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Highlights

e Acute myocardial infarction (AMI), as a deficiency of oxygen that gener-
ates irreversible damage to the heart muscle, is the leading cause of death
among cardiovascular diseases.

e Electrocardiogram (ECG) investigation has been the main method for
AMI diagnosis but is insufficient, so the measurement of biomarkers levels
in plasma or saliva has been encourage.

e Researchers around the world have been developing different ways to en-
hance biomarkers detection through the use of biosensors.

e Biosensors are diagnostic devices with a biological sensing element asso-
ciated to a physicochemical transducer that can be made from different
materials and configurations.

e The Nanotechnology participation in the process is based in the applica-
tion of nanostructures as a good choice for device configuration.
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ARTICLE INFO Abstract

Keywords: Acute myocardial infarction (AMI) is a cardiovascular disease that is produced due to a defi-
AMI ciency of oxygen generating irreversible damage in the heart muscle. In diagnosis, electrocar-
Biosensor diogram (ECG) investigation has been the main method but is insufficient, so Approaches like
Biomaker the measurement of biomarkers levels in plasma or saliva has become one of the most commonly

applied strategies for prognosis of AMI, as some of them are specifically related to a heart attack.
Many tests are carrying on to determine biological markers changes, but usually, they presents
disadvantages related to time consumption and laborious work. To overcome the issues, re-
searchers around the world have been developing different ways to enhance detection through
the use of biosensors. This diagnostic devices have a biological sensing element associated to a
physicochemical transducer that can be made from different materials and configurations giving
place to different kinds of detection: Electrical/Electrochemical, Optical and Mechanical. In
this review, the authors presents relevant investigations related to the most important biomarkers
and biosensors used for their detection having in mind the nanotechnology participation in the
process through the application of nanostructures as a good choice for device configuration.

1. Introduction

Cardiovascular diseases are the main cause of death in the world [1,2]. According to a report presented by the
Global Burden of Disease Study, in 2017 these diseases were responsible for 31.8% of all deaths worldwide and at least
half of all cardiovascular deaths were caused by ischemic heart diseases (IHD) [1].As the main cause of death among
IHD around the world, being part of the acute coronary syndrome (ACS) and representing high impact in morbidity
and cost to society, there is a need to develop strategies to detect in time any signs of acute myocardial infarction
(AMLI, (Fig. 1)) [3-6]. During AMI, the myocardium suddenly experiments a reduction or stoppage of blood flow,
which results in necrosis of the cardiac muscle and therefore the presence of a heart attack [7,8]. Normally, an AMI
patient presents chest pain, weakness, sweating, nausea, vomiting, and sometimes loss of consciousness [9].

AMI can be caused by a number of factors like arterial embolism and thrombosis [12] and is produced due to a
deficiency of oxygen (increase demand or insufficient supply) that generates irreversible damage to the heart muscle,
making the patient susceptible to other complications like arrhythmias, embolies and aneurysms [9,13]. Due to throm-
bolysis is heavily related with AMI, the most susceptible people to acquire it are the ones that present diabetes mellitus,
hypertensive lack of control, previous heart attack and people of 75 years old [14]. Also, Premature AMI presents a
differential risk profile guided by intensive cigarette consumption [15]. There are various types of AMI, like [9]:

1. Type 1: Spontaneous infarction presenting ischemia due to a previous coronary event like plaque erosion and/or
plaque rupture (ST or no-ST elevation infarction) [9].

2. Type 2: Also with ischemia but related to oxygen (Increase demand or decrease supply), embolism, arrhythmia
and hyper or hypotension [9].

3. Type 3: Suddenly infarct with cardiac death occurring before test can be made or at the time of cardiac biomarkers
appear in the blood [9].

4. Type 4: Infarction related to percutaneous coronary interventions divided in 2: associated with the intervention
itself and with stent thrombosis [9].

*This document is the result of the research project funded by Tecnologico de Monterrey.

In this work we summarized relevant information related to biomarkers and biosensors applied to acute myocardial infarction.
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Abbreviations

ACS acute coronary syndrome

AMI acute myocardial infarction

CL chemiluminescence

CK creatine kinase

CK-BB creatine phosphokinase brain band
CK-MB  creatine phosphokinase myocardial band
CK-MM  creatine phosphokinase skeletal muscle
CMOS complementary metal - oxide - semiconductor
CNFs carbon nanofibers

CNTs carbon nanotubes

cTn cardiac troponins

CRP C-reactive protein

ECG electrocardiogram

ECL electroluminescence

ED emergency department

ELISA enzyme-linked immunosorbent assay
FET field-effect transistors

FOBs Fiber-optic biosensors

FRET Fluorescence resonance energy transfer
Gal-3 galectin -3

H-FABP  heart-type fatty acid binding protein
IHD ischemic heart diseases

MYO myoglobin

Table 1
List of Abbreviations

Totaily Blocked Partially Blocked Normal
Artery Artery Artery

Obstructed blood
Flow

Normal blood
Flow

Damaged heart muscle
(necrotic tissue)

Fig. 1: AMI scheme showing a heart with tissue damage due to blocked artery. Elaborated from [10, 11] (Color printed)

5. Type 5: Infarction related to coronary artery bypass grafting [9].

The adverse outcomes of the condition can be diminished with an acute diagnosis, treatment and division of pa-
tients according to their predictions [4]. Treatment of the condition is usually guided by a primary angioplasty, a
procedure that helps to restore coronary flow by open clogged heart arteries using a balloon catheter inserted in the
blocked blood vessel [16, 17]. The process can be made on patients with signs of a huge infarction (> 15 mm cu-
mulative ST segment elevation and/or > 7/12 leads of electrocardiogram with > 1 mm ST segment deviation) and a
negative evaluation for thrombolytic treatment; patients that can or can not participate in the thrombolytic treatment
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presenting 2 or more risks (more than 70 years, heart rate more than 100 beats/min, systolic blood pressure less than
100 mm Hg, previous infarction, previous coronary artery bypass grafting and diabetes); patients that can or can not
participate in the thrombolytic treatment presenting 1 or none risks but with signs of huge infarction [16].

Diagnosis has various tools: physical examination, electrocardiogram (ECG), biomarkers, and imaging [18]. It
can be improved or more likely to be successful with an early treatment (less than 6 hours previous symptoms), im-
proving survival rate, due to myocardial necrosis is irreversible and 85% heart damage progresses in the first two hours
after the onset of a heart attack [13, 19]. Usually, this condition is related to specific symptoms: changes in levels of
cardiac markers like creatine phosphokinase myocardial band) (CK-MB) and enzyme levels of cardiac troponins (cTn)
as troponin T (TnT) and troponin I (Tnl) [3,20].

Inrecent years, electrocardiographic investigation has been the main method for establishing MI diagnosis, but only
57% of AMI patients reveal ECG changes, so clinical evaluations combined with the use of an ECG are insufficient
to diagnose AMI in most patients with ACS in emergency department (ED) [21-23]. Due to this, the measurement
of the levels of biomarkers in plasma (blood assays) is one of the most commonly applied strategies for prognosis of
AMI, as some of them are specifically related to a heart attack (Fig. 2) [24]. Also, biological markers are useful in
ED to stratify patients in high or low risk in order to discharge the ones that are not in danger, making ED care cost
effective [25]. A well, early diagnosis of ACS by biomarkers diminishes complications and long term recurrence of
symptoms in patients admitted in ED [6].

Many tests are carrying on to determine the changes in a biomarker level. Usually, testing presents disadvantages
related to time consumption and laborious work, like in the case of enzyme-linked immunosorbent assay (ELISA), flu-
orescence and surface plasma resonance (SPR) [1,6]. Related to time, The American Heart Association has dictated a
turnaround time of 60 min and a preferred time of 30 min since sample collection to results reporting, being difficult to
achieve in laboratory tests [26,27]. Besides, The National Academy of clinical biochemistry has recommended testing
in conjunction of an early biomarker (reaction in the first 6 hours) with a AMI specific biomarker increasing in the
blood between 6 to 9 hours [28]. In other way, due to concentration level of biomarkers are in the range of pM to nM,
detection methods have to be very sensitive [29].

Point of care (POC) platforms are a good choice for fast and multiple detection, despite its lack of sensitivity and
specificity that is present in laboratories [26]. Due to the above, researchers around the world have been developing
different ways to enhance detection through the use of biosensors as a way to create a link between POC and central
laboratory [26].
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Il Eleciro 1I1. Troponin V. Troponin Triage Differential
-candiogram level at Oh change decision diagnosis
(ECG) {Within 1, 2 or 3h)

II

NSTEMI

High ——— Likelihood of myocardial infection (MI) -———— Low

STEMI

Fig. 2: Patient assessment with suspected ACS. CPR: cardiopulmonary resuscitation,NSTEMI: non-ST-segment myocardial
infarction , STEMI: ST- segment elevation myocardial infarction. Elaborated from [21] (Color printed)
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2. Biomarkers as early diagnosis tool

A biological marker is a substance that can be found in tissues and fluids of the body and they indicate a particular
disease, as their levels change in comparison when the individual is healthy [44].

Biomarkers have to present ideally various characteristics, including [29,45]:

e High clinical sensitivity and specificity to predict risk

o Quick release for early diagnosis

e Capability to remain elevated for a reasonable time to allow a suitable diagnostic window

e Ability to be assayed quantitatively wit cost and time-efficiency.

Any biomarker has been found to satisfy all these characteristics, so the simultaneous quantification of different
biomarkers would be of great interest, allowing clinicians to diagnose heart issues quickly and/or accurately design a
patient care strategy [29]. Some of the biomarkers that have been use to prevent morbidity and mortality in life due to
AMI are list on the next mental map.

MIND MAP

Troponins (C-Reactive Protein (CRP)
Creatine Phosphokinase . . . 3
Myocardial Band (CK-MB) Galmstine3 (Gald)
Tissue Inflammation
. necrosis (Plagque .
rupture)
Myoglabin (MYO) Fibrinagen

Biomarkers in P

AMI Serum Amyloid A (SAA)

N-terminal pro-B-type Heart-type Fatty Acid
Natriuretic Peptide (NT- . Binding Protein (H-FABP)
proBNP)

Migh sensitive Troponing

Heart Failure Tissue

. ischemia .
Arisin

Copeptin

Fig. 3: Biomarkers implicated in myocardial Infarction processes divided according to their specialization. Elaborated
from [44-48]

Regardless of the hard work of researchers around the world, markers diagnostic of myocardial conditions remains
one of the most challenging approaches, due to not all markers used have a high concentration in the myocardium,
present a rapid release in the blood stream at the time of ischemia or persist in blood enough time to allow a diagnostic
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path [6,49]. As an example, the Fig. 4 shows heart-related problem based on cardiac troponin concentration, where
as the biomarker level increases, the condition worsens.

Healthy Heart

Croos section
plane @

Left Ventricle

1 ng/ml

- Small MI

- Micro MI - Myocarditis
- Myocarditis - Pulmonary
- Acute heart embolism
failure

Myocardial
Infarction (Ml)

Infarct
4, (Necrotic tissue)

Fig. 4: Heart damage related to AMI as a function of troponin concentration. Elaborated from [50] (Color printed)

2.1. CK-MB

Creatine kinase (CK) is an enzyme expressed in large quantities in muscle tissues [4]. CK has three isoenzymes:
CK-MM (creatine phosphokinase skeletal muscle), CK-BB (creatine phosphokinase brain band) and CK-MB [30].
CK-BB is present in brain tissue, CK-MM exist in skeletal tissue, while CK-MB (very low in blood, almost unde-
tectable) is specific to myocardial cells but it is also establish in skeletal muscle (present in cardiac muscle in 25 to
30% and in skeletal muscle in 1%) [6,25, 30].
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CK-MB has been present since the last century inside the strategies of AMI prognosis. This enzyme levels increase
with cell damage of myocardial tissue, becoming detectable between 4 to 8 hours from the appearance of chest pain,
rising at 18 to 24 hours and returning to normal value within 24 to 48 hours [30]. Inhibitors, interference from other
enzymes or drugs used in the tests can influence the CK-MB activity, but its evaluation for AMI provides reliable and
exact diagnosis in acute stage [6,51].

In 1982 Denmark researchers evaluated the performance of the enzyme related to AMI in 321 male patients, where
they found that a semiquantitative expression of the extent of myocardial necrosis was possible to be determined in
vivo [52]. In the 90’s studies focused on early diagnosis of patients admitted in ED and the unity of coronary care
presenting symptoms of chest pain, finding that the use of techniques that involves the enzyme can help to identify
AMI with rapid diagnostic characterization even without a previous ECG [53, 54]. In more recent times, works has
been reported to be center on CK-MB evaluations compared with other agents like myoglobin (MYO), Tnl and plasma
N-terminal pro-B-type natriuretic peptide (NT-proBNP) to see if their estimation together as a conjunct can help with
acute diagnosis of AMI. That is the case of the work presented by Fan ef al. where it was determined that the detection
of these four agents can contribute to the early di;Y2agnosis of the condition and lower the mortality of AMI in acute
stage [55]. Wang et al. also evaluated CK-MB, MYO and Tnl finding similar results that indicates the success of
the enzymes strategies in prognosis for AMI [56]. In the same way, heart-type fatty acid binding protein (H-FABP)
has been study and compare to CK-MB, Tnl and MYO by Pyati et al. showing satisfactory results for all marker
as important values for diagnosis by using Immunoturbidimetric method for H-FABP measure, Chemiluminescence
immunoassay for MYO and Tnl measure and Immunoinhibition method for CK-MB [57].

2.2. Cardiac Troponins (Tnl, TnT)

While CK-MB has been widely used in the past, cTn , proteins of the cardiac myofibrillar apparatus, has shown
to be present in most of the cases of infarction specially 24 hours after, as it is 100% cardiac tissue specific [25, 58].
However, they have a disadvantage since they do not become elevated during the initial hours of AMI [44]. Tns levels
raised between 6 to 9 hours after symptoms appear, so the sensitivity is around 39 to 43% in the first 3 hours for a
patient admitted in ED [59]. Levels have its peak at 12 to 48 hours after onset of symptoms and remains elevated for
4 to 10 days [25]. Specifically, cardiac Tnl levels in normal serum are below 0.6 ng/mL. When it reaches to 0.7to 1.4
ng/mL, minor myocardial injury can be concluded, while evident myocardial necrotic damage should be considered
when cTnl concentration elevates over 1.5 ng/mL [60].

It is important to mention that despite troponins raise consistent to AMI symptoms, also elevate its levels in pres-
ence of other cardiac diseases like myocarditis or shock [25]. In this case, the interpretation plays a relevant role
according to clinical context [25]. As well, patients need a repeat troponin test 6 to 12 hours after the initial evaluation
to irreproachable rule out AMI [25].

Recent studies have been focused on high-sensitivity cardiac Tnl. High sensitivity assays detect troponin in a
precisely way at an acute time with a negative predictive value for AMI exclusion >95% that can rise near 100% if
tests are repeated 3 hours later [25]. Boeddinghaus et al. evaluated the enzymes by 4 methods that predict the existence
of AMI, making measures in patients at presentation and after 1 hour of symptoms appeared (limit of detection, single
cutoff, 1 hour algorithm and O to 1 hour algorithm). Results showed that all methods had the same effectiveness and
safety, despite single cutoff shouldn’t be applied in early presenters [61]. For their part, Pickering et al. applied only the
limit of detection strategy to rapid rule-out AMI using a nonischemic ECG in patients with chest pain, corroborating
the success of the enzyme for the process [62].

2.3. H-FABP

H-FABP (also called mammary-derived growth inhibitor [63]) is a soluble protein of 12 to 15 kDa formed by 132
amino acids, being one of the most abundant in the heart in the cardiomyocytes (5 to 15 % of the total cytosolic protein
pool) [57,64,65]. This protein is not totally cardiac specific, because is present in other tissues but in lower concentra-
tions (brain, kidney, skeletal tissue, adrenal gland, and mammary gland tissues, as well as in blastocysts) [57, 63, 65]
and It is involved in fatty acids intracellular transportation for oxidation in the mitochondria [57].
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H-FABP is being considered more and more for its capacity to distinguish between one patient and another with
and without ischemic heart conditions, despite is restricted to clinical research due to an nonexistence method for its
measurement in a fast and easy way [4,57]. H-FABP is sensitive for early diagnosis of AMI and has been investigated
as a useful tool in estimations of patients that arrives in the ED with chest pain with an increased concentration as
early as 30 min after myocardial injury, peaking at 6-8 h and returning to baseline at 24 h [30,42]. In tests the protein
presents a negative predictive value of 82% [45]. Vupputuri et al. reported that the performance of H-FABP is superior
to Tnl and CB-MK during the initial stage (3-6 hours) in patients evaluated [66,67]. As a conclusion they referred
to a conjunction between H-FABP and Tnl as an early and late marker respectively for and ideal coverage of AMI
diagnostic [66]. Contrary to this, Navarro et al. afirmed that when H-FABP acts like a sole biomarker is not superior
to high sensitive TnT, so they realized a dual strategy with both markers where the results in 360 patients reduced
hospital admissions in 42% by detecting successfully AMI [68].

In recent studies researches have been comparing H-FABP with other biomarkers besides Tnl. That is the case
of a study guided in Bratislava where 60 patients where evaluated for early diagnosis of ACS using H-FABP, Tnl,
galectin-3 (Gal-3) and CK-MB, finding great results for the 3 first between 2 and 4 hours since admission [65].

