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Abstract

Cardiovascular disease (CVD) is considered as a major life threat in human globally, and with time more
sophisticated technique for estimating and therapeutics is still desirable. There has been rising attention in detection of
diagnostic biomarker for cardiac injury to predict risk of heart attack. Cardiac troponin | (cTnl) has established to be a
convincing biomarker for acute myocardial infarction (AMI) detection. An immunoassay and aptamer based biosensors
for cTnl can play a significant role in diagnosis of AMI. Over the past decades, several approaches concerning cTnl
detection have been investigated, including colorimetric, fluorescence, electrochemical, surface plasmon resonance
and paramagnetic. This review focussed more on recent methodologies about surface immobilized detection of cTnl.
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Introduction

The World Health Organization (WHO) indexed cardiovascular
disease (CVD) as a leading foundation of human death in developing
as well as developed countries. An annual number of deaths estimate
above 17.5 million to 25 million from 2015 to 2030 representing
40% of all global deaths due to heart disease and stroke [1]. Cardiac
related diseases are the major financial burden on clinical resources
and cost approximately 192 billion Euros per year. The CVD, heart
and blood vessel diseases are mainly associated to artherosclerosis,
a plaque build-up within the arteries that limits the blood flow, can
lead to atherosclerosis. There are several reasons, including lifestyle
that may cause CVD. Myocardial infarction (MI), commonly called
‘heart attack’ is one of the clinical forms and also among instant life
threatening kinds of acute coronary syndromes (ACS). It triggers the
most serious adverse cardiac events like irreversible tissue injury in the
myocardium [2].

Primarily, the WHO has established criteria for the diagnosis
of CVD, whereby patients must encounter a minimum two out of
three conditions: characteristic chest pain, electrocardiogram (ECG)
changes and elevation in biomarkers level in their blood samples [3].
The MI examined mainly by electrocardiography (ECG) though only
57% of patients can be diagnosed accurately for acute myocardial
infarction (AMI). Besides this, AMI patients can even show normal or
non-diagnostic ECG when conferred to the Emergency Department
that makes early diagnosis of CVD more difficult [4-9]. About 25% of
AMI have occurred devoid of any symptoms like pain in chest, back,
or jaw [10,11]. Consequently, a sensitive and rapid diagnosis of CVD is
extremely essential and crucial not only for patient’s survival but also
for saving cost and ample amount of time in efficacious early prognosis
of AML

Biomarkers plays an important role in identification of pathologic
processes resulted from different diseases [12]. Neither the clinical
presentations nor the ECG had adequate clinical sensitivity and

specificity for detecting MI without the use of biomarkers. Cardiac
biomarker assays help medical professionals to understand and
differentiate between myocardial infarction and angina, which assists
in the diagnosis or treatment of CVD. Any minor alteration in
biomarkers measured in the blood can conclude the resultant on-going
disease relatively, precisely and quickly. In the myocardium, the model
biomarker for AMI should be in high concentration and not exist in
the non-cardiac tissues [13]. The initially used cardiac biomarkers
include aspartate aminotransferase, lactate dehydrogenase isoenzymes
and total lactate dehydrogenase [14]. However, in 2000 the European
Society of Cardiology and the American College of Cardiology (ESC/
ACC) declared new measures for the implication of AMI diagnosis
as none of them showed high specificity for AMI [15,16]. Currently,
myoglobin, creatine kinase-MB, cardiac forms of troponin (T and
I) are relevant AMI diagnostic biomarkers. Among them, cardiac
troponin I (cTnl) is recognized as the ‘gold standard” biomarker for
AM]I, since it is normally produced only in the myocardium and
displays high specificity to cardiac injury [17]. Cardiac troponin I is one
of the unit of troponin complex, including ¢cTnT and ¢TnC, organized
with tropomyosin are situated on the actin filament and play a vital
role in contraction of skeletal and cardiac muscle facilitating calcium
regulation as a molecular switch. Human ¢Tnl is made up of 209
amino acid residues, with a molecular weight of 24 kDa that can inhibit
the actomyosin ATPase, and this property can be increased in the
presence of tropomyosin [18,19]. The cTnl isoform sequence present
in myocardial tissue varies from those in skeletal muscles [20,21]. This
allows the generation of highly specific ¢TnI antibodies with no cross
reaction with other isoforms of troponin. On the incidence of cardiac
injury (MI), ¢Tnl is released into the bloodstream and the death risk is
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directly linked to troponin level in serum which increases drastically
up to 50 ng/mL within 3-6 h, lastly to a level around 550 ng/mL,
peak at 24-48 h and return to baseline over 5-14 days [22-24]. In a
recent study, 0.5 to 2.0 ng/mL cTnl concentrations is considered as
the borderline between normal people and patients [3]. The traditional
cTnl detection method include enzyme-linked immunosorbent assay
(ELISA) and radioimmunoassay (RIA) that has many drawbacks,
including low sensitivity,high cost, and slow turnaround time that
prevents their future practical use.

