly(dimethylsiloxane) (PDMS)-gold nanoparticles (AuNPs) composite
film-based

MAb-cTnI 0.01 Fast detection, low cost Wu et al. (2010)

Aptamer
Aptamer-based biosensor Aptamer 1.1938 Fast detection Shu-hai et al. (2014)
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Fig. 2. ELISA used to detect antigen in a given sample. Different concentrations of
the troponin can be titrated. Appropriate primary antibody to be used for binding.
For detection, enzyme-conjugated anti-rabbit/mouse need to be used as a sec-
ondary antibody. Substrate is used for the color development and measured at an
appropriate wavelength.
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is incompatible with the quick decision needed to treat a heart
attack patient (Zhang and Ning, 2012).

3.2. Chemiluminescence immunoassays

Chemiluminescence (CL) is a term used to represent light
emission, happens whenever a molecule emits a photon in an
excited state (energy is produced by chemical reaction) and re-
laxes to its ground state (Dodeigne et al., 2000). When CL systems
are combined with the immunoreactions, they became a method
to determine the concentrations of samples according to the in-
tensity of the luminescence that the chemical reaction emit (Pei
et al., 2013), called the chemiluminescence immunoassays (CLIA).

The system generated CL by the introduction of the CL sub-
strates i.e., luminol, isoluminol, and their derivatives, acridinium
ester, derivative, peroxidase and alkaline phosphatase (ALP) to
some reagents which acts as CL labels (Wang et al., 2012). To label
proteins in CLIA, the most commonly used labeling enzymes are
horseradish peroxidase (HRP) and ALP. CL has been used as a label
in immunoassay by Schroeder et al. (1976), who first described a
method for monitoring competitive protein binding reactions by
using CL.

Based on the method by Schroeder et al. (1976), then Cho et al.
(2009) developed a chemiluminometric ELISA-on-chip (EOC) bio-
sensor in combination with an image detector equipped with a
cooled charge-coupled device (CCD) camera capable of detecting
cTnI. The sensor used an immuno-chromatographic assay
Fig. 3. Mitsubishi PATHFASTs
combined with an enzyme tracer that produces a light signal
measureable on a simple detector. The cross-flow chromatography
is utilized in order to accomplish sequential antigen–antibody
binding and signal generation. Performing ELISA on a redesign
plastic chip simplifies the fabrication process. Biotin–streptavidin
capture technology was implemented to enhance the sensitivity in
preparing an immuno-strip that was then merged onto the chip in
order to create the EOC biosensor. By adding a luminogenic sub-
strate to the tracer enzyme complexed with the analyte on the
chip, a chemicaluminescent signal was generated proportional to
the analyte concentration. A cooled charge-coupled device de-
tected the luminescent signal in a dark chamber and the signal
was translated to optical density for quantification. The biosensor
systems were capable of cTnI detection present in serum at con-
centration 0.027 mg/L, 30 times lower than the conventional rapid
test kit with colloidal gold as the tracer. It was faster (final result
acquired 30 s after addition of the enzyme substrate) than the
detection time required when using colorimetric substrate with
the same tracer enzyme.

Marquette et al. (2009) have presented a screen-printed (SP)
microarray, a platform for the achievement of multiparametric
biochips. It is composed of eight (0.28 mm2) working electrodes
modified with electro-addressed protein A-aryl diazonium ad-
ducts. The electrode surfaces are then used as an affinity im-
mobilization support for the orientated binding of capture
monoclonal antibodies, having specificity against cTnI. The im-
mobilized capture antibodies are involved in sandwich assays of
the cTnI together with biotinylated detection antibodies and per-
oxidase-labeled streptavidin in order to permit a chemilumines-
cent imaging of the SP platform and a sensitive detection of the
assayed proteins. The performances of the system in pure buffered
solutions, using a 25-min assay duration, were characterized by
dynamic ranges of 0.2–20 μg/L with limit of detection of 0.06 μg/L
for cTnI. The assays were also validated in spiked 40-times-diluted
human sera, using LowCross buffer, and were shown to work si-
multaneously in this complex medium.

A commercialized instrument based on CL immunoassay has
also been developed by Kurihara et al. (2008), a CLIA known as
Mitsubishi PATHFASTs to detect cTnI concentration. The system
adopted highly sensitive chemiluminescent enzyme immunoassay
(CLEIA) using CDP-Star/Sapphire-II (Applied Biosystems) as che-
miluminescent substrate and Magtration (Obata et al., 2001) by
which efficient bound/free (B/F) separation can be performed in a
disposable pipette tip with a small volume. It has the quantifica-
tion limit of cTnI of 0.007 mg/L, below the 99th percentile of the
reference group (0.02 mg/L) and fulfilled the requirement of the
guideline recommendation with imprecision (CV) at the 99th
percentile of the reference group of o10% (Fig. 3).

Researcher and clinical analysts have accepted
principle of operations.
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chemiluminescent immunoassay widely, which is enzymatically
triggerable because of its high sensitivity, wide linear range, and
easy operation and automation (Liu et al., 2014).

3.3. Fluorescence immunoassays

Fluorescence immunoassays (FI) are one of the optical bio-
sensors' classification (Qureshi et al., 2012) involving the signal
transduction of complexed molecules in homogeneous and het-
erogeneous assays. FI are preferable due to their non-destructive,
highly sensitive characteristic and the ease of modifying the bio-
molecules with fluorescence tags. Fluorescence tags such as
fluorescein isothiocyanate, rhodamine, coumarin, and cyanine are
used as label or bio-recognition. The presence of the target mo-
lecules is indicated by the changes of the fluorescence signal. The
detection limit is extremely sensitive, which is down to single
molecule (Fan et al., 2008).

For FI, Song et al. (2011) developed a fluoro-microbead guiding
chip (FMGC)-based sandwich immunoassay for cTnI detection. The
FMGC offers the capability of using a fluorescence microscope to
count the number of beads bound in the immunosensing region
directly. Conjugation of antibody to fluoro-microbes is prepared as
the detection component. The avidin–biotin affinity interaction
was utilized to boost the antigen–antibody binding signal. Biotin-
conjugated cTnI detection antibody was loaded into the chip after
immobilization of the capture antibody, binding of the target an-
tigen cTnI occurred and reacted for 30 min as shown in Fig. 4. After
washing with PBS, 0.005% avidin-conjugated fluoromicrobeads
were injected and counted directly by using a conventional
fluorescence microscope. The optical signal showed a linear cor-
relation with the cTnI concentrations in plasma samples contain-
ing 0.1–100 mg/L cTnI.

In spite of being highly sensitive, FI detection is bulky, ex-
pensive and required trained personnel to perform the tests
(Qureshi et al., 2012).