24. MYO

MYO is a small globular hemoprotein present in cardiac myocytes and skeletal muscle with a molecular wight
of 16.8 kDa [3,25,69]. It is part of the globin family being formed by a porphyrin ring (with a central ferrous iron
molecule) and a single polypeptide chain of 154 amino acids [69].

This protein is released quickly to follow muscle injury and is the primary marker of AMI (secreted from the kid-
neys within 24 hours) due to its low molecular weight and can be present in the bloodstream if exists muscle damage
(change in cell membrane permeability) [3,70]. MYO has no specificity but increases its levels around 30 minutes after
the symptoms onset and it remains elevated between 6 to 10 hours in all patients, picking at the 12th hour, returning to
normal stage after 1 to 1.5 days [6,31,32]. Despite all of that, the negative predictive value for AMI is only 89% [6].
MYO also appear in the urine when it reaches levels above 0.5 to 1.5 mg/dL [69].

In recent years MYO has been displaced for high sensitive cardiac troponins, so is not really needed for early di-
agnosis of AMI [8]. Despite of that, MYO is present in studies for combined detection of the condition, where next
to CK-MB, Tnl and NT-proBNP has improve results in diagnosis and has shown a positive correlation with CK-MB,
reasons why its still important in lower mortality of AMI in acute phase [55,56].

In other research, MYO has been discarded as a renal marker for long - term prediction for patients after AMI
studies in 569 subjects in 6 years [71].

2.5. NT-proBNP

NT-proBNP is a neurohormone (neuretic peptide) synthesized in atrial or ventricular myocardium [72]. Neuretic
peptides as cardiac biomarkers released from cardiac myocytes in response to ventricular wall stress, ischemia or in-
farction have shown prognostic value related to AMI [72-74]. The increasing of this marker levels is related with short
and long term risk of death and heart failure [75]. Also, NT-proBNP values increases during the first 24 to 48 hours
in AMI, another reason to be considered good for diagnosis [33].

NT-proBNP improves the performance of high sensitive TnT for early detection of infarct as has been demonstrated
in various studies due to the peptide levels are higher for AMI than in another chest pain condition [76, 77], but acts
so much better in long term predictions to identify higher risk patients over time because neuretic peptides can change
significantly over time [73, 78]. As well, NT-proBNP is useful to determine an specific type of AMI, being type 1
related to coronary artery thrombus (low myocardial blood flow accompanied with myocyte necrosis) while type 2 is
not related with coronary artery disease (disproportion between myocardial oxygen supply and demand resulting in
myocardial injury with necrosis) [79, 80].

In other studies, NT-proBNP has been studied along with other markers besides the cardiac ones. Kasap et al.
evaluated the performance of the peptide and other markers like C-reactive protein (CRP), finding good outcomes for
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diagnosis of AMI according to the serum levels in a population of 100 patients with the condition and 40 in a healthy
state [72].

2.6. CRP

CRP is an acute-phase non-specific biomarker of the pentraxin protein family that has five equal polypeptide chains
in a pentameric structure and is sensitized by the liver in response to interleukin-6 and other cells as adipocytes [81].
CRP presents systemic inflammation that elevates in patients that suffers myocardial infarction and is also associated
with the incidence of other cardiovascular events [36,82,83]. CRP monitoring is the best way to prevent future clinical
events due to coronary factors like myocardial infarction [81, 84].

According to studies reported in literature, levels of this protein increase during the first 8 to 12 hours since the
appearance of symptoms for AMI (normal level in healthy person: less than 1 mg/dl) and return to baseline 3 to 4
weeks later [36, 37].In this case, marker levels are related to infarct size and are reduced by acute reperfusion [37].
Also, the increase is associated in short term to death after AMI, while long term analysis is poorly studied [37, 85].

CRP has been widely studied and in its high sensitive form is related to cardiovascular events specifically in women,
where can act as a significant predictor of risk [86,87]. In the same way, CRP is useful as a predictor of heart failure in
cases of previous AMI, thus helps to decrease mortality index during the following of symptoms in treated patients [88].

Ziakas et al. affirmed that CRP evaluated against fibrinogen and interleukin-6 shows better results for prognosis
in-hospital and follow-up for patients with AMI receiving thrombolysis [89]. Also, in recent works Alkouri et al.
presented results in which CRP levels are acute in prognosis identifying appropriate candidates for evaluation and
anti-inflammatory therapies as a mode of prevention for AMI [90]. In the same way, Wang et al. evaluated CRP and
Tnl before and after AMI, finding that both levels post event can help to elucidate the performance and efficacy of
treatment [91].

2.7. Fibrinogen

Since the 50’s Fibrinogen, an acute phase reactant, a large and soluble glycoprotein of the coagulation system syn-
thesized by hepatocytes (normal circulating levels of 1.5 to 4 mg/ml and 340 kDa), has been studied as a risk factor
for AMI [92-95]. Fibrinogen is the third most abundant of plasma proteins and is formed by 3 polypeptides: Aa—,
Bf— and y-chains [95]. Its synthesis is guided by IL-6 and other proinflammatory cytokines [95]. This protein is
related in several mechanisms like platelet aggregation, cell injury and plasma viscosity, which are associated with
the appearance of thrombi driven to thrombosis, the major determinant for cardiovascular diseases like myocardial
ischemia, stroke, peripherial vascular disease, abdominal aortic aneurysm and pulmonary embolism [92, 95, 96].

Various studies in patients has shown the increase of this marker up to 800mg per 100cc in AMI patients [97].
Works has reported the increase levels related to a bad prognosis during hospitalization and ischemic heart disease
specific for patients with angina and AMI [98, 99]. Also, there is evidenced of fibrinogen as an important value for
risk division and aggressive reduction of infarct size in patients previously submitted to angioplasty [100]. More re-
cent studies has evaluated fibrinogen in healthy and AMI people, finding that the marker is a valuable screening tool
to identify individuals with latent risk of suffer AMI despite researches have demonstrated the poor efficacy of the
marker for long term predictions [101-103].

Fibrinogen has been related to more traditional factors like obesity, which increase the risk for cardiovascular
diseases [81]. It has been reported that reduction of body mass index as a result of a healthy diet, has helped decrease
fibrinogen levels [104].

2.8. SAA

Serum Amyloid A (SAA) is a very sensitive acute phase protein, a neuroendocrine marker, with reactivity and sen-
sitivity response similar to CRP, despite studies have shown that SAA responds differently than CRP in inflammatory
diseases [105-108]. SAA is synthesized by hepatocytes of the liver trough cytokines like interleukin-1, interleukin-6
and Tumor Necrosis Factor - a [106, 109, 110]. It is secreted from activated macrophages, vascular smooth muscle
cells, endothelial cells and salivary gland cells [81, 111]. This last thing, makes SAA affordable for use as a non-
invasive activity marker [111].
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SAA has high density lipoproteins and its metabolic process is quick [39,112]. In normal plasma, is present in trace
amounts but its serum levels increased few hours (4 to 6 hours) in presence of tissue injury and inflammation [39—41].

It is shown that SAA is an useful predictor for AMI, as has been demonstrated by Katayama et al. evaluating SAA
levels in 433 AMI subjects [113]. Also, SAA seems to be an independent predictor of AMI for admitted patients in
ED presenting chest pain, despite predicts a poor outcome in patients with unstable angina [107, 114].

2.9. Gal-3

Galactins involve 15 lectins that are divided in 3 groups: prototype, chimera and tandem, being Gal-3 the only one
in the chimera group [115]. Gal-3 is a glycoprotein with 26 kDa, which is secreted by activated cardiac macrophages
that can act as an independent predictor for mortality in myocardial infarction [65]. This protein resides in both nu-
cleus and cytoplasm of different cells (endothelial cells, epithelial cells, activated microglia, inflammatory cells like
macrophages) and also in the extracellular space (tissues like spleen, stomach, colon, liver, kidney, heart, uterus, ovary
and pancreas) and related to patients with acute and chronic heart failure has been shown good results in short term
prognosis [116-118].

Specifically, in patients with atherosclerotic based problems like myocardial infarction, Gal-3 have limited use in
the long term prognostication for which its use is questionable [119]. Various studies have focused on Gal-3 levels in
AMI patients [15, 120-123] finding that elevated levels of the protein are associated with ischemic heart disease and
with AMI depending on prior treatment (different medicines and procedures) of the condition. For example, Bivona
et al. demonstrated that despite Gal-3 levels boosts during the first hour since admission of AMI patients in ED, yet
there is a lack of elucidation for the protein as biomarker for AMI [118].

In recent works, has been demonstrated that Gal-3 is valuable for predicting myocardial injury during the early
stage of AMI due to changes in presence of inflammation or fibrosis, but the secretion kinetics of its plasma during the
event is still disputable [38, 124]. Stanojevic et al. evaluated again this protein in AMI patients and found that when
the patient is involve in a high risk group, suffering for example atrial fibrillation or arrhythmia, Gal-3 levels increase
behaving like an ideal target for treating AMI patients that are under high risk groups [125].

2.10. Additional biomarkers

Other biomarkers like copeptin and irisin are also being studied [3]. Copeptin is a marker of stress secreted from the
neurohypophysis in equimolar quantities with arginine vasopressin after the synthesis in the hypothalamus [126—128].
It rises quickly in AMI (0 to 1 hour) after symptoms appear and decrease to normal levels within 12 to 36 hours in
early presenters [34]) despite not being cardiac specific. As a single variable presents poor accuracy to diagnose or
exclude the condition [128], due to its changes in serum occurs under various conditions besides AMI (respiratory
tract infection, sepsis and stroke) [129] .

As cTn are the most accurate standard biomarkers, its combination with copeptin may facilitate the diagnostic
evaluation of AMI [129]. The dual strategy (recommended by the european society of cardiology (ESC) [18]) could
avoid the delay in ruling out AMI, diminishing the anxiety of the tested patient and the missed used of resources in
ED [128]. This combination can achieve a negative predictive value of 99.7% [45]. For example, Jeong et al. in-
vestigated the performance of copeptin, CK-MB and Tnl alone and in combination for 271 patients with chest pain,
finding that the dual strategy of Tnl/copeptin improves AMI prognostic in patients with early-onset chest pain in an
ED configuration [130]. In similar studies, Stallone ef al. and Morawiecet al. evaluated the combination of copeptin
with high-sensitivity cTn. In the first case, 2000 patients with around 2 hours of symptoms onset were assessed by the
dual strategy showing that copeptin did not increase accuracy in diagnostic [131]. In the second research, copeptin
acted as an independent predictor in mortality for all patients tested and its mixture with high sensitivity TnT did not
show any improvement for exclusion in ACS conditions [132].

On the other hand, irisin is a thermogenic uncoupling protein that can also be clinically effective for early diag-
nosis. This protein is expressed in other organs besides cardiac muscle like kidneys and liver [44]. In humans, it can
be extracted from both blood and saliva [44]. Related to AMI, irisin levels decrease during the first 48 hours where
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symptoms appear and then returns to a normal state after 72 hours [43].

Various studies have shown results where the concentration of irisin can be taken to account in prognosis of AMI.
That is the case of a research of Hsieh et al. where they measured serum irisin concentrations using ELISA and found
that said concentration was elevated in post-ST elevation myocardial infarction patients with increased risk for adverse
cardiovascular events [133]. In the same way Anastasilakis et al. investigated levels of irisin at the time of AMI,
having results of lower irisin in comparison with control smaples [134]. In other work, El-Mottaleb et al. evaluated
the therapeutic response of irisin as agent in cardiovascular diseases. This study aimed to calculate the level of the
protein in infarction with or without heart failure and its possible relation with cardiac markers, finding an inconclusive
result towards the use of irisin in prognosis of AMI due to its unknown sensitivity and specificity [135].

3. Biosensors in AMI detection

Biosensors are integrated diagnostic devices with a biological sensing element associated to a physicochemical
transducer that can be made from different materials and configurations [136]. They can be classified in 2: Biorecep-
tor or transducer type (Fig. 5) [137]. A bioreceptor is a molecular specie like an antibody, a protein and an enzyme or
a biological system such as cells, tissues and even complete organisms, that uses a biochemical agent for recognition
and its responsible for adhered the analyte to the sensor for the measurement [137]. Bioreceptor recognition can be
classify in [138—140]:

e Antibody - Antigen interactions (Immunosensors or affinity sensors): the detection of the target analyte (anti-
gen) is a result of the specific binding with the specific region of the antibody attached to the surface of the
transducer. Due to the large binding between the antibody and the antigen, this sensors are usually for a single
use (disposable).

e Nucleic acid - DNA interactions.
e Enzymes interaction: An enzyme e catalyses the conversion of analyte to product.
o Cellular structure - Cells interactions.

e Synthetic bioreceptor interactions.

In other way, transducer type biosensors are divided in [138, 141]:

e Optical measurements.
e Electrochemical measurements.

e Mechanical measurements.

Usually, a biosensor that utilize a microchip based transducer is also called biochip, which is a conjunction of
biosensors individually monitored that are used for multianalysis of analytes [138, 141]. It is important to mention that
environmental conditions (pH or temperature) can decrease the life of the biosensor [139].

First biosensors were catalytic elements that combined enzymes with transducer (can be electrochemical, optical,
thermometric, piezoelectric and magnetic) in order to convert a biological signal into a electronic one [136]. With
the apparition of affinity biosensors, researchers studied the use of a variety of biological elements like antibodies,
receptors or nucleic acids [136]. In that case, affinity is given by the immobilised molecule [136]. Since that, sensing
performance have been improved, leading to a technological development that anticipates an annual turnover of 22.68
billion of dolars by 2020 [142]. Fig. 6 Shows general classification of biosensors where the different biological
elements and transducers are present.

In general, biosensors market faces several challenges related to biomarkers detection, such as: ultrasensitivity
(detection at very low concentrations), selectivity (discriminate between an specific biomarker and other molecules
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Fig. 6: General configuration of a biosensor. Elaborated from [136,143] (Color printed)

present in a biological fluid), low noise in signal readout, low cost and detection limit, minimal sample volume, mon-
itoring at long term and quick and sharp detection [144].
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The use of nanostructured materials (at least one dimensions below 100 nm, different properties form the bulk, sur-
face properties predominant) have been encourage in biosensors fabrication due to sensitivity improvement, possibility
of nano-biosensors, requirements of small amounts of sample for detection, better molecular attachment (large surface-
area-to-volume ratios) and maximization of the activity and the lifetime of the immobilized molecules (comparable
sizes of the nanomaterials and biological molecules) [140, 145-147]. Between the group, nanoparticles, nanotubes,
nanowires and nano-patterned surfaces have been utilized as electrodes in biosensing applications (Fig. 7) [140].

Type Nanoparticles Nanofibers Nanolayers
Nanospheres Nanoclusters Nanofibers Nanowires and Nanotubes Thin films and
MNanorods MNanoplates
View

‘,’

o B > o @

Fig. 7: Families of nanostructured materials. Elaborated from [140] (Color printed)

3.1. Electrical detection

Actually, the use of electrical detection is encourage due to its low cost, easy miniaturization and the fact that it
can be used for non specialized people [29, 146]. To sense small chemical and biological elements through electri-
cal detection, the use of nanostructures (nanowires, nanoribbons, nanobelts, carbon nanotubes, nanoparticles among
others) is beneficial owing to the similar size between sensor and target [146]. However, the results obtained by this
technology can be affected by PH values and different charges of the molecules due to the conductance measurement
of the nanostructure [148].

Nanostructure metal - oxides materials (NMOs) have received attention as transducer due to its non - toxic morphol-
ogy, biocompatibility, large surface area, catalytic properties and absorption capability (origins appropriate biomolecules
immobilization) that allows the enhancement of the sensig characteristic [149-151]. In the fabrication of an efficient
biosensor, the selection of the proper NMOs for immobilization of the bioreceptor is crucial [152]. Usually, NMOs
binds with the biomolecules by physical adsorption (weak interactions like Van der Waals and electrostatic forces) or
covalent binding [152]. In general, the use of this materials improves sensitivity and limit of detection in the biosensor,
besides its simple and inexpensive fabrication process [152].

Nanowire based field-effect transistors (FET) are commonly use in biosensor designs because it has sensitivity,
label free, real time and multifunctional biosensing [153]. In FET devices, charge biomolecules in buffer solution bind
with their counterparts immobilized on the biosensor surface, inducing changes of carrier concentrations and thus,
regulating the electrical transport of the device [153]. Many materials have been integrated in FET type biosensors,
basically various semiconductors like silicon (Si) nanowires [154], Tin dioxide (SnO,) nanowires [155] and indium
oxide (In,O3) nanowires [156]. Si nanowires have received special attention due to its biocompatibility and remark-
able electrical properties [157, 158]. Besides, FET Si nanowires can be made by using complementary metal - oxide
- semiconductor (CMOS) processes, which allows a low cost production [159]. Although this kind of sensors have
good sensitivity, remaining problems related to scattering of transistors operating in liquid atmosphere are still present
during sensing experiments [160]. To solve the above, the use of gate insulator layer is highly encourage because it
acts as a sensing surface in the liquid - gated FET sensor [161, 162]. In this field, Kutovyi et al., proposed a liquid-
gated Si nanowire FET biosensor for Tnl detection by using noise spectroscopy as a characterization technique for
biosensor performance evaluation and as an analytical method that permits label free sensing [159]. Low frequency
noise spectroscopy allows to enhance the sensor surface and the electrical behavior of the transistor [159, 163]. In the
same way, Fathil et al., presented a zinc oxide ( ZnO) FET biosensor for Tnl detection fabricated via photolithography
with an extra gate, resulting in high sensitivity detection with a limit of 1.6 fg/mL [164].
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Especially, FET has been used for troponin detection as shown in Kim et al., where honeycomb nanowires was
used to produced a FET Si biosensor with high sensitivity and label free for Tnl detection, resulting in a detection limit
of 5 pg/mL [165]. In this case, the honeycomb structure provides major electrical performance and large surface area
compare with conventional nanowires [166, 167].