Current methods for diagnosis of AMI depend greatly on
conventional approaches which are based on examinations conducted
in laboratories that may take several hours or even days from when
tests are ordered to when results are obtained [25]. The development
of biosensors is probably one of the most promising ways to elucidate
some of the difficulties concerning fast, sensitive and cost effective
measurements [26]. Biosensors lead to quick diagnosis, contributing
better health care and decreasing the turnaround time for results
declaration which is extremely stressful to the patients. Currently, lab-
on-a chip based biosensor technology with the ability for point-of-care
testing (POCT) is studied for the detection of c¢Tnl in blood [27]. A
POCT is defined as a test performed immediate to the patients [28].
There might be slight modifications in the definition, depending on the
several POCT operating locations, such as doctor offices and emergency
departments. According to the instructions and recommendations
directed by the National Academy of Clinical Biochemistry (NACB),
the total time taken by POCT should be within 1 h with a specimen of
serum or whole blood [29].

In the present paper, we reviewed the developed biosensors over the
past 10 years for the detection of cardiac troponin I in early diagnosis of
heart attack. This review also summarized the commercial cTnl assays
manufactured by various industries various biosensor platforms and
emphasized the chief clinically significant parameters, such as their
detection limit and designing of bioassay [30].

Biosensors for cardiac troponin I (cTnI)

A biosensor is a device aimed to distinguish and quantify target
analytes that is broadly used as an influential analytical tool in medical
diagnostics [25]. It allows detection of proteins, nucleic acids and
monitoring antigen-antibody interaction. It is commonly fabricated
by immobilizing a biological receptor molecule, such as antibody,
DNA, or RNA on the surface of an appropriate transducer that convert
biochemical signal into quantifiable electronic signals. A range of
sensors for cTnl detection has been developed including techniques
like optical, electrochemical, colorimetric, surface plasmon resonance,
chemi-resistive, etc. [31-34]. A summary of different types of sensor
platforms reported for the detection of cTnl are summarised (Figure 1).

Colorimetric based biosensors

The principle of colorimetric biosensor is based on the amount of
light absorbed by the chromogenic response at the specific wavelength
in the presence of analyte. To avoid the hazardous procedure in
radioimmunoassay such type of assay was not developed until the year
1971in general; the colorimetric assay is now well-known as enzyme-
linked immunosorbent assay (ELISA) [35]. The principle is also
similar to the sandwiched assay, antigen is captured by the primary
antibody at first, and the secondary enzyme linked antibody will
be further added to form a sandwich complex. Lastly, the change in
color and related measurements can verify the antigen quantitatively.
For example, to the above principle, horseradish peroxidase (HRP)
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Figure 1: Most frequently studied techniques in relation to the detection of
cardiac troponin | in CVD risk.