3.4. Electrical detections

To overcome the limitations of immunoassay-labeled method
such as, lack of portability, late detection time, and high com-
plexity of fabrication process (Kong et al., 2012), the electrical
detection of bio-molecular interaction development is highly
beneficial because it is suitable to become the low cost portable
sensor and can be used non-specialized personnel (Estrela et al.,
2009).
Fig. 4. Schematic diagram of the sandwich immunoassay using antigen/antibody
binding (System 1) and avidin/biotin affinity binding (System 2) on the FMGC. The
avidin/biotin couple was used to enhance the signal.
Electrical detection is conducted by transducing the molecular
binding event into a usable electrical signal (Zhang and Ning,
2012). In order to sense chemical and biological species which is
very small in size, researchers have intensely studied nanos-
tructures, such as nanowires (NWs), nanobelts, carbon nanotubes
(CNTs), graphene, and nanoparticles for biosensing, due to com-
parable size between sensor and target. The electrical detection
has become the main interest in recent year, which was evidenced
by higher number of publications related to diagnostic MI as dis-
cussed next.

3.4.1. Nanowire field-effect transistor
Chua et al. (2009) presented a CMOS-compatible Silicon Na-

nowire (SiNW) array platform for the label free, ultrasensitive, real
time detection of cTnT in assay buffer as well as in undiluted
serum sample based on top down method as shown in Fig. 5. It is
achieved through electrical measurement based on the con-
ductance changes of the individual SiNWs. Conventional Silane
chemistry, 3-aminopropyltriethoxysilane (APTES) is used for the
surface functionalization of the SiNW array chips to generate
amine group (Zhang et al., 2009a); and glutaraldehyde, a bifunc-
tional linker is used to immobilize antibody on the SiNW surface.
Demonstration of human cTnT detection in assay buffer solution
concentration and undiluted human serum environment had
successfully detected down to 1 pg/L and 30 pg/L, respectively.
This method has the advantage of eliminating the need for ex-
pensive, highly specialized equipment in diagnostic screening test.

The same year, Zhang et al. (2009b) developed a multiplexed
detection of cardiac biormarkers (cTnT, CK-MM and CK-MB) based
on the CMOS-compatible SiNW array platform for detection of
cTnT in assay buffer as well as in undiluted serum sample. It is
capable of detecting 1 pg/L cTnT in buffer and 30 pg/L in desalted
serum, and allowed multiplexed detection of 100 pg/L of cTnT,
creatine kinase-MM (CK-MM) and creatine kinase-MB (CK-MB) in
untreated blood serum.

Kong et al. (2012) developed detection of cTnI using SiNW FETs
CMOS compatible top-down method. Mab-cTnI was covalently
immobilized on the SiNW surfaces. This device has a limit of de-
tection down to 92 ng/L and has a linear dynamic range of 0.092–
46 mg/L.

In recent study, Lee et al. (2012) had reported development of
different material i.e., polyaniline (PANI) nanowire for detecting
four cardiac biomarkers: cTnI, Myo, CK-MB, or BNP. PANI is organic
material and more easily modified with biomolecules than in-
organic nanomaterial (Tolani et al., 2009). The covalent bond be-
tween PANI and the antibody during surface functionalization of
PANI allows direct measurement of physical change of con-
ductance, capacitance, or impedance upon binding of antibodies to
target proteins (Adhikari and Majumdar, 2004), other than con-
trollable conductivity, mechanical flexibility and exceptional
bioaffinity (Ahuja et al., 2007). The single PANI nanowire as shown
in Fig. 6 was fabricated by electrochemical deposition growth
method between pre-patterned Au electrodes, avoiding the need
for the selection and alignment of nanowire. The single PANI na-
nowire was functionalized by covalently attaching the monoclonal
antibody on the surface. The binding between immobilized MAbs
and target biomarkers changes the net surface charge of the PANI
nanowire and induces the carrier accumulation or depletion,
which translates the changes in nanowire conductance. The de-
tection as low as 250 pg/L, 100 ng/L, 150 pg/L, and 50 pg/L for cTnI,
Myo, CK-MB, and BNP, can be achieved, respectively.

3.4.2. Nanobelt field-effect transistor
Possibility of using nanobelt field effect transistor was reported

by Cheng et al. (2011), who showed detection of cTnI using func-
tionalized Tin oxide (SnO2) nanobelt field-effect transistors (FETs)



Fig. 5. Key workflow steps used for the fabrication of SiNW based FET devices. (A) Thermal oxidation to thin the device layer of the SOI wafer down to ∼50 nm. (B) Thin film
of SiO2 deposited by PECVD. (C) Define SiO2 pattern by lithography. (D) Crystallographic wet etching using the TMAH solution to obtain SiNWs. (E) Deposition of metal
contact for source, drain and back gate electrodes, followed by rapid thermal annealing to acquire ohmic contact. (F) Fabrication of SiO2/SiNx passivation layer by PECVD,
lithography and RIE processes, followed by covalent modification of cTnI antibodies.

Fig. 6. The cross section view of the single PANI nanowire-based biosensor.

Fig. 7. Schematic diagram of the cTnI sensing scheme depicting the detailed as-
sembly procedure of antibodies on the nanobelt surface and subsequent detection
of the antigen.
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with integrated microfluidics as shown in Fig. 7. Nanobelts of
SnO2, produced via catalyst-free physical vapor growth (Pan et al.,
2001), are single crystalline and biocompatible, and their ribbon-
like morphology maximizes surface-to-volume ratio. The nanobelt
biotinylation is started with covalent APTES linkage on the oxide
surface of SnO2, followed by biotinylation by attachment of
D-biotin, and substrate passivation by incubating in streptavidin
solution for 6 h. Finally, the sensing platform is utilized for de-
tection of cTnI with sensitivity of �2 mg/L. The main advantage of
this sensing scheme lies in its exceptional portability and detection
speed.

3.4.3. Carbon nanotubes (CNTs)
The structure of the CNTs (a rolled-up tubular shell of graphite

sheet with the carbon atoms covalently bound to their neighbors),
their physical and chemical properties such as electrical con-
ductance, high mechanical stiffness and the possibilities to func-
tionalize CNTs in order to change their intrinsic properties (Yun
et al., 2007) are the reasons being utilized. The CNT electrode can
reach high sensitivity with low detection limits due to rapid
electron transfer, thus increased reaction rate of many electro-
active species and then decreasing the electrode response time
(Janegitz et al., 2011; Laschi et al., 2008). In addition, CNTs increase
the electroactive area by forming a nanostructured surface that
promotes a greater amount of immobilized biomolecules (Gomes-
Filho et al., 2013).