In addition, Chua et al. proposed a silicon nanowire array platform used for real time troponin T detection by
electrical measurement supported on the conductance changes of the individual nanowires [168]. Based on the same
kind of platform, Zhang et al. developed a multi detection device for various biomarkers like CK-MB and TnT until
100 pg/L in untreated blood serum [169]. In more recent studies, Lee et al. used a novel material, polyaniline, to pro-
duce a nanowire through electrochemical deposition growth technique with multi detection purpose applied to cardiac
biomarkers Tnl and MYO among others, achieving low detections like 250 pg/L, 100 ng/L, 150 pg/L, and 50 pg/L for
Tnl, MYO, CK-MB, and BNP [170].

FET nanobelts are found in literature too. Cheng et al. developed detection of Tnl using SnO, FET nanobelt along
with a microfluidic configuration, with a sensitivity detection of 2 ng/L accompanied with speed and portability [171].
Usually, nanobelts are produced via catalyst free physical vapor growth, allowing to have good crystal properties and
biocompatibility [172].

Si nanoribbons are also used, fabricated by top - down methods that results complicated because the process needs
oxidation, photolithography, and wet etching. To avoid that, researchers are using shadow mask fabrication method to
produce semiconducting metal-oxide-based biosensors, where the process is at room temperature performed without
the use of a cleanroom and besides is cost effective, reliable, and photolithography free [26]. In,O5 is present in FET
nanoribbons too, allowing to have real time, quick responsive and label free biosensors that are ideally for first blood
sample analysis [26, 173-177].

Carbon nanotubes (CNTs) are utilized due to their structure, physical and chemical properties (conductance, stiff-
ness and possibilities to be functionalize) [178]. Due to the speed of electron transfer, a CNT electrode can have high
sensitivity with low limits of detection, thus decreasing the response time [179, 180]. Besides, CNTs can formed a
nanostructure surface that allows the immobilization of a higher amount of biomolecules thanks to the increase of
the electroactive area [181]. Gomes-Filho et al. developed an immunosensor based on CNTs mixed with a polymer
film for TnT detection with a low detection limit of 0.033 ng/L. despite of some instabilities in the response due to
the deposition and assembly of the CNTs on the polymer film [181]. To solve the problem, Silva et al. proposed an
amine functionalized CNTs merged into the ink printing used to produce screen printed electrode (SPE), obtaining
better limit of detection at 0.0035 ng/L [182].

Carbon nanofibers (CNFs), especially vertical aligned ones, where each fiber acts as a nanoelectrode has been
utilized to fabricate biosensors with success [183—-187]. Owing to the biocompatibility, conductivity and option for
easy surface modification, nanoelectrode arrays based on vertical aligned CNFs and fabricated by plasma enhanced
chemical vapor deposition, can be used as a biosensor platform [188]. Under this alignment, Gupta et al., fabricated a
nanoelectrode array based on vertically aligned CNFs for CRP detection using cyclic voltammetry and electrochemical
impedance spectroscopy to obtain a detection limit of 11 ng/mL [188].

FET biosensors can also present electrical double layer and a high electron mobility transistor to improve assay
sensitivity by its unique electrical, chemical and thermal qualities [189]. Under this statement, Sarangadharan et al.,
proposed a FET biosensor using electrical double layer with AIGaN/GaN high electron mobility transistor for Tnl
detection without sample processing steps, resulting in a detection range of 0.006 to 148 ng/mL [190].

3.2. Electrochemical detection

Label free electrochemical detection is consider a sustainable, inexpensive and short response time method for
biomarker analysis [191]. Electrochemical detection presents high sensitivity, selectivity and low cost (no need of
expensive equipment for signal transduction since electron-transfer process directly generates an electronic signal)
[192—-198]. Electrochemical biosensors are build usually in potentiometric, capacitive and amperometric mode [140].
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Amperometric biosensors are most common due to its simplicity in use and its potential capacities [140]. One of the
most important issues of the technique is the immobilization of the recognition elements in the transducer surface,
which can be made with the help of gels, polymeric membranes, conductive salts, etc. [199,200].

The electrochemical immunosensors have based on current and/or voltage measurements to detect binding be-
tween antigen - antibody [139]. Carbon nanostructures have shown good properties for electrochemical detection of
biomarkers, specially graphene nanostructures show superior electrical and electrochemical behavior along with its
huge surface area [191,201]. Kazemi et al., proposed a label free electrochemical biosensor for Tnl detection with
porous graphene oxide as substrate, resulting in a detection limit of 0.07 ng/mL [202].

Electrochemical nanobiosensors modified with gold nanoparticles show promising results in biomarkers detection
through the use of antibodies, in a process of 30 min [23]. Also, electrochemical aptasensing is useful for detec-
tion [2,203]. Negahdary et al., presented an aptamer based biosensor for Tnl detection, with a gold electrode used as
a transducer, obtaining a range of detection between 0.03 to 2 ng/mL when evaluating 89 human samples [204].

The use of imprinting technology in biorecognition agents mixed with the SPE method seems to be beneficial for
disposables and low cost medical devices such as biosensors [205]. In this case, Moreira et al., proposed a dispos-
able biosensor for MYO detection with a reusable molecularly imprinted polymer assembled on a polymeric layer of
carboxylated poly(vinyl chloride)(PVC COOH) to obtain a plastic antibody resulting in a limit of detection of 2.25
ug/mL [205].

Application of covalent organic frameworks in electrochemical biosensors have taken importance due to its large
surface area, low density, thermal stability and exceptional electrical, porous and mechanical properties [206, 207].
Zhang et al., probed the use of a novel sandwich type sensor for Tnl detection, enhancing signal trough fabrication
based in titanium dioxide nanoparticles mixed with polypyrrole and gold (TiO2-PPy-Au) as a substrate material and
toluidine blue - gold covalent organic frameworks (TB-Au-COFs) as nanoprobe, resulting in a limit of detection of 0.17
pg/mL [206]. In this case, TB ( an aromatic heterocyclic dye) acts as a viable redox probe due to its high conductivity
and stability and PPy (a conductive polymer) served as a conductivity improver [208,209].

2D Hexagonal boron nitride nanosheets are suitable for sensing applications due to its surface area and conductivity
and it is possible to reduce their size transforming them into quantum dots [210,211]. Yola et al., probed the above by
presenting an imprinted electrochemical biosensor based on boron nitride quantum dots for Tnl detection, obtaining a
limit of detection of 0.0005 ng/mL [212].

Otherwise, the use of DNA in electrochemical biosensor structure could be beneficial, as demonstrated by Lee et
al., when employing this kind of improvement with an Au nanospike for highly sensitive Tnl detection [213].

3.3. Optical detection

Optical biosensors depends on polarization or frequency of the input light that is related to the biological process
and are classified in calorimetric, fluorescence, luminescence (chemiluminescence and electroluminescence) and SPR
biosensors [214]. In fluorescence or luminescence categories, the biological target is highlighted with fluorescent tags
or dyes, which is complicated and time consuming [215,216]. In other way, calorimetric measurement is directly
observable and thus better but its sensitivity is lower [214].

For calorimetry assays different elements have been developed like silicon chips, glass surfaces and gold electrodes.
Wen-YaWu et al. developed a calorimetric biosensor for Tnl detection based on Poly(dimethyl siloxane) PDMS-gold
nanoparticles (Au NPs) composite film with silver inclusions [217].

In luminescence field, Fang Li et al., proposed the use of luminol functionalized gold nanoparticles (luminol-Au
NPs) as a sensitive label - free electroluminescence (ECL) immunosensor for Tnl detection, where the ECL intensity
was depending on the Tnl level [218]. For chemiluminescence, Zhao et al., presented an immunosensing biochip for
multiple detection in blood of some cardiac biomarkers such as Tnl, CK-MB and MYO, using a nitrocellulose filter
membrane for antibody immobilization, resulting in a fast and efficient detection [219]. In the same way, Yang et al.,

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 16 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

demonstrated the use of an electrogenerated chemiluminescence (CL) biosensor for multiple and individual detection
of Tnl, TnT and MYO, using aptamers as capture probes, ruthenium complex (Rul)-labeled streptavidin as CL signal
probe and photomultiplier tube and charged coupled device as detectors [220]. In the photomultiplier tube model, the
limit of detection was 0.30 ng/mL, 31 pg/mL, 0.79 pg/mL for TnT, MYO and TnlI respectively [220].

For SPR sensing, there is a need of a metal film deposited on a glass prism and biorecognition elements with pro-
teins, antibodies, DNA and other immobilized agents on the sensor surface [221]. In this case, when the biorecognition
element reacts with the specific antigen, the refractive index experiments a change in form of light variation [222]. Fire-
man Dutra et al., proposed a covalently immobilized antibody for TnT detection, deposited on gold surface through a
self-assembled monolayer of thiols with cysteamine-coupling chemistry, allowing a repetitive measurement with cost
saving [223]. in the same way, Liu et al., immobilized a TnT antibody trough self-assembled monolayer applied to
a homogeneous mixture of oligo(ethylene glycol)(OEG-terminated alkanethiolated and mercaptohexadecanoic acid)
on Au by SPR, allowing a detection in the first two minutes after injection with a detection range varying from 50
ug/mL to 100 ng/mL [224]. Also Pawula et al., demonstrated that the use of this kind of SPR biosensor build trough
self-assembled monolayer can obtain an specific, rapid and sensitive detection of TnT in a concentration range of 25
to 1000 ng/mL in direct assays [225].

H-FABP detection have been analyzed by SPR biosensors [226]. Kunz et al., proposed an optical immunosensor
based on SPR for label free detection of H-FABP, presenting a sensitive range between 0.2 to 2 ug/mL which is not
applicable for detection of micro-necrosis [227].

Long-range surface plasmon-polaritons are known as surface plasmon waves which propagation takes place along
a metal stripe surrounded by dielectric elements of similar refractive index [228].The length of propagation for long-
range surface plasmon-polaritons can be in the order of centimeters, while normal plasmon polaritons normally used
in SPR are limited to 80 ym, making the long-range surface plasmon-polaritons more suitable for sensing applica-
tions [229]. According to this, Krupin and Beriniri proposed a SPR based long-range surface plasmon-polaritons
biosensor for label free detection of Tnl, obtaining limits of detection of 430 pg/mL for the direct assay and 28 pg/mL
for the sandwich assay [229].

Other optical biosensors for detections have been proposed as in the case of optomagnetic technology based on
nanoparticles for troponin detection [214]. For example, Bruls et al., proposed Tnl detection via actuated magnetic
nanoparticles [230].

Despite of the advantages (high sensitivity, specificity, simplicity among others) in fluorescence methods, there
are many limitations related with high costs, labeling and use of dyes with low light stability [231]. In spite of its low
photostability, solubility in water and narrow excitation spectra, different fluorescent nanomaterials have been recently
employed as dyes, such as quantum dots and noble metal nanoclusters [231]. Due to the above it is necesary to search
for new fluorophores like fluorescent carbon dots, a quasispherical nanoparticles with 10 nm or less in size with high
water dispersibility and stable fluorescence intensity [232,233]. Under this statements, Chen et al., proposed a biosen-
sor based on carbon dots for MYO detection with detection limit of 20 pg/mL [231].

Fluorescence resonance energy transfer (FRET), a traduction method that explains the transfer of energy between
light and sensitive molecules (donor and receptor molecules have to be very close from each other) is the based for
other optical biosensors that are categorized in 2 types: intermolecular (also called bimolecular) and intramolecular
(also called unimolecular) [234]. In this case, superposition is needed between the absorption spectrum of the receptor
and the fluorescence emission spectrum of the donor [234]. As a precedent, Stringer et al., proposed a FRET biosensor
with quantum dots in donor position and organic dyes as receptors for detection of Tnl [235]. In the same area, Pierce
et al., proposed a FRET immunosensor for subcutaneous implantation in order to provide early warning of a heart
attack via cardiac troponins detection , thus reducing false positives [236].

Fiber-optic biosensors (FOBs) are being studied too as a label free biosensors. However, most results in this field
have shown low sensitivity in sensing [237-239]. Due to the above, Zhou et al., developed an optical microfiber coupler
biosensor label free and with high reproducibility for Tnl detection, obtaining a detection limit of 2 fg/mL [240]. Also,
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in literature has been reported the use of FOBs based on the concept of total internal reflection fluorescence, where
the incident light propagating in the fiber core is totally reflected and the remaining shadow layer of electromagnetic
field can be use to produce the evanescent wave excitation of fluorescence by the excite fluorophores of absorbing
species [241]. In this case, the intensity of the signal of a FOB depends on the quantity of the absorbed fluorophores
by the analyte [241].

3.4. Mechanical detection

Micro Electro Mechanical Systems presents new tools for biomedical (enzymatic) analysis by implementing micro
mechanical biosensors (transducers) that usually use cantilevers that has the ability to convert a chemical signal into a
mechanical motion [242]. In this kind of biosensors, detection is taking place when the enzyme sticks to the antibody
on the surface of the cantilever, creating a difference in surface stress and thus a deflection as a result of the chemical
reaction produced by them [242]. Jeetender et al., probed this approach by proposing a mechanical biosensor for
troponin detection [242].

3.5. Other detection types

Photonic crystal approach with open optical microcavity offers easy functionalization of the sensing surface, easy
designed and engineered for functioning in any optical wavelength [216]. In this case, Zhang et al., demonstrated the
performance of a photonic crystal based biosensor integrated with a microfiuidic system for MYO detection with a
detection limit of 70 ng/mL, which generates viability for its use as a POC monitoring device [216].

Colorimetric technique has great potential for POC testing due to the cost effective, fast and easy performance [243].
Detection of biomarkers at low concentration is an important challenge in colorimetric POC biosensors (medium to
lower picomolar) and to solve the issue, the use of surface enhanced Raman scattering is beneficial in order to obtain
detection in ultra low levels [244]. According to this, Lim et al., presented a surface enhanced Raman scattering based
microfluidic paper device (uPAD)) for cardiac biomarkers detection such as TnT and CK-MB, obtaining 1 and 10
pg/mL as the limit of detection respectively [245].

Zhang et al., proposed a colorimetric method for MYO detection based on the aggregation of gold nanoparticles
(AuNPs) fulfilling with the advantages mentioned but without obtaining a low limit of detection [246]. On the other
hand, Wang et al., demonstrated that the use of the colorimetric technique mixed with DNAzyme functionalized AuNPs
for MYO detection improved detection in a concentration as low as 2.5 nM [243].

Peptide based approaches for biosensors have been investigated too, due to peptides can be easily synthesized and
manipulated to improve target specificity and affinity [247]. Peptides from phage display are one of the most promis-
ing for biosensing applications [247, 248]. It has been reported that electrochemical biosensors based on peptides
maintain promise for point on care diagnostics, presenting high sensitivity, simplicity, efficiency, velocity and porta-
bility [247,249].

Impedimetric method allows to have biosensors with direct monitoring between antibody and antigen [250]. Also,
being label free biosensors, do not present the necessity of biochemical reagents, thus making the process easier [250].
With the objective of improve the sensitivity of this kind of sensors, Miao et al., proposed a thin layer impedimetric
biosensor between 2 layers of conducting glass for FABP detection using physical absorption for the immobilization
of antibodies, resulting in a concentration limit of 200 mg/mL [250].

Nanofluidics has become adequate for rapid and label free biomolecule sensing [251]. Specially, nanofluidic diode
biosensor enhances the robustness and detection sensitivity of the device [251].Due to this, Yeasmin et al., proposed
a nanofluidic diode biosensor with an asymmetric nanoslit for electrical and label free detection of TnT, where results
showed a great reproducibility of the sensing performance [251].

4. Origin of the sample for detection

The human body presents a variety of fluids like blood, saliva, urine, tears, sweat and cerebrospinal fluid, all
containing several proteins that are useful for monitoring health and prevent diseases [252]. Most studies of AMI
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biomarkers have centered their efforts in plasma (blood) samples, revealing high significance in myocardial injury,
stress, inflammation and stretch [253]. Nowadays, the use of human saliva samples have been encourage in AMI di-
agnosis due to its noninvasive and economical origin [253]. Saliva is a fluid with the function of maintain oral health,
lubrication and binding, composed by salivary and non-salivary agents, that is to say, proteins synthesized from blood
or in the salivary glands (parotid, submandibular, sublingual and minor salivary glands) [252,254-256]. Whole saliva
is composed mainly by water and other elements like bacterial and exfoliated cells, electrolytes, glycoproteins, en-
zymes, antibacterial compounds, sugars, lipids, hormones, peptides and minimum amounts of gingival crevicular fluid
found in the gingival crevice surrounding the teeth [252,253,257].