which can begin a chemi-luminometric signal was widely exploited to
assemble a colorimetric assay [36-39]. In 2010, Wu et al. developed a
poly-(dimethylsiloxane) (PDMS)-gold composite film-based biosensor
for cTnl in which anti-cTnI and cTnl were captured individually on
the surface of PDMS-AuNPs [40]. The process has small size, cost
effectiveness, and high sensitivity (0.01 ng/mL) characteristics, but
above 1 h incubation time is needed. Similarly, Kim et al., used the
lateral flow assay (LFA) method when adding cTnl to the sample pad,
the flow would pass through conjugate pads which has two different
AuNP conjugates, and the c¢Tnl reacted first with the anti-troponin I
antibody bearing AuNP without a further operation step to analyze
cTnl [41]. The color intensity was measured for concentrations of
cTnl followed by dropping LFA strip into troponin I containing well
plates. The detection limit from the patient samples was effectively
determined as low as 0.01 ng/mL. For this assay, only 10 min is needed
for the detection as compared to previous method. Another method
was introduced by Cho et al. on an ELISA-on-a-chip (EOC) biosensor
for cTnl [42]. The sensor was based on cross-flow chromatography
technique in which one monoclonal c¢Tnl antibody (BD clone 12)
was functionalized with biotin and another BD clone 12 was labeled
by HRP, which is used to catalytically oxidize a luminogenic substrate
luminol. The ¢Tnl antigen, biotin-labeled antibody, and HRP labeled
antibody were sandwiched onto the substrate via biotin—streptavidin
interaction. Luminol passed through the immobilized surface, and
the generated chemiluminometric signal was captured by installed
detector. On addition of cTnl antigen, only 20 min is needed for the
incubation and measurement process.

Optical based biosensors

An optical biosensor is fluorescence based immunoassays for the
detection of particular analyte. The potential signal molecules like
fluorescence organic dye and fluorescent nanoparticles are mainly
used to monitor the presence of target antigen. Various commercially
available cTnl detection instruments based on fluorescence assay can
offer examination in just 20 min, for instance Roche Cardiac Reader,
Abbott i-STAT and Singulex Erenna System etc. Recently Bhatnagar et
al., developed a fluorescence resonance energy transfer (FRET) based
biosensor for early detection of heart attack using graphene quantum
dots (GQDs) and graphene (Figure 2) [43]. The bioprobe was formed
by conjugating anti-cTnl monoclonal antibody to amine functionalized
GQDs, and monitored their fluorescence as switch on condition.
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Figure 2: Schematic illustration of FRET based cTnl [43].

Further, on adding graphene sheets to the prepared bioprobe the
fluorescence was recorded as switch off and after addition of various
concentrations of cTnl, again the fluorescence recovered in photo-
luminescence spectra. The sensor takes only 10 min with low detection
limit of 0.192 pg/mL. Similarly, Shankar et al., proposed immobilized
a 16-phosphonohexadecanoic acid self-assembled monolayer (SAM)
onto a TiO, array to constitute a low-cost biosensor [44]. On this
ultrasensitive platform, the detection of cTnl concentrations as low as
0.1 pg mL™ was accomplished with the help of enzymatic amplification.
The reported study takes over 2 h to complete the analysis. Similarly,
another way to designabiosensor whenafluorophoreis close to the metal
surface, its optical properties will significantly alter. Based on this metal
quenching effect, the detection sensitivity can be improved. Lee and
Kang deposited gold onto the glass substrate, followed by immobilizing
protein A, anti-cTnl, cTnl antigen, and fluorescence labeled anti-cTnl,
respectively [45]. Depending on the distance between the dye and
the gold surface, the fluorescent dye was not greatly quenched, but
adsorption of dye led to the quenching of its fluorescence. Therefore,
such enhanced fluorescence was detectable about 7000 times lower in
the detection limit compared to the traditional method. However, it
is still a time-consuming procedure. Alkaline phosphatase (ALP) has
been largely exploited for the fluorescent based ¢Tnl immunoassay,
especially in commercial products and recently has explored the ALP
chemiluminescence chemistry for the c¢Tnl detection [25,46-48].
The combination of magnetic and fluorescence strategy is promising
for the quick and sensitive for ¢Tnl detection. In both the cases, the
investigation time is about 40 min which is better in comparison to the
TiO, nano-array and the limit of detection for both can attain as low
as 1 ng/mL.

Recently, aptamer has widely been studied and vigorously
developed for probable therapy and diagnosis of diseases. Due to
its high specificity and stability are generally better to those of the
antibodies. An aptamer is a peptide sequence, a single-stranded DNA
(ssDNA) or RNA (ssRNA) which can recognize a wide variety of target

molecules specifically, such as chemical molecules, proteins, and cells
[49]. In 2015, Dorraj et al. most recently have chosen an aptamer (79
bpssDNA) that was used to combine the human ¢TnI from a synthetic
nucleic acid library by systematic evolution of ligand exponential
enrichment (SELEX) [50]. Results showed that the detection limit
using aptamer-AuNPs-based assay was 5 ng/mL, though take over
1 h detection process which is still a drawback for this method. The
potential of either approaches can be seen as promising outlook for the
progress of cTnl detection.