Due to their extraordinary properties, Gomes-Filho et al. (2013)
had developed a nanostructured immunosensor based on CNT
supported by a conductive polymer film for detection of cTnT. The
electrode surface was covalently bound with carboxylated CNT via
polyethyleneimine (PEI) which has a higher density of amine
groups (Liu et al., 2010). In order to bind anti-cTnT monoclonal
antibodies, the functionalized nanostructured surface was utilized.
The immunosensor achieved a low limit of detection of 0.033 mg/L
and a linear range between 1 and 10 mg/L cTnT, significant for
acute myocardial infarction diagnosis. Good reproducibility and
repeatability were obtained by the proposed immunosensor sup-
ported by a coefficient of variation of 3.7% and 2.6%, respectively.

In spite o the capabilities of cTnT detection down to 0.033 mg/L,
the immunosensor developed by Gomes-Filho et al. (2013) can be
related with instabilities in the response due to CNTs deposited
and assembled on a polymeric film can leach during measurement
process. To overcome this disadvantage, Silva et al. (2013) had
developed an amine functionalized CNTs, incorporated into the ink
printing used to fabricate screen printed electrode (SPE) to detect
cTnT. A better stability in measurement is enabled by incorporat-
ing NH2-CNT into the carbon ink. In addition, oriented



Fig. 8. Basic setup for surface plasmon resonance. Changes in the refractive index
are shown with changes in the angles. Changes in the optical waves are indicated.
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immobilization of anti-cTnT has led to a high sensitivity and very
low detection level (0.0035 mg/L), almost 10 times lower than
immunosensor reported by Gomes-Filho et al. (2013).

3.4.4. Graphene nanomaterial
Graphene, a monolayer of a hexagonal network of carbon

atoms densely packed into a two-dimensional honeycomb crystal
lattice, is characterized by fascination properties such as an am-
bipolar electric field effect along with ballistic conduction of
charge, elasticity, superior thermal conductivity, and excellent
mechanical, and electronic properties (Geim and Novoselov, 2007).
Tuteja et al. (2014) had developed highly sensitive label-free
electrochemical detection platform for cTnI by using monolithic
graphene sheets from lithium ion intercalation mediated efficient
exfoliation process. The carboxylated graphene (prepared by one
step lithium ion intercalation mediated exfoliation process of
graphite) is used as a gate-sensing material in between the source
and drain gold inter-digitated electrode by dropcasting and in-
cubation for 1 h at 120 °C. Carboxyl groups of functionalized gra-
phene [activated by Carbodiimide hydrochloride (EDC) and N-hy-
droxysuccinimide (NHS)] were used for biointerface development
using aqueous phase carbodiimide activation chemistry (Sharma
et al., 2013). Next, the surface of the activated carboxylated gra-
phene is immobilized with anti-cTnI antibody for cTnI detection.
The detection limit of cTnI was achieved down to 0.0001 mg/L with
linear response from 1 to 1 mg/L.

3.5. Surface plasmon resonance (SPR)

SPR is a charge–density oscillation that may exist at the inter-
face of two media with dielectric constants of opposite signs, for
instance, a metal and a dielectric (Homola et al., 1999). When the
surface of a thin metal film is excited by an incident beam of light
(with a suitable wavelength at a specific angle), this event gener-
ated an evanescent electromagnetic field and it is described as a
charge density oscillation occurring at the interface between two
media of oppositely charged dielectric constants. At the interface,
the evanescent field generated under total internal reflection
conditions is the strongest, but diminished as the distance of pe-
netration from the surface increased. SPR supported the detection
of only surface-confined molecular interactions occurring on the
transducer surface (Dutra et al., 2007). Although there are two
configurations used for excitation of surface plasmons, Kretsch-
mann and Otto (Homola et al., 1999), Kretschmann configuration
working at attenuated total reflectance for excitation of surface
plasmons is widely used (Dutra and Kubota, 2007).

A basic SPR immunosensor consists of a light source, a detector,
a transduction surface, a prism, biomolecule (antigen or antibody)
and a flow system. Commonly, a thin gold film with thickness from
500 to 1000 Å is deposited on a glass slide, then optically coupled
to a glass prism through a refractive index matching oil. Plane
polarized light is directed through a glass prism to the gold/solu-
tion dielectric interface over a wide range of incident angles and
the intensity of the resulting reflected light is measured against
the incident light angle with a detector. A minimum in the re-
flectivity is observed at which the light waves are coupled to the
oscillation of surface plasmons at the gold/solution interface. An
SPR angle is the angle at which the minimum in reflectivity occurs
is determined, the critical angle which is very sensitive to the di-
electric properties of the medium adjacent to the transducer sur-
face apart from its dependence on the wavelength and polariza-
tion state of the incident light (Dutra et al., 2007). Fig. 8 represents
a schematic view of the SPR immunoassay technique.

The first SPR immunoassay was proposed by Liedberg et al.
(1983) by letting silver surface absorbing a water solution of an-
tibody human γ-globulin (IgG) which is specifically bind with the
antihuman γ-globulin (a-IgG). It was to determine a-IgG as low as
0.2 mg/L (Liedberg et al., 1995). Similarly, for cardiac troponin
detection, the first SPR immunoassay reported and developed by
Wei et al. (2003), a novel label-free sandwich immunosensing
method for measuring cTnI by using three monoclonal antibodies
(MAbs 9F5, 2F11, and 8C12), generated by hybridoma technique
and characterized by a SPR biosensor. It is using avidin as an in-
termediate layer and biotinylated-2F11 as the capturing antibody.
Two detection methods for cTnI with the immunosensor were
performed: (1) the direct detection of cTnI with a detection range
of 2.5–40 mg/L and (2) the sandwich immunosensing method, in
which the second antibody 9F5 biologically amplified the sensor
response. As a result, the sandwich assay showed a sensitivity of
0.25 mg/L and a detection range of 0.5–20 mg/L with within-run
variation of 4.9–6.7% and between-run variation of 5.2–8.4%. This
method has greatly enhanced the sensitivity for detection com-
pared to that previously reported in the literatures.

A year later, Masson et al. (2004) developed a sensor to detect
markers of cardiac muscle cell death at less than 3 mg/L and less
than 10 min. This fiber-optic-based SPR sensor is applied to detect
cTnI. Antibodies specific to antigen of interest are attached to a
carboxymethylated dextran layer on a gold SPR surface. A cTnI
lower detection limit of 1.4 mg/L was achieved in preliminary tests.
cTnI levels are in the range of 1–3 mg/L in patient blood after
myocardial damage.

Dutra and Kubota (2007) developed a quick detection SPR
immunosensor of human cTnT in real time by inventing strepta-
vidin terminated self-assembled monolayer (SAM), which was
used to bind biotinylated anti-cTnT monoclonal antibodies. With a
linear range from 0.03 to 6.5 mg/L the cTnT was determined. Cor-
responding to a resonant angle change of 1.28 mili-degrees, the
limit of detection for the SPR immunosensor was 0.01 mg/L. The
system presented good repeatability with 3.4% of variation be-
tween run after regeneration of the coated surface with a solution
of 1% sodium dodecyl sulfate (SDS). The sensor was also able to
measure cTnT without human serum dilution with good specificity
and reproducibility, practical and offered a quick response at 800 s
interval.