Besides the benefits metioned, a salivary proteome should be very practical in order to determine a heart condition
[253]. Having in mind that around 27% of saliva proteins are similar to plasma proteins, the studies based on proteins
found in both will be very useful to predict AMI progression and give treatment for patients in ED [252]. Various
studies have demonstrated the relation between some salivary biomarkers and AMI condition as shown in Fig. 8.
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Fig. 8: Sample for detection: Salivary and plasma biomarkers. Elaborated from [38, 55,103,253, 258] (Color printed)

Whole saliva can be collected by drooling, spitting or swabbing into a tube, which states minimal risk for health-
care professionals and patients [253]. Referent to collection, salivary tests presents challenges to beat according to
stability and quality of the sample [253]. First, some proteins suffer degradation in saliva so the peptides observed can
be varied [253]. In this case, some researchers have shown that degradation is related to the biological states of the
human body, age, gender and immunity [259,260]. On the other hand, older age is also important in this field due to
some people suffer from dry mouth as a consequence of their conditions, which limits the amount of sample collected
and also the results [253].

In Fig. 9 are listed some of the advantages and disadvantages of saliva samples for AMI diagnosis.

Despite of the advances, none of the salivary biomarkers listed have shown any signs for AMI onset prediction,
so the future aim is to provide an early and acute diagnosis through the use of this markers in order to increase the
survival rate of cardiovascular patients compared of those evaluated by plasma [253].
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Advantages Disadvantages

Non-invasive and cost-effective There is no standardization of
collection methods around

Low risk when manipulating samples physiological states and commercial
kits

Good choice for healthcare

professionals and patients Contamination of the samples by
blood or mucosa derived from oral

There is no need of prevent clotting lesions that generates inflammation

Fig. 9: Advantages and disadvantages of saliva as based for biomarkers detection in AMI prognosis. Elaborated from [253]

CRediT authorship contribution statement

J. A. Reyes-Retana: Writing - Review and Editing, Supervision, Project administration. L. C. Duque-Ossa:
Conceptualization, Methodology, Investigation, Writing - Original Draft.

References

[1] D. Roth, G. A.and Abate, K. H. Abate, S. M. Abay, C. Abbafati, N. Abbasi, and et al., “Global, regional,
and national age-sex-specific mortality for 282 causes of death in 195 countries and territories, 1980-2017: a
systematic analysis for the global burden of disease study 2017,” The Lancet, vol. 392, pp. 1736 — 1788, 2018.
doi : 10.1016/s0140-6736(18)32203-7.

[2] A. Qureshi, Y. Gurbuz, and J. H. Niazi, “Biosensors for cardiac biomarkers detection: A review,” Sensors and
Actuators B: Chemical, vol. 171 - 172, pp. 62 — 76, 2012. doi : 10.1016/j.snb.2012.05.077.

[3] S. Aydin, K. Ugur, S. Aydin, b. Sahin, and M. Yardim, “Biomarkers in acute myocardial infarction: current
perspectives,” Vascular Health and Risk Management, vol. 15, pp. 1 — 10, 2019. doi : 10.2147/VHRM.S166157.

[4] G.Carvalho and S. Rassi, “The prognostic value of ck-mb in acute myocardial infarction in developing countries:
A descriptive study,” Angiology, vol. 4, p. 7, 2016. doi : 10.4172/2329-9495.1000183.

[S] W. H. Organization, “The top 10 causes of death,” 2018.

[6] E. Danese and M. Montagnana, “An historical approach to the diagnostic biomarkers of acute coronary syn-
drome,” Annals of Translational Medicine, vol. 4, pp. 194 — 205, 2016. doi : 10.21037/atm.2016.05.19.

[71 E. Ahmed, J. Al Suwaidi, A. El-Menyar, H. A. H. AlBinali, R. Singh, and A. A. Gehani, “Mortality trends
in patients hospitalized with the initial acute myocardial infarction in a middle eastern country over 20 years,”
Cardiology Research and Practice, vol. 2014, p. 8, 2014. doi : 10.1155/2014/464323.

[8] M. Allahham, M. Singh, and H. Jneid, Cardiac Biomarkers in Acute Myocardial Infarction, ch. 10, pp. 109 —
114. 2019. doi : 10.1016/B978-0-323-54835-9.00010-7.

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 20 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

[9] S.Rashid, A. Malik, R. Khurshid, U. Faryal, and S. Qazi, The Diagnostic Value of Biochemical Cardiac Markers
in Acute Myocardial Infarction, ch. 3, pp. 23 — 39. 2018. doi : 10.5772/intechopen.76150.

[10] D. Warriner and M. Al-Matok, “Primary care management following an acute myocardial infarction,” 2019.
[11] P. Pijlarez DigY2az, “Despistaje de iam y troponina de alta sensibilidad. i;Y2quiy Y2 protocolo es mejor?,” 2017.

[12] R. A. David, Y. Erben, and M. Kalra, Clinical Presentation, Etiology, and Diagnostic Considerations, ch. 15,
pp- 199 —209. 2015. doi : 10.1007/978-1-4939-1847-8_15.

[13] S. Upasham, A. Tanak, and S. Prasad, “Cardiac troponin biosensors: where are we now?,” Advanced Health
Care Technologies, vol. 4, pp. 1 — 13, 2018. doi : 0.2147/AHCT.S138543.

[14] A. nacional de medicina, “Infarto agudo de miocardio,” Miy Y2xico, 2014.

[15] M.-P. Winter, F. Wiesbauer, A. Alimohammadi, H. Blessberger, N. Pavo, M. Schillinger, K. Huber, J. Wojta,
I. M. Lang, G. Maurer, and G. Goliasch, “Soluble galectin-3 is associated with premature myocardial infarction,”
European Journal of Clinical Investigation, vol. 46, pp. 386 — 391, 2006. doi : 10.1111/eci.12605.

[16] F. Zijlstra, “Acute myocardial infarction:primary angioplasty,” Heart, vol. 85, pp. 705 — 709, 2001. doi :
10.1136/heart.85.6.705.

[17] M. Clinic, “Coronary angioplasty and stents,” 2020.

[18] C. Hamm, J. Bassand, S. Agewall, J. Bax, E. Boersma, H. Bueno, P. Caso, D. Dudek, S. Gielen, K. Huber,
M. Ohman, M. Petrie, F. Sonntag, M. Uva, R. Storey, W. Wijns, D. Zahger, and E. C. for Practice Guidelines,
“Esc guidelines for the management of acute coronary syndromes in patients presenting without persistent st-
segment elevation,” European Heart Journal, vol. 32, pp. 2999 — 3054, 2011. doi : 10.1093/eurheartj/ehr236.

[19] K. Kim, C. Park, D. Kwon, D. Kim, M. Meyyappan, S. Jeon, and J.-S. Lee, “Silicon nanowire biosensors for
detection of cardiac troponin i (ctni) with high sensitivity,” Biosensors and Bioelectronics, vol. 77, pp. 695 —
701, 2016. doi : 10.1016/j.bios.2015.10.008.

[20] M. N. Today, “What do elevated cardiac enzyme levels mean?,” 2020.

[21] R. Twerenbold, J. Boeddinghaus, T. Nestelberger, K. Wildi, M. R. Gimenez, P. Badertscher, and C. Mueller,
“Clinical use of high-sensitivity cardiac troponin in patients with suspected myocardial infarction,” Journal of
the American College of Cardiology, vol. 70, pp. 996 — 1012, 2017. doi : 10.1016/j.jacc.2017.07.718.

[22] C. Mueller, “Biomarkers and acute coronary syndromes: an update,” European Heart Journal, vol. 35, pp. 552
— 556, 2014. doi : 10.1093/eurheartj/eht530.

[23] E. Suprun, T. Bulko, A. Lisitsa, O. Gnedenko, A. Ivanov, V. Shumyantseva, and A. Archakov, “Electrochem-
ical nanobiosensor for express diagnosis of acute myocardial infarction in undiluted plasma,” Biosensors and
Bioelectronics, vol. 25, pp. 1694 — 1698, 2010. doi : 10.1016/j.bios.2009.12.009.

[24] A.Procopio, S. De Rosa, C. Covello, A. Merola, J. Sabatino, A. De Luca, C. Indolfi, F. Amato, and C. Cosentino,
“Mathematical model of the release of the ctnt and ck-mb cardiac biomarkers in patients with acute myocar-
dial infarction,” in 2019 [8th European Control Conference (ECC), (Napoli, Italy), IEEE, June 2019. doi :
10.23919/ECC.2019.8796210.

[25] P. Garg, P. Morris, A. L. Fazlanie, S. Vijayan, B. Dancso, A. G. Dastidar, S. Plein, C. Mueller, and P. Haaf,
“Cardiac biomarkers of acute coronary syndrome: from history to high-sensitivity cardiac troponin,” Intern
Emerg Med, vol. 12, pp. 147 — 155, 2017. doi : 10.1007/s11739-017-1612-1.

[26] Q. Liu, N. Aroonyadet, Y. Song, X. Wang, X. Cao, Y. Liu, S. Cong, F. Wu, M. E. Thompson, and C. Zhou,
“Highly sensitive and quick detection of acute myocardial infarction biomarkers using in203 nanoribbon biosen-
sors fabricated using shadow masks,” ACS Nano, vol. 10, pp. 10117 — 10125, 2016. doi : 10.1021/ac-
snano.6b05171.

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 21 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

[27] A.C.of Cardiology and A. H. Association, “Acc/aha 2002 guideline update for the management of patients with
unstable angina and non-st-segment elevation myocardial infarction-summary article,” Journal of the American
College of Cardiology, vol. 40, pp. 1366 — 1374, 2002. doi : 10.1016/s0735-1097(02)02336-7.

[28] A.H. Wu, F. S. Apple, W. B. Gibler, R. L. Jesse, M. M. Warshaw, and R. Valdes, “National academy of clinical
biochemistry standards of laboratory practice: Recommendations for the use of cardiac markers in coronary
artery diseases,” Clinical Chemistry, vol. 45, pp. 1104 — 1121, 1999. doi : 10.1093/clinchem/45.7.1104.

[29] M. Pedrero, S. Campuzano, and J. M. Pingarri;'2n, “Electrochemical biosensors for the determination of car-
diovascular markers: areview,” Electroanalysis, vol. 26, pp. 1132 — 1153, 2014. doi : 10.1002/elan.201300597.

[30] S. Mythili and N. Malathi, “Diagnostic markers of acute myocardial infarction (review),” Biomedical reports,
vol. 3, pp. 743 — 748, 2015. doi : 10.3892/br.2015.500.

[31] F. Klocke, D. Copley, J. Krawczyk, and M. Reichlin, “Rapid renal clearance of immunoreactive canine plasma
myoglobin,” Circulation, vol. 65, pp. 1522 — 1528, 1982. doi : 10.1161/01.cir.65.7.1522.

[32] J. Mair, E. Artner-Dworzak, P. Lechleitner, B. Morass, J. Smidt, I. Wagner, F. Dienstl, and B. Puschendorf,
“Early diagnosis of acute myocardial infarction by a newly developed rapid immunoturbidimetric assay for
myoglobin,” Br Heart J, vol. 68, pp. 462 — 468, 1992. doi : 10.1136/hrt.68.11.462.

[33] J.-R. Blom, A. W. van’t Hof, J. P. Henriques, J. H. Geertman, R. Slingerland, and J. C. Hoorntje, “Nt-
probnp: a marker for successful myocardial reperfusion in amipatients treated with primary percutaneous
coronary intervention,” The European Journal of Heart Failure, vol. 6, pp. 749 — 752, 2004. doi :
10.1016/j.ejheart.2003.11.005.

[34] A. Slagman, J. Searle, C. Muller, and M. MiY2ckel, “Temporal release pattern of copeptin and troponin t in
patients with suspected acute coronary syndrome and spontaneous acute myocardial infarction,” Clinical Chem-
istry, vol. 61, pp. 1273 — 1282, 2015. doi : 10.1373/clinchem.2015.240580.

[35] K. G. Vargas, M. Kassem, C. Mueller, J. Wojta, and K. Huber, “Copeptin for the early rule-out of non-st-
elevation myocardial infarction,” International Journal of Cardiology, vol. 223, pp. 797 — 804, 2016. doi :
10.1016/j.ijcard.2016.08.304.

[36] R. Nijmeijer, W. K. Lagrand, C. A. Visser, C. J. Meijer, H. W. Niessen, and C. E. Hack, “Crp, a major culprit
in complement-mediated tissue damage inacute myocardial infarction?,” International Immunopharmacology,
vol. 1, pp. 403 — 414, 2001. doi : 10.1016/s1567-5769(00)00044-8.

[37] J. S. Zebrack, J. L."Anderson, C. A. Maycock, B. D. Horne, T. L. Bair, and J. B. Muhlestein, “Usefulness of
high-sensitivity c-reactiveprotein in predicting long-term risk ofdeath or acute myocardial infarction inpatients
with unstable or stable angina pectoris or acute myocardial infarction,” The American Journal of Cardiology,
vol. 89, pp. 145 — 149, 2002. doi : 10.1016/s0002-9149(01)02190-7.

[38] M. Li, Y. Yuan, K. Guo, Y. Lao, X. Huang, and L. Feng, “Value of galectin-3 in acute myocardial infarction,”
American Journal of Cardiovascular Drugs, vol. 2019, p. 10, 2019. doi : 10.1007/s40256-019-00387-9.

[39] K.P. W.J. McAdam, “Changes in human serum amyloid a and c reactive protein after etiocholanolone-induced
inflammation,” J. Clin. Invest., vol. 61, pp. 390 — 394, 1978. doi : 10.1172/JCI1108949.

[40] C. P. Maury, K. J. Ti;%tterman, C. G. Gref, and C. Ehnholm, “Serum amyloid a protein, apolipoprotein a-i,
and apolipoprotein b during the course of acute myocardial infarction,” Clinical Pathology, vol. 41, pp. 1263 —
1268, 1988. doi : 10.1136/jcp.41.12.1263.

[41] M. T. Casl, B. Surina, I. Glojnari?-Spasi?, E. Pape, N. Jagarinec, and S. Kranjcevi?, “Serum amyloid a protein
in patients with acute myocardial infarction,” Annals of Clinical Biochemistry, vol. 32, pp. 196 — 200, 1995. doi
: 10.1177/000456329503200212.

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 22 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

[42] A.Kleine,J. Glatz, F. van Nieuwenhoven, and G. Vusse, “Release of heart fatty acid-binding protein into plasma
after acute myocardial injury in man,” Molecular and cellular biochemistry, vol. 116, pp. 155 — 162, 1992. doi
: 10.1007/BF01270583.

[43] S. Aydin, S. Aydin, M. A. Kobat, M. Kalayci, M. Nesimi Eren, M. Yilmaz, T. Kuloglu, E. Gul, O. Secen,
O. Dogan Alatas, and A. Baydas, “Decreased saliva/serum irisin concentrations in the acute myocardialinfarc-
tion promising for being a new candidate biomarker fordiagnosis of this pathology,” Peptides, vol. 56, pp. 141
— 145, 2014. doi : 10.1016/j.peptides.2014.04.002.

[44] S. Aydin and S. Aydin, Irisin Concentrations as a Myocardial Biomarker, ch. 22, pp. 1 — 16. 2016. doi :
10.1007/978-94-007-7741-5_3-1.

[45] D. Chan and L. L. Ng, “Biomarkers in acute myocardial infarction,” BMC Medicine, vol. 8, p. 11, 2010. doi :
10.1186/1741-7015-8-34.

[46] D. W. Kehl, N. Igbal, A. Fard, B. A. Kipper, A. De La Parra Landa, and A. S. Maisel, “Biomarkers in acute
myocardial injury,” Translational Research, vol. 159, pp. 252 — 264, 2012. doi : 10.1016/j.trs1.2011.11.002.

[47] V. Salini, A. Saggini, G. Maccauro, A. Caraffa, Y. B. Shaik-Dasthagirisaheb, and P. Conti, “Inflammatory mark-
ers: Serum amyloid a, fibrinogen and c-reactive protein - a revisited study,” European Journal of Inflammation,
vol. 9, pp. 95 — 102, 2011. doi : 10.1177/1721727x1100900202.

[48] R. Dong, M. Zhang, Q. Hu, S. Zheng, A. Soh, Y. Zheng, and H. Yuan, “Galectin-3 as a novel biomarker for
disease diagnosis and a target for therapy (review),” International Journal of Molecular Medicine, vol. 41,
pp- 599 — 614, 2017. doi : 10.3892/ijmm.2017.3311.

[49] S. B. Rosalki, R. Roberts, H. A. Katus, E. Giannitsis, and J. H. Ladenson, “Cardiac biomarkers for detection of
myocardialinfarction: Perspectives from past to present,” Clinical Chemistry, vol. 50, pp. 2205 — 2213, 2004.
doi : 10.1373/clinchem.2004.041749.

[50] S. Agewall, E. Giannitsis, T. Jernberg, , and H. Katus, “Troponin elevation in coronary vs. non-coronary dis-
ease,” European Heart Journal, vol. 32, pp. 404 — 411, 2010. doi : 10.1093/eurheartj/ehq456.

[51] J. Zimmerman, R. Fromm, D. Meyer, A. Boudreaux, C.-C. C. Wun, R. Smalling, B. Davis, G. Habib, and
R. Roberts, “Diagnostic marker cooperative study for the diagnosis ofmyocardial infarction,” Circulation,
vol. 99, pp. 1671 — 1677, 1999. doi : 10.1161/01.cir.99.13.1671.