Electrochemical based biosensors

Electrochemical assay based biosensors operated by the detection
of electrochemical signals from the specific reaction primarily rely on
the interaction between transducer and target analytes. When captured
by the immobilized antibody, charge transfer takes place between
antibody and antigen molecules, leading to the alteration in the current
resistance the surface. Thus, an electrochemical biosensor converts
any reaction into a measurable electrical signal. A versatile novel cTnl
detection platform using nanoparticles has been reported. In 2011,
Ahammad et al. developed a highly sensitive c¢Tnl biosensor using
AuNPs modified ITO surface with different linkers like cystamine
and glutaraldehyde self-assembled on it [51]. Then the anti-cTnl
antibodies were immobilized by linker molecules and on adding cTnl,
immunocomplex formed onto the AuNPs-ITO electrode. Then, to
detect the concentration of cTnl, the horseradish peroxidase (HRP)
labeled secondary anti-cTnl antibody used to measure the changes in
open circuit potential during H,O, electro-reduction. These optical
immunoassays take more incubation time though the high sensitivity
could achieve upto 1 ng/mL. Recently, Shan et al. reported a cTnl
biosensor with a higher sensitivity of 0.4 pg/mL [52]. Two specific
peptides as capture peptide and report peptide were used and self-
assembled onto the gold nanoparticles electrodeposited onto the gold
electrode. Ruthenium labeled at lysine position of the report peptide via
acylation and after adding cTnl on the electrode surface and the probe
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peptide, the response was electrochemically generated. Additionally,
various immunoassays can be integrated to microfluidics. Recently,
AuNPs poly(dimethylsiloxane) (PDMS) composite microfluidic
systems based approach has been developed [53]. A sandwich
structure formed between anti-cTnl antibodies absorbed on GNP
containing micro-reactor cells to capture the cTnI and secondary anti-
cTnl antibodies labeled with CdTe and ZnSe quantum dots (QDs).
The QDs were dissolved into Cd* and Zn?* that could be detected on
the localized surface by square-wave anodic stripping voltammetry.
This ¢Tnl immunosensor established the success of combination
of microfluidics with electrochemistry for clinical application. The
limitations of currently developed sensing platforms include slow-
turnaround time, expensive equipment, and use of toxic or fluorescent
labels. Recently, Periyakaruppan et al. have developed an inexpensive,
simple and label-free approach to detect ¢Tnl biomarker using
nanoelectrode arrays made up of vertically aligned carbon nanofiber
(CNF) [54]. The detection of human-cTnl in assay was attained by the
anti-cTnl Ab immobilized on CNFs and measured electrochemically
with impedance spectroscopy and cyclic voltammetry techniques. The
sensing system established a good selectivity and sensitivity against cTnl
analyte at 0.2 ng/mL cTnl concentration as the lower limit detection.
Electrochemical based biosensors can also provide highly sensitive and
fast sensing response, however the results can be disturbed by detection
environment including the pH and ionic strength.

Surface plasmon resonance based biosensors

Surface plasmon resonance (SPR) is an exceptional optical
transduction technique, which has been commercially employed for
optical biosensors SPR biosensors involve special surface plasmon
electromagnetic waves to probe changes in the refractive index (RI) at
surfaces of metals [44]. Kwon et al. recently fabricated an SPR sensor
for ¢Tnl by using monoclonal anti-cTnlI antibody as an epitope peptide
onto a chemically modified thin gold film [32]. The cTnI concentration
is detected by the SPR signal intensity and found that this intensity was
directly proportional to the cTnl concentration range of 0-160 ng/mL.
According to the author, the detection limit of the sensor was equivalent
to ELISA-based commercial cTnl detection systems that was calculated
as low as 0.068 ng/mL. Similarly, Masson et al. developed a fiber optic
based SPR sensor for cTnl detection where anti-cTnI specific to ¢Tnl
were immobilized on carboxymethylated dextran layer on a gold SPR
surface [55]. The assembled sensor shows a lower detection limit of 1.4
ng/mL. The advantage of this sensor in comparison to other was that
the antibody immobilized probe was stable for few weeks in a wide pH
range (pH 2-12).