Few months later, Dutra et al. (2007) developed a SPR sensor on
a commercially available SPR AUTOLAB SPIRITs to detect the
biomarker in real time. The surface of a gold substrate via a SAM of
thiols by using cysteamine-coupling chemistry is where cTnT re-
ceptor molecule was covalently immobilized. The SPR sensor
presented a linear response range for cTnT between 0.05 and
4.5 mg/L (r¼0.997, p{0.01) with a good reproducibility
(CV¼4.4%). This SPR sensor has opened new perspectives of using
SAM to develop regenerable immunosensor (by using a solution of
1% (w/v) SDS) with a good reproducibility allowing its use in the
clinical applications.

Years later, Liu et al. (2011) employed a SAM with high anti-
fouling ability consisting of a homogeneous mixture of oligo
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(ethylene glycol) (OEG)-terminated alkanethiolate and mercapto-
hexadecanoic acid (MHDA) on Au for immobilizing cTnT antibody
and applied in detecting cTnT by using SPR. The mixed SAM
showed no phase segregation and exhibited human serum albu-
min resistance, particularly with an antibody-immobilized surface.
X-ray photoemission spectra revealed that the chemical compo-
sition ratio of OEG to the mixed SAMwas 69% and the OEG packing
density was 82%. The specific binding of troponin T on the de-
signed surface indicated a good linear correlation (r¼0.991,
po0.0009) at concentrations lower than 50 mg/L with the limit of
detection of 100 mg/L. The mixed SAM has the high detection
capability, high accuracy and reproducibility, as well as showing
strong potential to be applied in the rapid clinical diagnosis for
label-free detection within 2 min.

Unlike many other immunoassays, such as ELISA, an SPR im-
munoassay is label free in that a label molecule is not required for
detection of the analyte (Rich and Myszka, 2007), thus reducing
the number of steps, permitting real time-analysis of interaction,
regeneration of the sensor surface and low cost analysis (Dutra
et al., 2007). SPR immunoassay can also be performed in array
technique, which has the ability to be used with high-throughput
and low cost method (Houngkamhang et al., 2013). Although,
there are no reports related to cardiac biomarker detection using
SPR immunosensor in array technique so far, this method offered
an advantage of testing parallel which several samples, in a single
run (Houngkamhang et al., 2013). Thus, it has opened a new
possibility for multiplexed detection of cTnI and cTnT.

3.6. Colorimetric detection

Colorimetric detection is another class of optical biosensor in
which chromogenic dyes is used to recognize the target (Qureshi
et al., 2012). The existence of target molecules is presented by the
intensity of the color changes. The limit of detection for this
method can be narrowed down to a single molecule detections,
thus considered as sensitive technique (Fan et al., 2008).

Wu et al. (2010) had developed a Poly(dimethylsiloxane)
(PDMS)–gold nanoparticles (AuNPs) composite film-based bio-
sensor coupled with silver enhancement colorimetric detection for
cTnI as in Fig. 9. A monoclonal antibody against cTnI was im-
mobilized on the PDMS–AuNPs composite film, followed by
blocking solution and cTnI. The AuNPs act as a catalyst during the
reaction of silver reduction, and this catalytic ability could be in-
habited when there were proteins covering the surface of AuNPs,
which influenced the amount of silver metal reduction and led to
the color difference in the reaction wells. AuNPs are established as
a good substrate to be functionalized with antigen, enzymes, and
other biomolecules while PDMS has very good transparency,
outstanding elasticity, good thermal and oxidative stability and
Fig. 9. Schematic diagram of the experimental procedure for silver enhancement
ease of fabrication and sealed with different materials. The PDMS–
AuNPs composite film has the shelf life up to several month thanks
to polymer matrix of PDMS which can protect AuNPs from ag-
gregation. The biosensor has a detection limit down to 0.01 mg/L in
less than 20 min. It has low cost since it eliminates the need for
expensive, highly specialized equipment.

3.7. Point-of-care assays

Although, there are currently many kinds of immunodetection
methods used for cTnI and cTnT detection as mentioned above,
these approaches are time consuming and usually require labeled
reagents and bulky instrumentation (Bhalla et al., 2012). For these
reasons, a number of POC assays based on ELISA, fluorescence,
chemiluminescene, and other technologies have been developed
to support the diagnosis of MI. It is generally required and ex-
pected that quantitative measurement of cTnI or cTnT should be
provided and sensitivity of the POC systems should not deteriorate
from result provided by automatic platforms in the central la-
boratory (Bingisser et al., 2012).

cTnI and cTnT quantification of POC systems can be divided into
two main types, bench-top and handheld systems (Bingisser et al.,
2012). Table 2 shows the list of currently available quantitative
POC systems for measuring cTnI and cTnT as reported by the
manufacturers with their analytical characteristics.

However, the sensitivity of currently available POC assays for
cTnI and cTnT is less compared to the central laboratory test, thus
limits the potential of the POC assays for reliable diagnosis of MI
(Barrett et al., 2015; Bingisser et al., 2012). The development of
more precise and higher-sensitivity cTn POC assays has been
motivated by the necessity of serial cTn change detection, the 99th
percentile calculation more accurately, and understanding why
there are patients who being identified still at risk even with the
present POC assays at the time showed the stone level below the
99th percentile (Jaffe and Ordonez-Llanos, 2010). According to
Jaffe and Ordonez-Llanos (2010), cTnT Roche Elecsys hs-cTnT POC
assay has been labeled as high-sensitive assay with the 99th per-
centile value at 0.013 mg/L (13 ng/L) and CV o10%. Table 3 shows
the characteristic of the current and the high-sensitivity cTn as-
says. If the imprecision is o10%, 10–20%, and 420%, thus, the
assays are being classified as a guideline, clinically usable, and not
acceptable, respectively.

Although with the higher sensitivity POC assays are available,
there are significant drawbacks need to be considered, which in-
cluded user-related practical issues (i.e., training, maintenance, or
accreditation) and high cost and reimbursement issues, particu-
larly when laboratory services are run on a fee-for-service basis
(Bingisser et al., 2012).

The use of POC assays differs between the ST-segment elevation
colorimetric detection of cTnI using PDMS–AuNPs composite films biosensor.



Table 2
Cardiac troponin I and T POC assays analytical characteristics (Jaffe and Ordonez-Llanos, 2010).