[52] P. Grande, B. Fischer Hansen, C. Christiansen, and J. Naestoft, “Estimation of acute myocardial infarct size in
man by serum ck-mb measurements,” Circulation, vol. 65, pp. 756 — 764, 1982. doi : 10.1161/01.cir.65.4.756.

[53] W. B. Gibler, G. P. Young, J. R. Hedges, L. M. Lewis, M. S. Smith, S. C. Carleton, R. V. Aghababian, R. .
Jorden, E. J. Allison, E. J. Otten, P. K. Makens, C. Hamilton, and T. E. M. C. R. Group, “Acute myocardial
infarction in chest pain patients with nondiagnostic ecgs: Serial ck-mb sampling in the emergency department,”
Annals of emergency medicine, vol. 21, pp. 504 — 512, 1992. doi : 10.1016/s0196-0644(05)82515-6.

[54] P. O. Collinson, S. B. Rosalki, T. Kuwana, H. M. Garratt, E. M. Rarnhamadamy, I. M. Baird, and T. W.
Greenwood, “Early diagnosis of acute myocardial infarction by ck-mb mass measurements,” Ann Clin Biochem,
vol. 29, pp. 43 — 47, 1992. doi : 10.1177/000456329202900105.

[55] J. Fan, J. Ma, N. Xia, L. Sun, B. Li, and H. Liu, “Clinical value of combined detection of ck-mb, myo, ctni
and plasma nt-probnp in diagnosis of acute myocardial infarction,” Clinical Laboratory, vol. 63, pp. 427 — 433,
2017. doi : 10.7754/clin.1ab.2016.160533.

[56] J. Wang and F. Wang, “The detection value of ck-mb, myo and ctniin in patients with ami and hf,” Biomedical
Research, vol. 28, pp. 8533 — 8536, 2017.

[57] A. K. Pyati, B. B. Devaranavadagi, S. L. Sajjannar, S. V. Nikam, M. Shannawaz, and S. Patil, “Heart-type fatty
acid-binding protein, in early detection of acute myocardial infarction: Comparison with ck-mb, troponin i and
myoglobin,” Ind. J. Clin. Biochem., vol. 31, pp. 439 — 445, 2016. doi : 10.1007/s12291-015-0544-7.

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 23 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

[58] A. Falahati, S. W. Sharkey, D. Christensen, M. McCoy, E. A. Miller, M. A. Murakami, and F. S. Apple, “Imple-
mentation of serum cardiac troponin i as marker for detection of acute myocardial infarction,” American Heart
Journal, vol. 137, pp. 332 — 337, 1999. doi : 10.1053/hj.1999.v137.92412.

[59] M. A. El Baky Mahmoud, M. A. Ali Shaaban, and A. Ali Ramzy, “Clinical role of serum copeptin in acute
coronary syndrome,” The Egyptian Heart Journal, vol. 70, pp. 155 —-159, 2018. doi : 10.1016/j.ehj.2018.04.008.

[60] G.Boriani, M. Biffi, V. Cervi, G. Bronzetti, G. Magagnoli, R. Zannoli, and A. Branzi, “Evaluation of myocardial

injury following repeated internal atrial shocks by monitoring serum cardiac troponin i levels,” Chest, vol. 118,
pp. 342 — 347, 2000. doi : 10.1378/chest.118.2.342.

[61] J. Boeddinghaus, T. Nestelberger, R. Twerenbold, K. Wildi, P. Badertscher, J. Cupa, T. Bi;Yarge, P. Mi; Yachler,
S. Corbiig Vare, K. Grimm, M. Rubini Gimenez, C. Puelacher, S. Shrestha, D. Widmer, J. Fuhrmann, P. Hillinger,
Z. Sabti, U. Honegger, and N. Schaerli, “Direct comparison of 4 very early rule-out strategies for acute myocar-
dial infarction using high-sensitivity cardiac troponin i,” Circulation, vol. 135, pp. 1597 — 1611, 2017. doi :
10.1161/CIRCULATIONAHA.116.025661.

[62] J. Pickering, M. Than, L. Cullen, S. Aldous, E. Avest, R. Body, E. Carlton, P. Collinson, A. Dupuy, U. Ekelund,
K. Eggers, C. Florkowski, Y. Freund, P. George, S. Goodacre, J. Greenslade, A. Jaffe, S. Lord, A. Mokhtari,
C. Mueller, A. Munro, S. Mustapha, W. Parsonage, W. Peacock, C. Pemberton, A. Richards, J. Sanchis, L. Staub,
R. Troughton, R. Twerenbold, K. Wildi, and J. Young, “Rapid rule-out of acute myocardial infarction with
a single high-sensitivity cardiac troponin t measurement below the limit of detection: A collaborative meta-
analysis,” Annals of Internal Medicine, vol. 166, pp. 715 —724,2017. doi : 10.7326/M16-2562.

[63] R. Rezar, P. Jirak, M. Gschwandtner, R. Derler, T. K. Felder, M. Haslinger, K. Kopp, C. Seelmaier, C. Granitz,
U. C. Hoppe, and M. Lichtenauer, “Heart-type fatty acid?binding protein (h?fabp) and its role as a biomarker
in heart failure: What do we know so far?,” Journal of Clinical Medicine, vol. 9, p. 15, 2020. doi :
10.3390/jcm9010164.

[64] P. Gururajan, P. Gurumurthy, P. Nayar, G. Rao, S. Babu, and K. Cherian, “Heart fatty acid binding protein (h-
fabp) as a diagnostic biomarker in patients with acute coronary syndrome,” Heart, lung and circulation, vol. 19,
pp. 660 — 664, 2010. doi : 10.1016/1.h1c.2010.06.665.

[65] E. Atay, M. Guzel, R. Amanvermez, M. Demir, A. Erenler, E. Ozgen, and M. Yucel, “Role of gal-3 and h-fabp
in the early diagnosis of acute coronary syndrome,” Bratislava Medical Journal, vol. 120, pp. 124 — 130, 2019.
doi : 10.4149/b11_2019_020.

[66] A. Vupputuri, S. Sekhar, S. Krishnan, K. Venugopal, and K. Natarajan, “Heart-type fatty acid-binding protein
(h-fabp) as an early diagnostic biomarker in patients with acute chest pain,” Indian heart journal, vol. 67, pp. 538
—542,2015. doi : 10.1016/].ihj.2015.06.035.

[67] T.Tanaka, K.-i. Sohmiya, Y. Kitaura, H. Takeshita, H. Morita, Y. Ohkaru, K. Asayama, and H. Kimura, “Clinical
evaluation of point-of-care-testing of heart-type fatty acid-binding protein (h-fabp) for the diagnosis of acute

myocardial infarction,” Journal of immunoassay and immunochemistry, vol. 27, pp. 225 — 238, 2006. doi :
10.1080/15321810600734919.

[68] C. Navarro, M. J. Kurth, M. Ruddock, S. Fishlock, and J. McLaughlin, “An algorithm based on combining hs-
ctnt and h-fabp for ruling out acute myocardial infarction,” Computing in Cardiology, vol. 46, p. 4, 2019. doi :
10.22489/CinC.2019.296.

[69] A.Z.Gondal, L. A. Foris, and J. R. Richards, Serum Myoglobin. StatPearls, 2019.

[70] A. Nilsson, B. Alkner, P. Wetterli; Y2v, S. Wetterstad, L. Palm, and J. Schilcher, “Low compartment pressure
and myoglobinlevels in tibial fractures with suspectedacute compartment syndrome,” BMC Musculoskeletal
Disorders, vol. 20, p. 7, 2019. doi : 10.1186/512891-018-2394-y.

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 24 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

[71] T. Baars, J.-P. Sowa, U. Neumann, S. Hendricks, M. Jinawy, J. Ki;'alsch, G. Gerken, T. Rassaf, D. Heider,
and A. Canbay, “Liver parameters as part of a non-invasive model for prediction of all-cause mortality after
myocardial infarction,” Archives of Medical Science, vol. 16, pp. 71 —80,2017. doi: 10.5114/a0ms.2018.75678.

[72] S. Kasap, A. Gi'aneni; Y2, D. Erten ?ener, and s. Hisar, “Serum cardiac markers in patients with acute my-
ocardial infarction: Oxidative stress, c-reactive protein and n-terminal probrain natriuretic peptide,” Journal of
Clinical Biochemistry and Nutrition, vol. 41, pp. 50 — 57, 2007. doi : 10.3164/jcbn.2007007.

[73] M. C. Kontos, D. E. Lanfear, K. Gosch, S. L. Daugherty, P. Heidenriech, and J. A. Spertus, “Prognostic value of
serial n terminal-pro brain natriuretic peptide testing inpatients with acute myocardial infarction,” The American
Journal of Cardiology, vol. 120, pp. 181 — 185, 2017. doi : 10.1016/j.amjcard.2017.04.004.

[74] S. van Diepen, M. T. Roe, R. D. Lopes, A. Stebbins, S. James, L. K. Newby, D. J. Moliterno, F.-J. Neumann,
J. A. Ezekowitz, K. W. Mahaffey, J. S. Hochman, C. W. Hamm, P. W. Armstrong, P. Theroux, and C. B. Granger,
“Baseline nt-probnp and biomarkers of inflammationand necrosis in patients with st-segment elevation myocar-
dialinfarction: insights from the apex-ami trial,” J Thromb Thrombolysis, vol. 34, pp. 106 — 113, 2012. doi :
10.1007/s11239-012-0691-0.

[75] E. Amsterdam, N. Wenger, R. Brindis, C. DE, T. Ganiats, D. Holmes, A. Jaffe, H. Jneid, R. Kelly, M. Kon-
tos, G. Levine, P. Liebson, D. Mukherjee, E. Peterson, M. Sabatine, R. Smalling, and S. Zieman, “014 aha/acc
guideline for the management of patients with non-st-elevation acute coronary syndromes: a report of the amer-
ican college of cardiology/american heart association task force on practice guidelines,” Circulation, vol. 130,
pp. 344 — 426, 2014. doi : 10.1161/CIR.0000000000000134.

[76] C. Tiller, M. Reindl, M. Holzknecht, M. Klapfer, A. Beck, B. Henninger, A. Mayr, G. Klug, S. J. Reinstadler,
and B. Metzler, “Biomarker assessment for early infarct size estimation in st-elevation myocardial infarction,”
European Journal of Internal Medicine, vol. 64, pp. 57 — 62, 2019. doi : 10.1016/j.€jim.2019.03.001.

[77] P. Haaf, C. Balmelli, T. Reichlin, R. Twerenbold, M. Reiter, J. Meissner, N. Schaub, C. Stelzig, M. Freese,
P. Paniz, C. Meune, B. Drexler, H. Freidank, K. Winkler, W. Hochholzer, and C. Mueller, “N-terminal pro b-
type natriuretic peptide in the earlyevaluation of suspected acute myocardial infarction,” The American Journal
of Medicine, vol. 124, pp. 731 — 739, 2011. doi : 10.1016/j.amjmed.2011.02.035.

[78] D. A. Morrow, J. A. de Lemos, M. A. Blazing, M. S. Sabatine, S. A. Murphy, P. Jarolim, H. D. White,
K. A. A. Fox, R. M. Califf, and E. Braunwald, “Prognostic value of serial b-type natriureticpeptide testing
during follow-up of patientswith unstable coronary artery disease,” JAMA, vol. 294, pp. 2866 — 2871, 2005. doi
: 10.1001/jama.294.22.2866.

[79] R. Nowak, G. Jacobsen, R. Christenson, M. Moyer, M. Hudson, and J. McCord, “Biomarker differentiation of
type 1 from type 2 acute myocardial infarction in the emergency department: N-terminal pro b-type natriuretic
peptide/high-sensitivity cardiac troponin t,” Acad Emerg Med, vol. 25, p. S147, 2018.

[80] J. Gibbs, J. McCord, M. Hudson, M. Moyer, G. Jacobsen, R. Trupp, and R. Nowak, “The ratio of n-terminal pro-
brain natriuretic peptide to high sensitivity cardiac troponin to distinguish type 1 from type 2 acute myocardial
infarction,” Journal of the American College of Cardiology, vol. 71, p. A231, 2018. doi : 10.1016/S0735-
1097(18)30772-1.

[81] M. S. Ahmed, A. B. Jadhav, A. Hassan, and Q. H. Men, “Acute phase reactants as novel predictors ofcardiovas-
cular disease,” ISRN Inflammation, vol. 2012, p. 18, 2012. doi : 10.5402/2012/953461.

[82] B. Berk, W. Weintraub, and R. Alexander, “Elevation of c-reactive protein in active coronary artery disease,”
Am J Cardiol, vol. 65, pp. 168 — 172, 1990. doi : 10.1016/0002-9149(90)90079-g.

[83] V. A. Triant, J. B. Meigs, and S. K. Grinspoon, “Association of c-reactive protein and hiv infection
with acute myocardial infarction,” J Acquir Immune Defic Syndr, vol. 51, pp. 268 — 273, 2009. doi :
10.1097/QAI.0b013e3181a9992c.

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 25 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

[84] G.Ramesh, N. V. B. Sai, P. Gururaj, R. Bhupal, and N. Patel, “Association of metabolic syndrome and levelof hs-
crp, Ip(a), and serum ferritin in young asian patients (745 years) with acutemyocardial infarction,” Interventional
Medicine and Applied Science, vol. 10, pp. 65 — 69, 2018. doi : 10.1556/1646.10.2018.14.

[85] K. Pietili;%2, W. T. Hermens, A. Harmoinen, T. Baardman, A. Pasternack, E. J. Topol, and M. L. Simoons,
“Comparison of peak serum c-reactive protein and hydroxybutyrate dehydrogenase levels in patients with acute
myocardial infarction treated with alteplase and streptokinase,” The American Journal of Cardiology, vol. 80,
pp- 1075 — 1077, 1997. doi : 10.1016/s0002-9149(97)00606-1.

[86] M. L. Weemering, “C-reactive protein and other markers of inflammation in the prediction of cardiovascular
disease in women,” AORN Journal, vol. 73, p. 1176, 2001. doi : 10.1016/s0001-2092(06)61846-2.

[87] P. M. Ridker, “High-sensitivity c-reactive protein, inflammation,and cardiovascular risk: From concept
to clinicalpractice to clinical benefit,” American heart journal, vol. 148, pp. 19 — 26, 2004. doi :
10.1016/j.ahj.2004.04.028.

[88] G. Berton, R. Cordiano, R. Palmieri, S. Pianca, V. Pagliara, and P. Palatini, “C-reactive protein in acute myocar-
dial infarction:association with heart failure,” American heart journal, vol. 145, pp. 1094 — 1101, 2003. doi :
10.1016/S0002-8703(03)00098-X.

[89] A. Ziakas, S. Gavrilidis, G. Giannoglou, E. Souliou, K. Gemitzis, D. Kalampalika, M. Arvanitidou Vayona,
I. Pidonia, G. Parharidis, and G. Louridas, “In-hospital and long-term prognostic value of fibrinogen, crp, and

il-6 levels in patientswith acute myocardial infarction treated with thrombolysis,” Angiology, vol. 57, pp. 283 —
293, 2006. doi : 10.1177/000331970605700304.

[90] A. Alkouri, A. Linke, and C. Pfluecke, “Excessive inflammation reaction after acute myocardial infarction:
Predictive role of early crp values for one year mortality,” Circulation, vol. 140, p. A13582, 2019. doi :
10.1161/circ.140.suppl_1.13582.

[91] L. Wang, B. Liao, J. Yu, L. Chen, X. Cai, I.. Liu, K. Hou, and M. Zhang, “Changes of cardiac troponin i and
hypersensitive c?reactive protein prior to and after treatment for evaluating the early therapeutic efficacy of acute
myocardial infarction treatment,” Experimental and Therapeutic Medicine, vol. 19, pp. 1121 — 1128, 2020. doi
: 10.3892/etm.2019.8206.

[92] G. Maresca, A. D. Blasio, R. Marchioli, and G. Di Minno, “Measuring plasma fibrinogen to predict stroke and
myocardial infarction,” Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 19, pp. 1368 — 1377, 1999.
doi: 10.1161/01.ATV.19.6.1368.

[93] R.C. Becker, C. P. Cannon, E. G. Bovill, R. P. Tracy, B. Thompson, G. L. Knatterud, A. Randall, and E. Braun-
wald, “Prognostic value of plasma fibrinogen concentration in patients with unstable angina and non-q-wave
myocardial infarction (timi iiib trial),” The American Journal of Cardiology, vol. 78, pp. 142 — 147, 1996. doi
: 10.1016/50002-9149(96)90386-0.

[94] i. RijY2nneberg Mjelva, G. F. Svingen, E. K. Pedersen, R. Seifert, J. Terje Kvali; Y2y, i. Midttun, P. M. Ueland,
J. E. Nordrehaug, O. Nygi; Y2rd, and D. W. Nilsen, “Fibrinogen and neopterin is associated withfuture myocardial
infarction and total mortalityin patients with stable coronary artery disease,” Thrombosis and Haemostasis,
vol. 47, pp. 778 — 790, 2018. doi : 10.1055/5-0038-1629912.

[95] K. Bridge, H. Philippou, and R. Arii;%2ns, “Clot properties and cardiovascular disease,” Thrombosis and
Haemostasis, vol. 112, pp. 901 — 908, 2014. doi : 10.1160/th14-02-0184.