Paramagnetic based biosensors

Paramagnetic particles (PMPs) have being used in applications
like MRI contrast agents and separation of biomolecules [56,57].
Usually, PMPs have an iron oxide core with a high biocompatibility
layer outside [58,59]. Thus, magnetic nanoparticles have been broadly
utilized as a carrier for biomolecule detection and to increase the
sensitivity [60,61]. In general, PMPs reagent and antigen are supplied
into a chamber containing antibodies coated at the bottom and antigen
can be transported rapidly to the bottom surface by the driving force
generated from the bottom magnetic field. On characterizing the
surface, the antigen is able to be detected successfully after washed away
the unbound PMPs. Most recent, Prin’s group developed a multiplexed
immunoassay for cTnl using actuated PMPs [62]. Initially, anti-cTnl
antibodies coated magnetic nanoparticles were allowed to mixed with
the cTnl sample to capture. After the fast and efficient binding of cTnl

due to the large surface area of the particles, the mixed solution was
distributed by the driving force of electromagnets. In this way, the
particles concentrate to capture the cTnl on the binding molecule,
which lead to consume lesser time. Finally, unbound ¢Tnl molecules
would be washed away and examined the ¢Tnl concentration which
is proportional to that of the magnetic nanoparticles. The sensing of
cTnl was achieved by reflected light intensity from the surface by the
mechanism of total internal reflection (TIR). A fast and highly sensitive
detection with a limit of 0.03 ng/mL cTnl is achieved through the
combination of magnetic and optical detection. Furthermore, Kiely
et al. reported another novel PMPs based immunoassay for ¢Tnl with
an advantage of short time process. The sensor was constructed using
two reaction coil surfaces, for detection and reference respectively that
were mounted onto the substrate [63]. Two anti-cTnI molecules were
immobilized onto the detection coil and PMP surface, respectively.
Addition of cTnl to the device form sandwiched between the PMP
and the surface and the magnetic field of PMPs can able ¢Tnl can
be detected. The technique is highly sensitive, fast as it takes only 4
min with recognition of 0.5 ng/mL cTnl. Paramagnetic assay is more
appropriate in clinical diagnostics due to its non-magnetic properties
with the surrounding biological molecules. Todd et al., used another
combination of magnetic and optical approach for the fast detection of
cTnl. Streptavidin functionalized PMPs were tagged to fluorescent dye
Labeled cTnl by streptavidin—biotin coupling approach [64]. Magnetic
bed was used to separate MPs after incubating samples in a 96-well
plate. Prior to measurements, urea was added to release the ¢Tnl from
the MPs by disrupting antibody—analyte interactions using Erenna
Immunoassay System which is a single molecule counting technology
based system. In this system, samples were pumped into a capillary
flow cell through an interrogation space and after passing through a
dichroic mirror or confocal lens, light reached the interrogation space.
When fluorescent dye labelled cTnl encounter the light, fluorescence
could be measured by the confocal microscope lens and the detector.
The approach results in high sensitivity detection and attained a low
detection limit of 0.6 ng/L.

Conclusion

This is significantly important to diagnose cardiovascular diseases
precisely heart attack at the early stage, in order to provide successful
treatment for recovery of patients. Cardiac troponin I (cTnl) has
recognized to be most specific biomarker for myocardial infarction
(MI). Thus, it is essential to develop a cTnl biosensor which is fast,
sensitive, and give POCT support to the diagnosis of acute MI at very low
concentration (<0.04 ng/mL) in the whole blood. This review revealed a
varied research in respect to the detection of cTnl for diagnosis of AMI.
In spite of the substantial developments in fabrication of biosensor,
there is no ideal device has been used so far in clinical diagnostics.
Since, patient’s data is an important factor to analyse and improvise
the performance and reliability of a device. The key challenges for a
technology are the sensitivity and POCT assessment which introduces
a mini bench top device and hand-held instrumentation. Additionally,
cTnl detection equipment can be focussed to (1) portable, specific
and highly sensitive biosensors, (2) efficient process and shorter
turnaround time, (3) cost effective, (4) POCT analysis, and (5) stability
of the immunoassay. On merging all the traits, the succeeding decades
will get a breakthrough in the domain of ¢TnI biomarker detection for
early diagnosis of AML.
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