Company-instrument-assay (generation) Detection limit (μg/L) cTn at 99th percentile (μg/L) CV at 99th percentile (%) cTn at 10% CV (μg/L)

Abbott AxSYM ADV (2nd) 0.02 0.04 15 0.16
Abbott ARCHITECT o0.01 0.028 15 0.032
Abbott i-STAT 0.02 0.08 16.5 0.1
Beckman Coulter Access Accu (2nd) 0.01 0.04 14 0.06
bioMerieux Vidas Ultra (2nd) 0.01 0.01 27.7 0.11
Innotrac Aio! (2nd) 0.006 0.015 14 (at 19 ng/L) 0.036
Inverness Biosite Triage 0.05 o0.05 NA NA
Inverness Biosite Triage (r) 0.01 0.056 17 NA
Mitsubishi Chemical PATHFAST 0.008 0.029 5 0.014
Ortho Vitros ECi ES 0.012 0.034 10 0.034
Radiometer AQT90 0.0095 0.023 17.7 0.039
Response Biomedical RAMP 0.03 o0.1 18.5 0.21
Roche E170 0.01 o0.01 18 0.03
Roche Elecsys 2010 0.01 o0.01 18 0.03
Roche Cardiac Reader o0.05 o0.05 NA NA
Siemens Centaur Ultra 0.006 0.04 10 0.03
Siemens Dimension RxL 0.04 0.07 20 0.14
Siemens Immulite 2500 STAT 0.1 0.2 NA 0.42
Siemens Immulite 1000 Turbo 0.15 NA NA 0.64
Siemens Stratus CS 0.03 0.07 10 0.06
Siemens VISTA 0.015 0.045 10 0.04
Tosoh AIA II 0.06 o0.06 8.5 0.09
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myocardial infarction (STEMI) and NSTEMI patients. STEMI pa-
tients have no requirement to wait for the biomarker test result,
only using symptoms and specific ECG changes for immediate
referral to coronary revascularization according to the interna-
tional guidelines. On the other hand, for NSTEMI patients, elevated
cTnI or cTnT concentrations are crucial for the diagnosis of the
NSTEMI. The availability of a sensitive and accurate POC measure
of cTnI or cTnT levels at the same time of ECG recordings would
reduce the time spent under diagnostic evaluation (Bingisser et al.,
2012).
Table 3
Classification of the current and the high sensitivity cTn assays according to criteria of

99th percentile (μg/L) Imprecision at 99th pe
(%)

Current available assays (generation)
Abbott AxSYM ADV (2nd) 0.04 15
Abbott ARCHITECT 0.028 15
Abbott i-STAT 0.08 16.5
Beckman Coulter Access Accu
(2nd)

0.04 14

bioMerieux Vidas Ultra (2nd) 0.01 27.7
Innotrac Aio! (2nd) 0.015 14 (at 19 ng/L)
Inverness Biosite Triage o0.05 NA
Inverness Biosite Triage (r) 0.056 17
Mitsubishi Chemical PATHFAST 0.029 5
Ortho Vitros ECi ES 0.034 10
Radiometer AQT90 0.023 17.7
Response Biomedical RAMP o0.1 18.5
Roche E170 o0.01 18
Roche Elecsys 2010 o0.01 18
Roche Cardiac Reader o0.05 NA
Siemens Centaur Ultra 0.04 10
Siemens Dimension RxL 0.07 20
Siemens Immulite 2500 STAT 0.2 NA
Siemens Immulite 1000 Turbo NA NA
Siemens Stratus CS 0.07 10
Siemens VISTA 0.045 10
Tosoh AIA II o0.06 8.5

Research high-sensitive assays
Beckman Coulter Access hs-cTnI 0.0086 10
Roche Elecsys hs-cTnT 0.013 8
Nanosphere hs-cTnI 0.0028 9.5
Singulex hs-cTnI 0.0101 9
3.8. Aptamer

Nucleic acids ligands with high affinity to the target was
identified by Tuerk and Gold (1990), through establishing in vitro
screening process called “systematic evolution of ligand by ex-
ponential enrichment” (SELEX), as shown in Fig. 10. Such nucleic
acids were term aptamers mean “fit” and “region” in Latin aptus
and Greek meros, respectively (Song et al., 2008; MacKay et al.,
2014). Researchers have gained interest in aptamers especially in
the field of diagnosis and disease management applications. Ap-
tamers are able to bind a wider variety of targets than antibodies,
reference (Jaffe and Ordonez-Llanos, 2010).

rcentile Classification according
imprecision

% of detectable values in re-
ference range

Clinically o50
Clinically o50
Clinically o50
Clinically 50–75

Not acceptable o50
Clinically o50
NA o50
Clinically Unknown
Guideline o50
Guideline o50
Clinically o50
Clinically o50
Clinically o50
Clinically o50
NA o50
Guideline o50
Clinically o50
NA o50
NA o50
Guideline o50
Guideline o50
Guideline o50

Guideline 495
Guideline 495
Guideline 75–95
Guideline 495



Fig. 10. The systematic evolution of ligand by exponential enrichment (SELEX)
process. SELEX involves the incubation of random oligonucleotide pool with the
target molecule, separation of bound from unbound nucleic acids, elution of the
bound nucleic acids and amplification. Finally cloning and sequence analysis need
to be done.
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easier to produce and to store (MacKay et al., 2014). Even though
antibodies have widely been used in biosensor developments,
aptamers offer exclusive detection because of their smaller size
than antibodies, stable, and capable of structural switching (Lee
et al., 2008; Gopinath, 2007, 2011).

Aptamers was first reported by being used as molecular re-
cognition element in sensor by Davis et al. (1996), when fluor-
escent-tagged aptamers were utilized for optical detection of hu-
man neutrophil elastase. After several years, only one research
using DNA aptamer as molecular recognition for cTnI detection has
been reported. Shu-hai et al. (2014) had established a new apta-
mer biosensor for detection of cTnI. Glassy carbon electrode (GCE)
is modified with hydroxyl groups by immersing the electrode into
hydrophilic solution of NH3 �H2O:H2O2:H2O (1∶1∶10) at 72 °C for
20 min. Amination solution of APTES:H2O, as amino group, was
introduced by attaching it to the surface of GCE. EDC and NHS are
used for activation of the GCE electrode. Aptamer is used in the
biosensor as a recognition molecule, immobilized on the surface of
the GCE. Electrochemical signal is generated when the cTnI in
solution is bounded to the immobilized aptamer. The current
produced from the binding process is depended on the con-
centration of the cTnI in the solution. The linear range of the
analytical signal is observed from 1.1938 mg/L to 119.3800 mg/L
(lowest detection limit of 1.1938 mg/L) of cTnI in 5 min (Shu-hai
et al., 2014).
4. Conclusion and perspectives

MI is the major causes of death worldwide; thus the require-
ment for early diagnostic is becoming increasingly important to
allow initiation of lifestyle changes or appropriate medical inter-
vention. Even though, ECG is still remained to be the re-
commended test to determine patient in emergency who suffered
from MI, but it still lacks sensitivity. Fortunately, the finding of
cardiac biomarkers as indicator for determination of MI had given
hope to more accurate and sensitive result and help doctors
making decision and given sufficient treatment to the patient. The
cTnI and cTnT are the gold standard by cardiology consensus (i.e.,
Joint European Society of Cardiology – American College of Car-
diology Foundation – World Heart Federation (Thygesen and
Alpert, 2000; Thygesen et al., 2007) for MI detection compared to
MYO and CK-MB, which also has led to the development of new
devices and technologies to detect cTnI and cTnT with high sen-
sitivity and specificity. Rapid and accurate diagnostic is main
priority to facilitate more timely and efficacious intervention. A
fast, accurate and ability of handling of small sample measurement
for point-of-care testing of cardiac biomarkers is hence greatly
desired.