[96] G. Di Minno and M. Mancini, “Measuring plasma fibrinogen to predict strokeand myocardial infarction,” Arte-
riosclerosis, Thrombosis, and Vascular Biology, vol. 10, pp. 1 — 7, 1990. doi : 10.1161/01.atv.10.1.1.

[97] S. Losner, B. W. Volk, and N. D. Wilensky, “Fibrinogen concentration in acute myocardial infarction: Compar-
ison of the clot density determination of fibrinogen with the erythrocyte sedimentation rate,” A.M.A. Archives
of Internal Medicine, vol. 93, pp. 231 — 245, 1954. doi : 10.1001/archinte.1954.00240260067006.

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 26 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

[98] M. Abrignani, G. Novo, A. Di Girolamo, R. Caruso, R. Tantillo, A. Braschi, G. Braschi, A. Strano, and S. Novo,
“Increased plasma levels of fibrinogen in acute and chronic ischemic coronary syndromes,” Cardiologia, vol. 44,
pp- 1047 — 1052, 1999.

[99] M. A. Arnau Vives, J. R. Soriano, L. V. Marti;Y2nez Dolz, A. Osa Si;Y2ez, L. A. Bonet, P. Morillas Blasco,
J. Osca Asensi, A. Quesada Carmona, R. Sanjui;'2n Mi; V%1 2eza, and M. A. Palencia Pi;Y2rez, “Prognostic
value of fibrinogen in patients admitted with suspected unstable angina and non-q-wave myocardial infarction,”
Revista Espai;V20la de Cardiologi;2a, vol. 55, pp. 622 — 630, 2002.

[100] J. De Sutter, M. De Buyzere, P. Gheeraert, C. Van de Wiele, J. Voet, M. De Pauw, R. Dierckx, G. De Backer,
and Y. Taeymans, “Fibrinogen and c-reactive protein on admission as markers offinal infarct size after primary
angioplasty for acute myocardialinfarction,” Atherosclerosis, vol. 157, pp. 189—196, 2001. doi : 10.1016/s0021-
9150(00)00703-6.

[101] G. Yadav, R. Kushwaha, W. Ali, U. S. Singh, A. Kumar, S. Chandra, A. Awasthi, and P. Mishra, ‘“Platelet
aggregation,mean platelet volume and plasma fibrinogen as risk factors for acute myocardial infarction,” In-
ternational Journal of Research in Medical Science, vol. 6, pp. 3552 — 3557, 2018. doi : 10.18203/2320-
6012.ijrms20184213.

[102] L. Xu, J. Ren, C. Jiang, and W. Wang, “Correlation among plasma levels of fibrinogen, d -dimer and at iii and
carotid atherosclerosis in ami patients,” Chinese Journal of cardiovascular Rehabilitation Medicine, vol. 25,
pp- 580 — 584, 2016. doi : 10.3969/j.issn.1008-0074.2016.06.06.

[103] Y. Shi, Y. Wu, C. Bian, W. Zhang, Y. Yang, and G. Xu, ‘“Predictive value of plasma fibrinogen levelsin patients
admitted for acute coronary syndrome,” Texas Heart Institute Journal, vol. 37, pp. 178 — 183, 2010.

[104] H. H. Ditschuneit, M. Flechtner-Mors, and G. Adler, “Fibrinogen in obesity before and after weight reduction,”
Obesity Research, vol. 3, pp. 43 — 48, 1995. doi : 10.1002/j.1550-8528.1995.tb00119.x.

[105] T.-L. Wu, I. Chen Tsai, P.-Y. Chang, K.-C. Tsao, C.-F. Sun, L. L. Wu, and J. T. Wu, “Establishment of an in-house
elisa and the reference rangefor serum amyloid a (saa)complementarity between saa and c-reactive proteinas
markers of inflammation,” Clinica Chimica Acta, vol. 376, pp. 72 — 76, 2007. doi : 10.1016/j.cca.2006.07.012.

[106] G.Marhaug, L. Harklau, B. Olsen, A. Husebekk, and H. Wang, “Serum amyloid a protein in acute myocardial in-
farction,” Acta Medica Scandinavica, vol. 220, pp. 303 — 306, 1986. doi : 10.1111/j.0954-6820.1986.tb02769.x.

[107] Y.-S. Shen, W.-L. Chen, H.-Y. Chang, H.-Y. Kuo, Y.-C. Chang, and H. Chu, “Diagnostic performance of initial
salivary alpha-amylase activity for acute myocardial infarction in patients with acute chest pain,” The Journal
of Emergency Medicine, vol. 43, pp. 553 — 560, 2012. doi : 10.1016/j.jemermed.2011.06.040.

[108] T. Katayama, H. Nakashima, Y. Honda, S. Suzuki, T. Yamamoto, Y. Iwasaki, and K. Yano, “The relationship
between acute phase serum amyloid a (saa) protein concentrations and left ventricular systolic function in acute

myocardial infarction patients treated with primary coronary angioplasty,” International Heart Journal, vol. 48,
pp. 45 — 55, 2007. doi : 10.1536/ihj.48.45.

[109] M. J. Selinger, K. P. W.J. McAdam, M. M. Kaplan, J. D. Sipe, S. N. Vogel, and D. L. Rosenstreich, “Monokine-
induced synthesis of serum amyloid a protein by hepatocytes,” Nature, vol. 285, pp. 498 — 500, 1980. doi :
10.1038/285498a0.

[110] T. Katayama, H. Nakashima, C. Takagi, Y. Honda, S. Suzuki, Y. Iwasaki, and K. Yano, “Prognostic value of
serum amyloid a protein in patients with acute myocardial infarction,” Circulation Journal, vol. 69, pp. 1186 —
1191, 2005. doi : 10.1253/circj.69.1186.

[111] B. Kakhki, M. Salarirad, S. Shamsian, J. Ramezani, E. Moradi, S. Mousavi, and A. Hashemian, “Salivary
alpha-amylase activity level in st-segment elevation myocardial infarction patients,” Journal of Pharmaceutical
Research International, vol. 25, pp. 1 —7, 2018. doi : 10.9734/jpri/2018/v251630120.

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 27 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

[112] P. M. Clifton, A. M. Mackinnon, and P. J. Barter, “Effects of serum amyloid a protein (saa) on composition,
size, and density of high density lipoproteins in subjects with myocardial infarction,” Journal of Lipid Research,
vol. 26, pp. 1389 — 1398, 1985.

[113] T. Katayama, H. Nakashima, C. Takagi, Y. Honda, S. Suzuki, Y. Iwasaki, T. Yamamoto, M. Yoshioka,
and K. Yano, “Serum amyloid a protein as a predictor of cardiac rupture in acute myocardial infarction pa-
tients following primary coronary angioplasty,” Circulation Journal, vol. 70, pp. 530 — 535, 2006. doi :
10.1253/circj.70.530.

[114] G. Liuzzo, L. M. Biasucci, J. R. Gallimore, R. L. Grillo, A. G. Rebuzzi, M. B. Pepys, and A. Maseri, “The
prognostic value of c-reactive protein and serum amyloid a protein in severe unstable angina,” New England
Journal of Medicine, vol. 331, pp. 417 — 424, 1994. doi : 10.1056/nejm199408183310701.

[115] J. Dumic, S. Dabelic, and M. Fli;'2gel, “Galectin-3: An open-ended story,” Biochimica et Biophysica Acta,
vol. 1760, pp. 616 — 635, 2006. doi : 10.1016/j.bbagen.2005.12.020.

[116] G.Maiolino, G. Rossitto, L. Pedon, M. Cesari, A. C. Frigo, M. Azzolini; M. Plebani, and G. P. Rossi, “Galectin-
3 predicts long-term cardiovascular death in high-risk patients with coronary artery disease,” Arteriosclerosis,
Thrombosis, and Vascular Biology, vol. 35, pp. 725 — 732, 2015. doi: 10.1161/ATVBAHA.114.304964.

[117] K. Yamazaki, A. Kawai, M. Kawaguchi, Y. Hibino, F. Li, M. Sasahara, K. Tsukada, and K. Hiraga, “Simulta-
neous induction of galectin-3 phosphorylated on tyrosine residue, p21wafl/cip1/sdil, and the proliferating cell
nuclear antigen at a distinctive period of repair of hepatocytes injured by ccl4,” Biochemical and Biophysical
Research Communications, vol. 280, pp. 1077 — 1084, 2001. doi : 10.1006/bbrc.2000.4193.

[118] G. Bivona, C. Bellia, B. Lo Sasso, L. Agnello, C. Scazzone, G. Novo, and M. Ciaccio, “Short-term changes in
gal 3 circulating levels after acute myocardial infarction,” Archives of Medical Research, vol. 47, pp. 521 — 525,
2016. doi : 10.1016/j.arcmed.2016.12.009.

[119] A. Lisowska, M. Knapp, A. Tyci?ska, E. Motybel, K. Kami?ski, P. ?wi?cki, W. J. Musia?, and V. Dymicka-
Piekarska, “Predictive value of galectin-3 for the occurrence of coronary artery disease and prognosis after
myocardial infarction and its association with carotid imt values in these patients: A mid-term prospective
cohort study,” Atherosclerosis, vol. 246, pp. 309 — 317, 2016. doi : 10.1016/j.atherosclerosis.2016.01.022.

[120] T.D. Milner, A. C. Viner, A: C. MacKinnon, T. Sethi, and A. D. Flapan, “Temporal expression of galectin-3 fol-
lowing myocardial infarction,” Acta Cardiologica, vol. 69, pp. 595 - 602, 2014. doi : 10.2143/AC.69.6.1000001.

[121] E.G. Singsaas, C. A. Manhenke, K. Dickstein, and S. Orn, “Circulating galectin-3 levels are increased in patients
with ischemic heart disease, but are not influenced by acute myocardial infarction,” Cardiology, vol. 134, pp. 398
—405, 2016. doi : 10.1159/000445103.

[122] T. Tzu-hsien, S. Pei-Hsun, C. Li-Teh, S. Cheuk-Kwan, Y. Kuo-Ho, C. Sheng-ying, C. Sarah, C. Yung-Lung,
W. Chiung-Jen, C. Hsuen-Wen, K. Sheung-fat, and Y. Hon-Kan, “Value and level of galectin-3 in acute myocar-
dial infarction patients undergoing primary percutaneous coronary intervention,” Journal of Atherosclerosis and
Thrombosis, vol. 19, pp. 1073 — 1082, 2012. doi : 10.5551/jat.12856.

[123] I. Szadkowska, R. N. Wlaze?, M. Miga?a, K. Szadkowski, M. Zieli?ska, M. Paradowski, and L. Pawlicki, “The
association between galectin-3 and clinical parameters in patients with first acute myocardial infarction treated
with primary percutaneous coronary angioplasty,” Cardiology Journal, vol. 20, pp. 577 — 582, 2013. doi :
10.5603/CJ.2013.0157.

[124] A.Tymi?ska and K. J. Filipiak, “New biomarkers in cardiology - are we on the right track?,” Folia Cardiologica,
vol. 14, pp. 60 — 66, 2019.

[125] D. Stanojevic, S. Apostolovic, D. Stokanovic, S. Mom?ilovi?, T. Jevtovic-Stoimenov, S. Salinger-Martinovic,
T. Kostic, and V. Nikolic, “Galectin-3 in acute myocardial infarction patients with atrial fibrillation,” Medical
principles and practice, vol. 28, pp. 384 — 390, 2019. doi : 10.1159/000497611.

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 28 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

[126] J. P. Pell, “Almanac 2012: cardiovascular risk scores. the national society journals present selected research
that has driven recent advances in clinical cardiology,” Portuguese Journal of Cardiology, vol. 32, pp. 73 =79,
2013. doi : 10.1016/j.repc.2012.10.004.

[127] N. G. Morgenthaler, J. Struck, S. Jochberger, and M. W. Dunser, “Copeptin: clinical use of a new biomarker,”
Trends in Endocrinology and Metabolism, vol. 19, pp. 43 — 49, 2007. doi : 10.1016/j.tem.2007.11.001.

[128] C. Mueller, M. Mi;Yackel, E. Giannitsis, K. Huber, J. Mair, M. Plebani, K. Thygesen, A. S. Jaffe, B. Lindahl,
and the ESC Study Group on Biomarkers in Cardiology of the Acute Cardiovascular Care Association, “Use
of copeptin for rapid rule-out of acute myocardial infarction,” European Heart Journal: Acute Cardiovascular
Care, vol. 7, pp. 570 — 576, 2017. doi : 10.1177/2048872617710791.

[129] S. J. Reinstadler, G. Klug, H.-J. Feistritzer, B. Metzler, and J. Mair, “Copeptin testing in acute myocardial
infarction: Ready for routine use?,” Disease Markers, vol. 2015, p. 9, 2015. doi : 10.1155/2015/614145.

[130] J. H. Jeong, Y. H. Seo, J. Y. Ahn, K. H. Kim, J. Y. Seo, K. Y. Chun, Y. S. Lim, and P. W. Park, ‘“Performance
of copeptin for early diagnosis of acute myocardial infarction in an emergency department setting,” Annals of
laboratory Medicine, vol. 40, pp. 7 — 14, 2020. doi : 10.3343/alm.2020.40.1.7.

[131] F. Stallone, A. Schoenenberger, C. Puelacher, M. Rubini Gimenez, B. Walz, A. Devasia, M. Bergner, R. Tweren-
bold, K. Wildi, T. Reichlin, P. Hillinger, and P. Erne, “Incremental value of copeptin in suspected acute myocar-
dial infarction very early after symptom onset,” European Heart Journal: Acute Cardiovascular Care, vol. 5,
pp. 407 — 415, 2016. doi : 10.1177/2048872616641289.

[132] B. Morawiec, D. Kawecki, B. Przywara-Chowaniec, M. Opara, P. Muzyk, L. Ho, L. Chun Tat, A. Gabrysiak,
O. Muller, and E. Nowalany-Kozielska, “Copeptin as a prognostic marker in acute chest pain and suspected
acute coronary syndrome,” Disease Markers, vol. 2018, p. 8, 2018. doi : 10.1155/2018/6597387.

[133] L.-C. Hsieh, M.-Y. Ho, M.-S. Wen, C.-C. Chen, M.-J. Hsieh, C.-P. Lin, J.-K. Yeh, M.-L. Tsai, C.-H. Yang,
V. Chien-ChiaWu, K.-C. Hung, C.-C. Wang, and C.-Y. Wang, “Serum irisin levels are associated with adverse
cardiovascular outcomes in patients with acute myocardial infarction,” International Journal of Cardiology,
vol. 261, pp. 12 - 17, 2018. doi : 10.1016/j.jjcard.2017.11.072.

[134] A. D. Anastasilakis, D. Koulaxis, N. Kefala, S. A. Polyzos, J. Upadhyay, E. Pagkalidou, F. Economou, C. D.
Anastasilakis, and C. S. Mantzoros, “Circulating irisin levels are lower in patients with either stable coronary
artery disease (cad) or myocardial infarction (mi) versus healthy controls, whereas follistatin and activin a levels
are higher and can discriminate mi from cad with similar to ck-mb accuracy,” Metabolism, vol. 73, pp. 1 — 8,
2017. doi : 10.1016/j.metabol.2017.05.002.

[135] N. A. Abd El-Mottaleb, H. M. Galal, K. M. El maghraby, and A. I. Gadallah, “Serum irisin level in myocardial
infarction patients with or without heart failure,” Canadian Journal of Physiology and Pharmacology, vol. 97,
pp- 932 — 938, 2019. doi : 10.1139/cjpp-2018-0736.

[136] M. Mascini and S. Tombelli, “Biosensors for biomarkers in medical diagnostics,” Biomarkers, vol. 13, pp. 637
— 657, 2008. doi : 10.1080/13547500802645905.

[137] D. van der Voort, C. McNeil, R. Renneberg, J. Korf, W. Hermens, and J. Glatz, “Biosensors: basic features and
application for fatty acid-binding protein, an early plasma marker of myocardial injury,” Sensors and Actuators
B, vol. 105, pp. 50 — 59, 2005. doi : 10.1016/j.snb.2004.02.035.

[138] T. Vo-Dinh and B. Cullum, “Biosensors and biochips: advances in biological and medical diagnostics,” Frese-
nius J Anal Chem, vol. 366, pp. 540 — 551, 2000. doi : 10.1007/s002160051549.

[139] N. K. Bakirhan, G. Ozcelikay, and S. A. Ozkan, “Recent progress on the sensitive detection of cardiovascular
disease markers by electrochemical-based biosensors,” Journal of Pharmaceutical and Biomedical Analysis,
vol. 159, pp. 406 — 424, 2018. doi : 10.1016/].jpba.2018.07.021.

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 29 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

[140] B. Rezaei, M. Ghani, A. M. Shoushtari, and M. Rabiee, “Electrochemical biosensors based on nanofibres for
cardiac biomarker detection: A comprehensive review,” Biosensors and Bioelectronics, vol. 78, pp. 513 — 523,
2016. doi : 10.1016/j.bi0s.2015.11.083.

[141] R.-I. Stefan, J. F. van Staden, and H. Y. Aboul-Enein, “Immunosensors in clinical analysis,” Fresenius J Anal
Chem, vol. 366, pp. 659 — 668, 2000. doi : 10.1007/s002160051560.