The present biosensing platforms have met with these de-
mands but needed advanced laboratory equipment and training.
Thus, most of these methods have disabled the portability cap-
ability, which is required for an ideal POC lab-on-chip cardiac
biomarker detection. Portability and disposability have huge ap-
plications, which include fast, simple, inexpensive POC lab-on-
chips. The commercialized POC assay such as Abbott i-STAT and
Roche Cardiac Reader offers portability but the limit of detection is
still behind the capability of laboratory instrumentation.

Early, rapid and sensitive POC testing of the disease state be-
comes a vital goal for clinical diagnoses because having a quanti-
tative measurement as soon as the symptoms of MI arise would
greatly help doctors in making the best decision based on patient's
present condition. Elevated cardiac troponin concentration are
important for the diagnosis of NSTEMI because, the added value of
a rapid POC test whether NSTEMI rule-in or rule-out is de-
termined. Lower-risk patients with NSTEMI needed to be ex-
amined within 48–72 h. It has become a problem because it is time
consuming and overcrowding the emergency department. With
the availability of a sensitive and accurate point of care for cardiac
troponin detection levels, would have a considerable impact to the
waiting time, thus reduce the time consumption for patient in the
emergency department and help doctors to act according to the
patient's current condition.

To assist the doctor in making a decision in an accurate and
rapid manner, an analysis of multiple biomarker simultaneously
with fast and rapid speed which is capable of monitoring change
of the biomarker level in a short period is highly desirable. Mul-
tiple biomarker detections can be achieved by embedding the POC
device with microfluidic which guided the blood sample con-
taining cardiac biomarkers to flow through several sensing areas of
the POC. This multiplexed detection as presented by Zhang et al.
(2009b) can reduce the sensing time different number of cardiac
marker by combining several cardiac biomarkers into a POC device
and also reduce the blood sample consumption.
Acknowledgments

The authors are grateful to the Department of Higher Educa-
tion, Ministry of Higher Education, (KPT) for funding this research
through the Fundamental Research Grant Scheme (FRGS) with the
Grant number 9003-00380. The authors also would like to ac-
knowledge all the team members in Institute of Nano Electronic
Engineering (INEE), Universiti Malaysia Perlis (UniMAP) for their
guidance and help.
References

Adhikari, B., Majumdar, S., 2004. Prog. Polym. Sci. 29, 699–766.
Agewall, S., Giannitsis, E., Jernberg, T., Katus, H., 2011. Eur. Heart J. 32, 404–411.
Ahuja, T., Mir, I.A., Kumar, D., Rajesh, 2007. Biomaterials 28, 791–805.
Barrett, T.W., Radha Shanmugam, N., Selvam, A.P., Kazmierczak, S.C., Prasad, S.,

2015. Clin. Chim. Acta 442, 96–101.
Bhalla, V., Carrara, S., Sharma, P., Nangia, Y., Raman Suri, C., 2012. Sens. Actuators B:

Chem. 161, 761–768.
Bingisser, R., Cairns, C., Christ, M., Hausfater, P., Lindahl, B., Mair, J., Panteghini, M.,

Price, C., Venge, P., 2012. Am. J. Emerg. Med. 30, 1639–1649.
Bodor, G.S., Porter, S., Landt, Y., Ladenson’, J.H., 1992. Clin. Chem. 38, 2203–2214.

http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref1
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref1
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref2
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref2
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref3
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref3
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref4
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref4
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref4
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref5
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref5
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref5
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref6
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref6
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref6
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref7
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref7


M.F.M. Fathil et al. / Biosensors and Bioelectronics 70 (2015) 209–220220
Burcu Bahadır, E., Kemal Sezgintürk, M., 2015. Talanta 132, 162–174.
Cheng, Y., Chen, K.-S., Meyer, N.L., Yuan, J., Hirst, L.S., Chase, P.B., Xiong, P., 2011.

Biosens. Bioelectron. 26, 4538–4544.
Cho, I.-H., Paek, E.-H., Kim, Y.-K., Kim, J.-H., Paek, S.-H., 2009. Chemiluminometric

enzyme-linked immunosorbent assays (ELISA)-on-a-chip biosensor based on
cross-flow chromatography. Anal. Chim. Acta 632, 247–255.

Chua, J.H., Chee, R.-E., Agarwal, A., Wong, S.M., Zhang, G.-J., 2009. Anal. Chem. 81,
6266–6271.

Davis, K.A., Abrams, B., Lin, Y., Jayasena, S.D., 1996. Nucleic Acids Res. 24, 702–706.
De Antonio, M., Lupón, J., Galán, A., Vila, J., Zamora, E., Urrutia, A., Díez, C., Coll, R.,

Altimir, S., Bayes-Genis, A., 2013. Clin. Chim. Acta 426, 18–24.
Dewar, H.A., Rowell, N.R., Smith, A.J., 1958. Br. Med. J. 2, 1121–1125.
Dittmer, W.U., Evers, T.H., Hardeman, W.M., Huijnen, W., Kamps, R., de Kievit, P.,

Neijzen, J.H.M., Nieuwenhuis, J.H., Sijbers, M.J.J., Dekkers, D.W.C., Hefti, M.H.,
Martens, M.F.W.C., 2010. Clin. Chim. Acta 411, 868–873.

Dodeigne, C., Thunus, L., Lejeune, R., 2000. Talanta 51, 415–439.
Dutra, R.F., Kubota, L.T., 2007. Clin. Chim. Acta 376, 114–120.
Dutra, R.F., Mendes, R.K., Lins da Silva, V., Kubota, L.T., 2007. J. Pharm. Biomed. Anal.

43, 1744–1750.
Engvall, E., Perlmann, P., 1971. Immunochemistry 8, 871–874.
Estrela, P., Li, P., Keighley, S.D., Migliorato, P., 2009. J. Korean Phys. Soc 54, 498.
Fan, X., White, I.M., Shopova, S.I., Zhu, H., Suter, J.D., Sun, Y., 2008. Anal. Chim. Acta

620, 8–26.
Gan, S.D., Patel, K.R., 2013. J. Invest. Dermatol. 133, e12.
Geim, A.K., Novoselov, K.S., 2007. Nat. Mater. 6, 183–191.
Gomes-Filho, S.L.R., Dias, A.C.M.S., Silva, M.M.S., Silva, B.V.M., Dutra, R.F., 2013.