[142] I. Mora-Seri;Y2, F. Fabregat-Santiago, B. Denier, J. Bisquert, R. Tena-Zaera, J. Elias, and C. Li; ¥2vy-Cli; ¥2ment,
“Determination of carrier density of zno nanowires by electrochemical techniques,” Applied Physics Letters,
vol. 89, pp. 1 —4, 2017. doi : 10.1063/1.2390667.

[143] N. R. Shanmugam, S. Muthukumar, and S. Prasad, “A review on zno-based electrical biosensors for cardiac
biomarker detection,” Future Science OA, vol. 3, pp. 1 — 15, 2017. doi : 10.4155/fs0a-2017-0006.

[144] C.D. Chin, S. Y. Chin, T. Laksanasopin, and S. K. Sia, Low-Cost Microdevices for Point-of-Care Testing, ch. 1,
pp- 3 —21. 2012. doi : 10.1007/978-3-642-29268-2_1.

[145] . L. Y. Wang, J., “Functionalized carbon nanotubes and nanofibers for biosensing applications,” TrAC Trends in
Analytical Chemistry, vol. 27, pp. 619 — 626, 2008. doi : 10.1016/j.trac.2008.05.009.

[146] M. Fathil, M. M. Arshad, S. C. Gopinath, U. Hashim, R. Adzhri, R. Ayub, A. Ruslinda, M. Nuzaihan, A. H.
Azman, M. Zaki, and T.-H. Tang, “Diagnostics on acute myocardial infarction: Cardiac troponin biomarkers,”
Biosensors and Bioelectronics, vol. 70, pp. 209 — 220, 2015. dot1 : 10.1016/j.bi0s.2015.03.037.

[147] M. O. Noor and U. J. Krull, “Silicon nanowires as field-effect transducers for biosensor development: A review,”
Analytica Chimica Acta, vol. 825, pp. 1 —25, 2014. doi: 10.1016/j.aca.2014.03.016.

[148] I. Lee, X. Luo, J. Huang, X. T. Cui, and M. Yun, “Detection of cardiac biomarkers using single
polyaniline nanowire-based conductometric -biosensors,” Biosensors, vol. 2, pp. 205 — 220, 2012. doi :
10.3390/bi0s2020205.

[149] P.R. Solanki, A. Kaushik, V. V. Agrawal, and B. D. Malhotra, “Nanostructured metal oxide-based biosensors,”
NPG Asia Materials, vol. 3, pp. 17 =24, 2011. doi : 10.1038/asiamat.2010.137.

[150] Q. Xu, C. Mao, N.-N. Liu, J.-J. Zhu, and J. Sheng, “Direct electrochemistry of horseradish peroxidase based
on biocompatible carboxymethyl chitosan-gold nanoparticle nanocomposite,” Biosensors and Bioelectronics,
vol. 22, pp. 768 — 773, 2006. doi : 10.1016/j.bios.2006.02.010.

[151] S.P. Singh, S. K. Arya, P. Pandey, B. D. Malhotra, S. Saha, K. Sreenivas, and V. Gupta, “Cholesterol biosensor
based on rf sputtered zinc oxide nanoporous thin film,” Applied Physics Letters, vol. 91, pp. 1 — 4, 2007. doi :
10.1063/1.2768302.

[152] M. K. Md Arshad, M. F. M. Fathil, and U. Hashim, “Fet-biosensor for cardiac troponin biomarker,” EPJ Web
of Conferences, vol. 162, pp. 1 — 5, 2017. doi : 10.1051/epjconf/201716201046.

[153] T. Kong, R. Su, B. Zhang, Q. Zhang, and G. Cheng, “Cmos-compatible, label-free silicon-nanowire biosensors
to detect cardiac troponin i for acute myocardial infarction diagnosis,” Biosensors and Bioelectronics, vol. 34,
pp. 267 —272,2012. doi : 10.1016/j.bi0s.2012.02.019.

[154] J.-H. Ahn, S.-J. Choi, J.-W. Han, T. J. Park, S. Y. Lee, and Y.-K. Choi, “Double-gate nanowire field effect
transistor for a biosensor,” Nano Letters, vol. 10, pp. 2934 — 2938, 2010. doi : 10.1021/n11010965.

[155] E. Stern, A. Vacic, N. K. Rajan, J. M. Criscione, J. Park, T. M. Fahmy, and M. A. Reed, “Label-free biomarker
detection from whole blood,” in 2010 10th IEEE International Conference on Solid-State and Integrated Circuit
Technology, (New Heaven, E.U.), IEEE, 2010. doi : 10.1109/icsict.2010.5667621.

[156] F. N. Ishikawa, M. Curreli, H.-K. Chang, P.-C. Chen, R. Zhang, R. J. Cote, M. E. Thompson, and C. Zhou, “A
calibration method for nanowire biosensors to suppress device-to-device variation,” ACS Nano, vol. 3, pp. 3969
—3976, 2009. doi : 10.1021/nn9011384.

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 30 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

[157] Y. Cui, Q. Wei, H. Park, and C. M. Lieber, “Nanowire nanosensors for highly sensitive and selective detection
of biological and chemical species,” Science, vol. 293, pp. 1289 — 1292, 2001. doi : 10.1126/science.1062711.

[158] K.-I. Chen, B.-R. Li, and Y.-T. Chen, “Silicon nanowire field-effect transistor-based biosensors for biomed-
ical diagnosis and cellular recording investigations,” Nano Today, vol. 6, pp. 131 — 154, 2011. doi :
10.1016/j.nantod.2011.02.001.

[159] Y. Kutovyi, I. Zadorozhnyi, H. Hlukhova, V. Handziuk, M. Petrychuk, A. Ivanchuk, and S. Vitusevich, “Origin
of noise in liquid-gated si nanowire troponin biosensors,” Nanotechnology, vol. 29, pp. 1 — 19, 2018. doi :
10.1088/1361-6528/aaaf%e.

[160] A. Hassibi, H. Vikalo, and A. Hajimiri, “On noise processes and limits of performance in biosensors,” Journal
of Applied Physics, vol. 102, pp. 1 — 13, 2007. doi : 10.1063/1.2748624.

[161] G.D. Wilk, R. M. Wallace, and J. M. Anthony, “High-? gate dielectrics: Current status and materials properties
considerations,” Journal of Applied Physics, vol. 89, pp. 5243 — 5275, 2001. doi : 10.1063/1.1361065.

[162] V. Pachauri and S. Ingebrandt, “Biologically sensitive field-effect transistors: from isfets to nanofets,” Essays
in Biochemistry, vol. 60, pp. 81 — 90, 2016. doi : 10.1042/EBC20150009.

[163] S. Steinhauer, A. Kock, C. Gspan, W. Grogger, L. K. J. Vandamme, and D. Pogany, “Low-frequency noise
characterization of single cuo nanowire gas sensor devices,” Applied Physics Letters, vol. 107, pp. 1 — 6, 2015.
doi : 10.1063/1.4931706.

[164] M. F. M. Fathil, M. K. Md Arshad, M. N. M. Nuzaihan, S. C. B. Gopinath, A. R. Ruslinda, and U. Hashim, “The
zno-fet biosensor for cardiac troponin i,” Journal of Physics, vol. 318, pp. 1 — 10, 2018. doi : 10.1088/1757-
899X/318/1/012031.

[165] K. Kim, C. Park, D. Kwon, D. Kim, M. Meyyappan, S. Jeon, and J.-S. Lee, “Silicon nanowire biosensors for
detection of cardiac troponin i (ctni) with high sensitivity,” Biosensors and Bioelectronics, vol. 77, pp. 695 —
701, 2016. doi : 10.1016/j.bios.2015.10.008.

[166] T. Rim, M. Meyyappan, and C.-K. Baek, “Optimized operation of silicon nanowire field effect transistor sen-
sors,” Nanotechnology, vol. 25, pp. 1 — 7, 2014. doi : 10.1088/0957-4484/25/50/505501.

[167] K. Kim, T. Rim, C. Park, D. Kim, M. Meyyappan, and J.-S. Lee, “Suspended honeycomb nanowire isfets
for improved stiction-free performance,” Nanotechnology, vol. 25, pp. 1 — 7, 2014. doi : 10.1088/0957-
4484/25/34/345501.

[168] J. H. Chua, R.-E. Chee, A. Agarwal, S. Mein Wong, and G.-J. Zhang, “Label-free electrical detection of car-
diac biomarker with complementary metal-oxide semiconductor-compatible silicon nanowire sensor arrays,”’
Analytical Chemistry, vol. 81, pp. 6266 — 6271, 2009. doi : 10.1021/ac901157x.

[169] G.-J. Zhang, Z. Luo, G. Tay, and E.-J. Lim, “Proceedings of the ieee international electron devices meeting,”
IEEE, pp. 1 — 4, 2009.

[170] I. Lee, X. Luo, J. Huang, X. T. Cui, and M. Yun, “Detection of cardiac biomarkers using single
polyaniline nanowire-based conductometric biosensors,” Biosensors, vol. 2, pp. 205 — 220, 2012. doi :
10.3390/bi0s2020205.

[171] Y. Chenga, K.-S. Chena, N. L. Meyer, J. Yuana, P. B. Hirst, Linda S.and Chase, and P. Xiong, “Functional-
ized sno2 nanobelt field-effect transistor sensors for label-free detection of cardiac troponin,” Biosensors and
Bioelectronics, vol. 26, pp. 4538 — 4544, 2011. doi : 10.1016/j.bi0s.2011.05.019.

[172] Z. W. Pan, Z. R. Dai, and Z. L. Wang, “Nanobelts of semiconducting oxides,” Science, vol. 291, pp. 1947 —
1949, 2001. doi : 10.1126/science.1058120.

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 31 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

[173] N. Aroonyadet, X. Wang, Y. Song, H. Chen, M. E. Cote, Richard J.and Thompson, R. H. Datar, and C. Zhou,
“Highly scalable, uniform, and sensitive biosensors based on topdown indium oxide nanoribbons and electronic
enzyme-linked immunosorbent assay,” Nano Letters, vol. 15, pp. 1943 — 1951, 2015. doi : 10.1021/n15047889.

[174] H.-K. Chang, F. N. Ishikawa, R. Zhang, R. Datar, R. J. Cote, M. E. Thompson, and C. Zhou, “Rapid, label-free,
electrical whole blood bioassay based on nanobiosensor systems,” ACS Nano, vol. 12, pp. 9883 — 9881, 2011.
doi : 10.1021/n1n2035796.

[175] J. Kim, Y. S. Rim, H. Chen, H. H. Cao, N. Nakatsuka, H. L. Hinton, C. Zhao, A. M. Andrews, Y. Yang, and
P. S. Weiss, “Fabrication of high-performance ultrathin in203 film field-effect transistors and biosensors using
chemical lift-off lithography,” ACS Nano, vol. 9, pp. 4572 — 4582, 2015. doi : 10.1021/acsnano.5b01211.

[176] C. Li, B. Lei, D. Zhang, X. Liu, S. Han, T. Tang, M. Rouhanizadeh, T. Hsiai, and C. Zhoua, “Chemical gating
of in203 nanowires by organic and biomolecules,” Applied physics letters, vol. 83, pp. 4014 — 4016, 2003. doi
: 10.1063/1.1625421.

[177] B. Lei, C. Li, D. Zhang, Q. F. Zhou, K. K. Shung, and C. Zhou, “Nanowire transistors with ferroelectric gate
dielectrics: Enhanced performance and memory effects,” Applied physics letters, vol. 84, pp. 4553 — 4555, 2004.
doi : 10.1063/1.1759069.

[178] Y. Yun, Z. Dong, V. Shanov, W. R. Heineman, H. B. Halsall, A. Bhattacharya, L. Conforti, R. K. Narayan, W. S.
Ball, and M. J. Schulz, “The state of the art in carbon nanotube electrode and biosensor research,” Nanotube
electrodes and biosensors, vol. 2, pp. 30 — 37, 2007. doi : 10.1016/S1748-0132(07)70171-8.

[179] B. C. Janegitz, R. Pauliukaite, M. E. Ghica, C. M. Brett, and O. Fatibello-Filho, “Direct electron trans-
fer of glucose oxidase at glassy carbon electrode modified with functionalized carbon nanotubes within a
dihexadecylphosphate film,” Sensors and Actuators B: Chemical, vol. 158, pp. 411 — 417, 2011. doi :
10.1016/j.snb.2011.06.048.

[180] S. Laschi, E. Bulukin, I. Palchetti, C. Cristea, and M. Mascini, “Disposable electrodes modified with
multi-wall carbon nanotubes for biosensor applications,” IRBM, vol. 29, pp. 202 — 207, 2008. doi :
10.1016/j.rbmret.2007.11.002.

[181] S. Gomes-Filho, A. Dias, M. Silva, B. Silva, and R. Dutra, “A carbon nanotube-based electrochemi-
cal immunosensor for cardiac troponin t,” Microchemical Journal, vol. 109, pp. 10 — 15, 2013. doi :
10.1016/j.microc.2012.05.033.

[182] B. V. Silva, I. T. Cavalcanti, M. M. Silva, and R. F. Dutra, “A carbon nanotube screen-printed electrode
for label-free detection of the human cardiac troponin t,” Talanta, vol. 117, pp. 431 — 437, 2013. doi :
10.1016/j.talanta.2013.08.059.

[183] A. M. Cassell, J. Li, T.-D. B. Nguyen-Vu, J. E. Koehne, H. Chen, R. Andrews, and M. Meyyappan, “Vertically
aligned carbon nanofibers: Interconnecting solid state electronics with biosystems,” Journal of Nanoscience
and Nanotechnology, vol. 9, pp. 5038 — 5046, 2009. doi : 10.1166/jnn.2009.GRO6.

[184] J.E.Koehne, H. Chen, A. Cassell, G.-y. Liu, J. Li, and M. Meyyappan, “Arrays of carbon nanofibers as a platform
for biosensing at the molecular level and for tissue engineering and implantation,” Bio-Medical Materials and
Engineering, vol. 19, pp. 35 — 43, 2009. doi : 10.3233/BME-2009-0561.

[185] P. U. Arumugam, H. Chen, S. Siddiqui, J. A. Weinrich, A. Jejelowo, J. Li, and M. Meyyappan, “Wafer-scale
fabrication of patterned carbon nanofiber nanoelectrode arrays: A route for development of multiplexed, ul-
trasensitive disposable biosensors,” Biosensors and Bioelectronics, vol. 24, pp. 2818 — 2824, 2009. doi :
10.1016/j.bi0s.2009.02.009.

[186] S. Siddiqui, P. U. Arumugam, H. Chen, J. Li, and M. Meyyappan, “Characterization of carbon nanofiber elec-
trode arrays using electrochemical impedance spectroscopy: Effect of scaling down electrode size,” ACS nano,
vol. 2, pp. 955 - 961, 2010. doi : 10.1021/nn901583u.

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 32 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

[187] A. Periyakaruppan, P. U. Arumugam, M. Meyyappan, and J. E. Koehne, “Detection of ricin using a car-
bon nanofiber based biosensor,” Biosensors and Bioelectronics, vol. 28, pp. 428 — 433, 2011. doi :
10.1016/.bi0s.2011.07.061.

[188] R. K. Gupta, A. Periyakaruppan, M. Meyyappan, and J. E. Koehne, “Label-free detection of c-reactive protein
using a carbon nanofiber based biosensor,” Biosensors and Bioelectronics, vol. 59, pp. 112 — 119, 2014. doi :
10.1016/j.bios.2014.03.027.

[189] O. Zeggai, A. Ould-Abbas, M. Bouchaour, H. Zeggai, N. Sahouane, M. Madani, D. Trari, M. Boukais, and
N.-E. Chabane-Sari, “Biological detection by high electron mobility transistor (hemt) based algan/gan,” Phys.
Status Solidi C, vol. 11, pp. 274 — 279, 2014. doi : 10.1002/pssc.201300296.

[190] I. Sarangadharan, A. Regmi, Y.-W. Chen, C.-P. Hsu, P.-c. Chen, W. Chang, G.-Y. Lee, J.-I. Chyi, S.-C. Shiesh,
G.-B. Lee, and Y. Wang, “High sensitivity cardiac troponin i detection in physiological environment using
algan/gan high electron mobility transistor (hemt) biosensors,” Biosensors and Bioelectronics, vol. 100, pp. 282
— 289, 2018. doi : 10.1016/j.bios.2017.09.018.

[191] S. Sabury, S. H. Kazemi, and F. Sharif, “Graphene-gold nanoparticle composite: Application as a good scaffold
for construction of glucose oxidase biosensor,” Materials Science and Engineering C, vol. 49, pp. 297 — 304,
2015. doi : 10.1016/j.msec.2015.01.018.

[192] H. Beitollahi, H. Karimi-Maleh, and H. Khabazzadeh, “Nanomolar and selective determination of epinephrine
in the presence of norepinephrine using carbon paste electrode modified with carbon nanotubes and novel 2-
(4-ox0-3-phenyl-3,4-dihydroquinazolinyl)-n’-phenyl-hydrazinecarbothioamide,” Analytical Chemistry, vol. 80,
pp- 9848 — 9851, 2008. doi : 10.1021/ac801854;.

[193] H. Beitollahi and M. Mostafavi, “Nanostructured base electrochemical sensor for simultaneous quantification
and voltammetric studies of levodopa and carbidopa in pharmaceutical products and biological samples,” Elec-
troanalysis, vol. 26, pp. 1090 — 1098, 2014. doi : 10.1002/elan.201400074.