Microchem. J. 109, 10–15.
Gopinath, S.C.B., 2007. Anal. Bioanal. Chem. 387, 171–182.
Gopinath, S.C.B. 2011. Encyclopedia of Analytical Chemistry, Eds R.A. Meyers, John

Wiley: Chichester. pp 93-120.
Hallermayer, K., Klenner, D., Vogel, R., 1999. Scand. J. Clin. Lab. Investig. 59,

128–131.
Hayes, M.A., Petkus, M.M., Garcia, A.A., Taylor, T., Mahanti, P., 2009. Analyst 134,

533–541.
He, H.Z., Leung, K.H., Yang, H., Shiu-Hin Chan, D., Leung, C.H., Zhou, J., Bourdoncle,

A., Mergny, J.L., Ma, D.L., 2013. Biosens. Bioelectron. 41, 871–874.
Herrick, J.B., 1912. J. Am. Med. Assoc. LIX, 2015–2022.
Hetland, O., Dickstein, K., 1998. Clin. Chem. 44, 1430–1436.
Homola, J., Yee, S.S., Gauglitz, G., 1999. Sens. Actuators B: Chem. 54, 3–15.
Horak, J., Dincer, C., Qelibari, E., Bakirci, H., Urban, G., 2015. Sens. Actuators B: Chem

209, 478–485.
Houngkamhang, N., Vongsakulyanon, A., Peungthum, P., Sudprasert, K., Kitpoka, P.,

Kunakorn, M., Sutapun, B., Amarit, R., Somboonkaew, A., Srikhirin, T., 2013.
Sensors 13, 11913–11922.

Jaffe, A.S., Ordonez-Llanos, J., 2010. Rev. Esp. Cardiol. (Engl. Ed.), 63; , pp. 763–769.
James, T.N., 2000. Circulation 101, 1874–1887.
Janegitz, B.C., Pauliukaite, R., Ghica, M.E., Brett, C.M. a, Fatibello-Filho, O., 2011. Sens.

Actuators B: Chem. 158, 411–417.
Katus, H.A., Looser, S., Hallermayer, K., Essig, U., Geub, U., 1992. Clin. Chem. 38,

386–393.
Kong, T., Su, R., Zhang, B., Zhang, Q., Cheng, G., 2012. Biosens. Bioelectron. 34,

267–272.
Kurihara, T., Yanagida, A., Yokoi, H., Koyata, A., Matsuya, T., Ogawa, J., Okamura, Y.,

Miyamoto, D., 2008. Anal. Biochem. 375, 144–146.
Ladue, J.S., Wroblewski, F., 1955. Circulation 11, 871–877.
Laschi, S., Bulukin, E., Palchetti, I., Cristea, C., Mascini, M., 2008. IRBM 29, 202–207.
Lee, I., Luo, X., Huang, J., Cui, X.T., Yun, M., 2012. Biosensors 2, 205–220.
Lee, J., Lee, Y., Park, J.-Y., Seo, H., Lee, T., Lee, W., Kim, S.K., Hahn, Y.K., Jung, J.Y., Kim,

S., Choi, Y.-S., Lee, S.S., 2013. Sens. Actuators B: Chem. 178, 19–25.
Lee, J.-O., So, H.-M., Jeon, E.-K., Chang, H., Won, K., Kim, Y.H., 2008. Anal. Bioanal.

Chem. 390, 1023–1032.
Leisy, P.J., Coeytaux, R.R., Wagner, G.S., Chung, E.H., McBroom, A.J., Green, C.L.,

Williams, J.W., Sanders, G.D., 2013. J. Electrocardiol. 46, 92–97.
Leung, C., Zhong, H., He, H., Lu, L., 2013. Chem. Sci. 4, 3781–3795.
Leung, K.-H., He, H.-Z., He, B., Zhong, H.-J., Lin, S., Wang, Y.-T., Ma, D.-L., Leung, C.-H.,
2015. Chem. Sci.

Liedberg, B., Nylander, C., Lundstrom, I., 1983. Sens. Actuators 4, 299–304.
Liedberg, B., Nylander, C., Lundström, I., 1995. Biosens. Bioelectron. 10, i–ix.
Liu, J., Zhang, L., Wang, Y., Zheng, Y., Sun, S., 2014. Measurement 47, 200–206.
Liu, J.T., Chen, C.J., Ikoma, T., Yoshioka, T., Cross, J.S., Chang, S.-J., Tsai, J.-Z., Tanaka, J.,

2011. Anal. Chim. Acta 703, 80–86.
Liu, X., Qu, X., Fan, H., Ai, S., Han, R., 2010. Electrochim. Acta 55, 6491–6495.
Lu, L., Shiu-Hin Chan, D., Kwong, D.W.J., He, H.-Z., Leung, C.-H., Ma, D.-L., 2014.

Chem. Sci. 5, 4561–4568.
MacKay, S., Wishart, D., Xing, J.Z., Chen, J., 2014. IEEE Trans. Biomed. Circuits Syst. 8,

4–14.
Mahajan, V.S., Jarolim, P., 2011. Circulation 124, 2350–2354.
Marquette, C.A., Bouteille, F., Corgier, B.P., Degiuli, A., Blum, L.J., 2009. Anal. Bioanal.

Chem. 393, 1191–1198.
Mascini, M., Tombelli, S., 2008. Biomarkers 13, 637–657.
Masson, J.-F., Obando, L., Beaudoin, S., Booksh, K., 2004. Talanta 62, 865–870.
McDonough, J.L., Van Eyk, J.E., 2004. Prog. Cardiovasc. Dis. 47, 207–216.
Muller-Bardorff, M., Hallermayer, K., Schro, A., Ebert, C., Borgya, A., Gerhardt, W.,

Remppis, A., Katus, H.A., Elisa, T., 1997. Clin. Chem. 43, 458–466.
Obata, K., Segawa, O., Yakabe, M., Ishida, Y., Kuroita, T., Ikeda, K., Kawakami, B.,

Kawamura, Y., Yohda, M., Matsunaga, T., Tajima, H., 2001. J. Biosci. Bioeng. 91,
500–503.

Pan, Z.W., Dai, Z.R., Wang, Z.L., 2001. Science 291, 1947–1949.
Pei, X., Zhang, B., Tang, J., Liu, B., Lai, W., Tang, D., 2013. Anal. Chim. Acta 758, 1–18.
Qureshi, A., Gurbuz, Y., Niazi, J.H., 2012. Sens. Actuators: Chem. 171–172, 62–76.
Rich, R.L., Myszka, D.G., 2007. Anal. Biochem. 361, 1–6.
Rosalki, S.B., Roberts, R., Katus, H. a, Giannitsis, E., Ladenson, J.H., Apple, F.S., 2004.

Cardiac biomarkers for detection of myocardial infarction: perspectives from
past to present. Clin. Chem. 50, 2205–2213.

Schroeder, H.R., Vogelhut, P.O., Carrico, R.J., Boguslaski, R.C., Buckler, R.T., 1976.
Anal. Chem. 48, 1933–1937.

Sharma, P., Tuteja, S.K., Bhalla, V., Shekhawat, G., Dravid, V.P., Suri, C.R., 2013. Bio-
sens. Bioelectron. 39, 99–105.

Shu-hai, J., Ting, F.A.N., Li-juan, L.I.U., Yi, C., Xiao-qing, Z., 2014. Prog. Biochem.
Biophys. 41, 916–920.

Silva, B.V.M., Cavalcanti, I.T., Silva, M.M.S., Dutra, R.F., 2013. Talanta 117, 431–437.
Song, S., Wang, L., Li, J., Fan, C., Zhao, J., 2008. Trends Anal. Chem. 27, 108–117.
Song, S.Y., Han, Y.D., Kim, K., Yang, S.S., Yoon, H.C., 2011. Biosens. Bioelectron. 26,

3818–3824.
Takeda, S., Yamashita, A., Maeda, K., Maéda, Y., 2003. Nature 424, 35–41.
Thygesen, K., Alpert, J.S., 2000. J. Am. Coll. Cardiol. 36, 959–969.
Thygesen, K., Alpert, J.S., White, H.D., 2007. Circulation 116, 2634–2653.
Tolani, S.B., Craig, M., DeLong, R.K., Ghosh, K., Wanekaya, A.K., 2009. Anal. Bioanal.

Chem. 393, 1225–1231.
Tuerk, C., Gold, L., 1990. Science 249, 505–510.
Tuteja, S.K., Priyanka, Bhalla, V., Deep, A., Paul, aK., Suri, C.R., 2014. Anal. Chim. Acta

809, 148–154.
Wang, C., Wu, J., Zong, C., Xu, J., Ju, H.-X., 2012. Chin. J. Anal. Chem. 40, 3–10.
Wei, J., Mu, Y., Song, D., Fang, X., Liu, X., Bu, L., Zhang, H., Zhang, G., Ding, J., Wang,

W., Jin, Q., Luo, G., 2003. Anal. Biochem. 321, 209–216.
WHO, 2014. Cardiovascular diseases. World Health Organization. URL 〈http://www.

who.int/cardiovascular_diseases/en/〉 (accessed 12.12.14.).
Wu, W.-Y., Bian, Z.-P., Wang, W., Zhu, J.-J., 2010. Sens. Actuators B: Chem 147,

298–303.
Yun, Y., Dong, Z., Shanov, V., Heineman, W.R., Halsall, H.B., Bhattacharya, A., Con-

forti, L., Narayan, R.K., Ball, W.S., Schulz, M.J., 2007. Nano Today 2, 30–37.
Zhang, G.-J., Chua, J.H., Chee, R.-E., Agarwal, A., Wong, S.M., 2009a. Biosens. Bioe-

lectron. 24, 2504–2508.
Zhang G.-J., Luo, Z.H.H., Tay, G.K.I., Lim, E.-J.A., 2009b. Proceedings of the IEEE In-

ternational Electron Devices Meeting, pp.1–4.
Zhang, G.-J., Ning, Y., 2012. Anal. Chim. Acta 749, 1–15.

http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref8
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref8
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref9
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref9
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref9
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref10
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref10
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref10
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref10
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref11
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref11
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref11
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref12
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref12
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref13
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref13
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref13
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref14
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref14
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref15
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref15
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref15
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref15
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref16
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref16
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref17
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref17
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref18
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref18
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref18
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref19
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref19
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref20
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref21
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref21
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref21
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref22
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref23
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref23
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref24
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref24
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref24
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref278
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref278
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref25
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref25
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref25
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref26
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref26
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref26
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref27
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref27
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref27
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref28
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref28
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref29
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref29
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref30
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref30
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref31
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref31
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref31
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref32
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref32
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref32
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref32
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref33
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref33
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref34
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref34
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref35
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref35
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref35
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref36
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref36
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref36
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref37
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref37
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref37
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref38
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref38
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref38
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref39
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref39
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref40
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref40
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref41
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref41
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref42
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref42
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref42
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref43
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref43
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref43
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref44
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref44
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref44
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref45
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref45
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref46
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref46
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref47
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref47
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref48
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref48
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref49
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref49
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref50
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref50
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref50
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref51
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref51
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref52
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref52
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref52
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref53
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref53
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref53
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref54
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref54
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref55
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref55
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref55
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref56
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref56
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref57
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref57
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref58
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref58
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref59
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref59
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref59
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref60
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref60
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref60
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref60
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref61
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref61
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref62
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref62
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref63
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref63
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref64
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref64
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref65
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref65
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref65
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref65
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref66
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref66
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref66
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref67
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref67
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref67
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref68
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref68
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref68
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref69
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref69
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref70
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref70
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref71
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref71
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref71
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref72
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref72
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref73
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref73
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref74
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref74
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref75
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref75
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref75
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref76
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref76
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref77
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref77
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref77
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref78
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref78
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref79
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref79
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref79
http://www.who.int/cardiovascular_diseases/en/
http://www.who.int/cardiovascular_diseases/en/
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref80
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref80
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref80
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref81
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref81
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref81
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref82
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref82
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref82
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref83
http://refhub.elsevier.com/S0956-5663(15)00189-X/sbref83

	Diagnostics on acute myocardial infarction: Cardiac troponin biomarkers
	Introduction
	Cardiac biomarkers
	Detection and quantification methods of cTnI and cTnT
	Enzyme-linked immunosorbent assay (ELISA)
	Chemiluminescence immunoassays
	Fluorescence immunoassays
	Electrical detections
	Nanowire field-effect transistor
	Nanobelt field-effect transistor
	Carbon nanotubes (CNTs)
	Graphene nanomaterial

	Surface plasmon resonance (SPR)
	Colorimetric detection
	Point-of-care assays
	Aptamer

	Conclusion and perspectives
	Acknowledgments
	References