[194] S. Kazemi, B. Hosseinzadeha, and S. Zakavi, “Electrochemical fabrication of conducting polymer of ni-

porphyrin as nano-structured electrocatalyst for hydrazine oxidation,” Sensors and Actuators B: Chemical,
vol. 210, pp. 343 — 348, 2015. doi : 10.1016/j.snb.2014.12.131.

[195] S. H. Kazemi and R. Mohamadi, “Electrochemical fabrication of a novel conducting metallopolymer nanopar-
ticles and its electrocatalytic application,” Electrochimica Acta, vol. 109, pp. 823 — 827, 2013. doi :
10.1016/j.electacta.2013.07.201.

[196] H. Beitollahi, M. Mazloum Ardakani, B. Ganjipour, and H. Naeimi, ‘“Novel 2,2 -[1,2-
ethanediylbis(nitriloethylidyne)]-bis-hydroquinone double-wall carbon nanotube paste electrode for si-
multaneous determination of epinephrine, uric acid and folic acid,” Biosensors and Bioelectronics, vol. 24,
pp- 362 — 368, 2008. doi : 10.1016/j.bios.2008.04.009.

[197] E.Molaakbari, A. Mostafavi, H. Beitollahi, and R. Alizadeh, “Synthesis of zno nanorods and their application in
the construction of a nanostructure-based electrochemical sensor for determination of levodopa in the presence
of carbidopa,” Analyst, vol. 139, pp. 4356 — 4364, 2014. doi : 10.1039/C4ANO0138A.

[198] M. Belluzo, M. Ribone, and C. Lagier, “Assembling amperometric biosensors for clinical diagnostics,” Sensors,
vol. 8, pp. 1366 — 1399, 2007. doi : 10.3390/s8031366.

[199] C. Vedrine, S. Fabiano, and C. Tran-Minh, “Amperometric tyrosinase based biosensor using an electrogenerated
polythiophene film as an entrapment support,” Talanta, vol. 59, pp. 535 — 544, 2003. doi : 10.1016/S0039-
9140(02)00540-4.

[200] K. M. Manesh, P. Santhosh, A. Gopalan, and K.-P. Lee, “Electrospun poly(vinylidene fluo-
ride)/poly(aminophenylboronic acid) composite nanofibrous membrane as a novel glucose sensor,” Analytical
Biochemistry, vol. 360, pp. 189 — 195, 2007. doi : 10.1016/j.ab.2006.09.021.

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 33 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

[201] M. Pumera, “Graphene-based nanomaterials and their electrochemistry,” Chemical Society Reviews, vol. 39,
pp- 4146 — 4157, 2010. doi : 10.1039/C002690P.

[202] S. H. Kazemi, E. Ghodsi, S. Abdollahi, and S. Nadri, “Porous graphene oxide nanostructure as an excellent
scaffold for label-free electrochemical biosensor: Detection of cardiac troponin i,” Materials Science and Engi-
neering C, vol. 69, pp. 447 — 452, 2016. doi : 10.1016/j.msec.2016.07.005.

[203] M. Negahdary, M. Behjati-Ardakani, N. Sattarahmady, H. Yadegari, and H. Heli, “Electrochemical aptasensing
of human cardiac troponin i based on an array of gold nanodumbbells-applied to early detection of myocardial
infarction,” Sensors and Actuators B: Chemical, vol. 252, pp. 62 — 71, 2017. doi : 10.1016/j.snb.2017.05.149.

[204] M. Negahdary, M. Behjati-Ardakani, N. Sattarahmady, and H. H., “An aptamer-based biosensor for troponin
1 detection in diagnosis of myocardial infarction,” J Biomed Phys Eng, vol. §, pp. 167 — 178, 2018. doi :
10.22086/jbpe.v0i0.930.

[205] F. T. Moreiraa, R. A. Dutra, J. P. Noronha, M. Goreti, and F. Sales, “Electrochemical biosensor based on
biomimetic material for myoglobin detection,” Electrochimica Acta, vol. 107, pp. 481 — 487, 2013. doi :
10.1016/j.electacta.2013.06.061.

[206] T. Zhang, N. Ma, A. Ali, Q. Wei, D. Wu, and X. Ren, “Electrochemical ultrasensitive detection of cardiac
troponin i using covalent organic frameworks for signal amplification,” Biosensors and Bioelectronics, vol. 119,
pp- 176 — 181, 2018. doi : 10.1016/j.bios.2018.08.020.

[207] D. Xiao, Y. Li, L. Liu, B. Wen, Z. Gu, C. Zhang, and Y. S. Zhao, “Two-photon fluorescent microporous
bithiophene polymer via suzuki cross-coupling,” Chem. Commun., vol. 48, pp. 9519 — 9521, 2012. doi :
10.1039/C2CC34535H.

[208] H.-P.Peng, Y. Hu, P. Liu, Y.-N. Deng, P. Wang, W. Chen, A.-L. Liu, Y.-Z. Chen, and X.-H. Lin, “Label-free elec-
trochemical dna biosensor for rapid detection of mutidrug resistance gene based on au nanoparticles/toluidine
blue-graphene oxide nanocomposites,” Sensors and Actuators B: Chemical, vol. 207, pp. 269 — 276, 2015. doi
: 10.1016/j.snb.2014.10.059.

[209] Y. Li, M. S. Khan, L. Tian, L. Liu, L. Hu, D. Fan, W. Cao, and Q. Wei, “An ultrasensitive electrochemical im-
munosensor for the detection of prostate-specific antigen based on conductivity nanocomposite with halloysite
nanotubes,” Analitycal and Bioanalitycal Chemistry, vol. 409, pp. 3245 — 3251, 2017. doi : 10.1007/s00216-
017-0266-1.

[210] N. Atar and M. L. Yola, “Core-shell nanoparticles/two-dimensional (2d) hexagonal boron nitride nanosheets
with molecularly imprinted polymer for electrochemical sensing of cypermethrin,” Journal of The Electro-
chemical Society, vol. 165, pp. 255 — 262, 2018. doi : 10.1149/2.1311805jes.

[211] A.F.Khan, D. A. C. Brownson, E. P. Randviir, G. C. Smith, and C. E. Banks, ‘“2d hexagonal boron nitride (2d-
hbn) explored for the electrochemical sensing of dopamine,” Analytical Chemistry, vol. 88, pp. 9729 — 9737,
2016. doi : 10.1021/acs.analchem.6b02638.

[212] M. L. Yola and N. Atar, “Development of cardiac troponin-i biosensor based on boron nitride quantum dots
including molecularly imprinted polymer,” Biosensors and Bioelectronics, vol. 126, pp. 418 — 424, 2019. doi :
10.1016/.bi0s.2018.11.016.

[213] T. Lee, Y. Lee, S. Y. Park, K. Hong, Y. Kim, C. Park, Y.-H. Chung, M. Lee, and J. Min, “Fabrication of
electrochemical biosensor composed of multi-functional dna structure/au nanospike on micro-gap/pcb system
for detecting troponin i in human serum,” Colloids and Surfaces B: Biointerfaces, vol. 175, pp. 343 — 350, 2019.
doi : 10.1016/j.colsurfb.2018.11.078.

[214] M. Abdolrahim, M. Rabiee, S. N. Alhosseini, M. Tahriri, S. Yazdanpanah, and L. Tayebi, “Development of
optical biosensor technologies for cardiac troponin recognition,” Analytical Biochemistry, vol. 485, pp. 1 — 10,
2013. doi : 10.1016/j.ab.2015.06.003.

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 34 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

[215] X. Fan, I. M. White, S. I. Shopova, H. Zhu, J. D. Suter, and Y. Sun, “Sensitive optical biosensors for unlabeled
targets: A review,” Analytica chimica acta, vol. 620, pp. 8 — 26, 2008. doi : 10.1016/j.aca.2008.05.022.

[216] B. Zhang, J. M. Tamez-Vela, S. Solis, G. Bustamante, R. Peterson, S. Rahman, A. Morales, L. Tang, and
J. Yong Ye, “Detection of myoglobin with an open-cavity-based label-free photonic crystal biosensor,” Journal
of Medical Engineering, vol. 2013, pp. 1 —7,2013. doi : 10.1155/2013/808056.

[217] W.-Y. Wu, Z.-P. Bian, W. Wang, W. Wang, and J.-J. Zhu, “Pdms gold nanoparticle composite film-based silver
enhanced colorimetric detection of cardiac troponin i,” Sensors and Actuators B: Chemical, vol. 147, pp. 298 —
303, 2010. doi : 10.1016/j.snb.2010.03.027.

[218] F. Li, Y. Yu, H. Cui, D. Yang, and Z. Bian, “Label-free electrochemiluminescence immunosensor for cardiac
troponin i using luminol functionalized gold nanoparticles as a sensing platform,” Analyst, vol. 138, pp. 1844 —
1850, 2013. doi : 10.1039/c3an36805;.

[219] K.Zhao, M. Tang, H. Wang, Z. Zhou, Y. Wu, and S. Liu, “Simultaneous detection of three biomarkers related to
acute myocardial infarction based on immunosensing biochip,” Biosensors and Bioelectronics, vol. 126, pp. 767
—772,2019. doi : 10.1016/j.bios.2018.11.044.

[220] X. Yang, Y. Zhao, L. Sun, H. Qi, Q. Gao, and C. Zhang, “Electrogenerated chemiluminescence biosensor array
for the detection of multiple ami biomarkers,” Sensors and Actuators B: Chemical, vol. 257, pp. 60 — 67, 2018.
doi : 10.1016/j.snb.2017.10.108.

[221] B. P. Nelson, T. E. Grimsrud, M. R. Liles, R. M. Goodman, and R. M. Corn, “Surface plasmon resonance
imaging measurements of dna and rna hybridization adsorption onto dna microarrays,” Analytical Chemistry,
vol. 73, pp. 1 =7, 2001. doi : 10.1021/ac0010431.

[222] P. Englebienne, A. Van Hoonacker, and M. Verhas, “Surface plasmon resonance: principles, methods and ap-
plications in biomedical sciences,” Spectroscopy, vol. 17, pp. 255 — 273, 2003. doi : 10.1155/2003/372913.

[223] R. Fireman Dutra, R. Kelly Mendes, V. Lins da Silva, and L. Tatsuo Kubota, “Surface plasmon resonance
immunosensor for human cardiac troponin t based on self-assembled monolayer,” Journal of Pharmaceutical
and Biomedical Analysis, vol. 43, pp. 1744 — 1750, 2007. doi : 10.1016/j.jpba.2006.12.013.

[224] J.T. Liu, C.J. Chen, T. Ikoma, T. Yoshioka, J. S. Cross, S.-J. Chang, J.-Z. Tsai, and J. Tanaka, “Surface plasmon
resonance biosensor with high anti-fouling ability for the detection of cardiac marker troponin t,” Analytica
Chimica Acta, vol. 703, pp. 80 — 86, 2011. doi : 10.1016/j.aca.2011.07.019.

[225] M. Pawula, Z. Altintas, and 1. E. Tothill, “Spr detection of cardiac troponin t for acute myocardial infarctione,”
Talanta, vol. 146, pp. 823 — 830, 2016. doi : 10.1016/j.talanta.2015.06.006.

[226] A. Kakoti and P. Goswami, “Heart type fatty acid binding protein: Structure, function and biosensing applica-
tions for early detection of myocardial infarction,” Biosensors and Bioelectronics, vol. 43, pp. 400 — 411, 2013.
doi : 10.1016/j.bios.2012.12.057.

[227] U. Kunz, A. Katerlamp, R. Renneberg, F. Spener, and K. Cammann, “Sensing fatty acid binding protein with
planar and other fiber-optical surface plasmon resonance spectroscopic devices,” Sensors and Actuators, vol. 32,
pp- 129 — 155, 1996.

[228] P. Berini, “Long-range surface plasmon polaritons,” Advances in Optics and Photonics, vol. 1, pp. 484 — 588,
2009. doi : 10.1364/A0P.1.000484.

[229] O. Krupin and P. Berini, “Long-range surface plasmon-polariton waveguide biosensors for human cardiac tro-
ponin i detection,” Sensors, vol. 19, pp. 1 — 11, 2019. doi : 10.3390/s19030631.

[230] D. M. Bruls, T. H. Evers, J. A. H. Kahlman, P. J. W. van Lankvelt, M. Ovsyanko, E. G. M. Pelssers, J. J. H. B.
Schleipen, F. K. de Theije, C. A. Verschuren, T. van der Wijk, J. B. A. van Zon, W. U. Dittmer, A. H. J. Immink,
J. H. Nieuwenhuis, and M. W. J. Prins, “Rapid integrated biosensor for multiplexed immunoassays based on
actuated magnetic nanoparticles,” Lab on a Chip, vol. 9, pp. 80 — 86, 2009. doi : 10.1039/b913960e.

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 35 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

[231] J. Chen, F. Ran, Q. Chen, D. Luo, W. Ma, T. Han, C. Wang, and C. Wang, “A fluorescent biosensor for cardiac
biomarker myoglobin detection based on carbon dots and deoxyribonuclease i-aided target recycling signal
amplification,” RSC Advances, vol. 9, pp. 4463 — 4468, 2019. doi : 10.1039/C8RA09459D.

[232] X. Cui, L. Zhu, J. Wu, Y. Hou, P. Wang, Z. Wang, and M. Yang, “A fluorescent biosensor based on carbon
dots-labeled oligodeoxyribonucleotide and graphene oxide for mercury (ii) detection,” Biosensors and Bioelec-
tronics, vol. 63, pp. 506 — 512, 2015. doi : 10.1016/j.bios.2014.07.085.

[233] C. Yu, X. Li, F. Zeng, F. Zheng, and S. Wu, “Carbon-dot-based ratiometric fluorescent sensor for detecting
hydrogen sulfide in aqueous media and inside live cells,” Chem. Commun., vol. 49, pp. 403 — 405, 2013. doi :
10.1039/c2cc37329g.

[234] A. W. Nguyen and P. S. Daugherty, “Evolutionary optimization of fluorescent proteins for intracellular fret,”
Nature Biotechnology, vol. 23, pp. 355 — 360, 2005. doi : 10.1038/nbt1066.

[235] R. C. Stringer, D. Hoehn, and S. A. Grant, “Quantum dot-based biosensor for detection of human car-
diac troponin i using a liquid-core waveguide,” IEEE Sensors Journal, vol. 8, pp. 295 — 300, 2008. doi :
10.1109/JSEN.2008.917489.

[236] M.E. Pierce and S. A. Grant, “Development of a fret based fiber-optic biosensor for early detection of myocardial
infarction,” in Proceedings of the 26th Annual International Conference of the IEEE EMBS, (San Francisco, CA,
USA), IEEE, September 2004. doi : 10.1109/IEMBS.2004.1403616.

[237] D. Sun, T. Guo, Y. Ran, Y. Huang, and B. Guan, “In?situ dna hybridization detection with a reflec-
tive microfiber grating biosensor,” Biosensors and Bioelectronics, vol. 61, pp. 541 — 546, 2014. doi :
10.1016/j.bi0s.2014.05.065.

[238] C. Liu, Q. Caia, B. Xu, W. Zhu, L. Zhang, J. Zhao, and X. Chen, “Graphene oxide functionalized long period
grating for ultrasensitive labelfree immunosensing,” Biosensors and Bioelectronics, vol. 94, pp. 200 — 206, 2017.
doi : 10.1016/j.bi0s.2017.03.004.

[239] F. Chiavaioli, P. Biswas, C. Trono, S. Bandyopadhyay, A. Giannetti, S. Tombelli, N. Basumallick, K. Dasgupta,
and F. Baldini, “Towards sensitive label-free immunosensing by means of turn-around point long period fiber
gratings,” Biosensors and Bioelectronics, vol. 60, pp. 305 — 310, 2014. doi : 10.1016/j.bi0s.2014.04.042.

[240] W. Zhou, K. Lib, Y. Wei, P. Hao, M. Chi, Y. Liu, and Y. Wu, “Ultrasensitive label-free optical microfiber
coupler biosensor for detection of cardiac troponin i based on interference turning point effect,” Biosensors and
Bioelectronics, vol. 106, pp. 99 — 104, 2018. doi : 10.1016/j.bios.2018.01.061.

[241] C. Chou, H.-Y. Hsu, H.-T. Wu, K.-Y. Tseng, A. Chiou, C.-J. Yu, Z.-Y. Lee, and T.-S. Chan, “Fiber optic biosensor
for the detection of c-reactive protein and the study of protein binding kinetics,” Journal of Biomedical Optics,
vol. 12, pp. 1 =9, 2007. doi : 10.1117/1.2714029.

[242] A. Jeetender, I. Stiharu, and M. Packirisamy, “Micro-opto mechanical biosensors for enzymatic detection,”
Photonic Applications in Biosensing and Imaging, vol. 5969, pp. 1 — 11, 2005. doi : 10.1117/12.628797.

[243] Q. Wang, X. Yang, X. Yang, F. Liu, and K. Wang, “Visual detection of myoglobin via g-quadruplex dnazyme
functionalized gold nanoparticles-based colorimetric biosensor,” Sensors and Actuators B: Chemical, vol. 212,
pp. 440 — 445, 2015. doi : 10.1016/j.snb.2015.02.040.

[244] W. Y. Lim, T. M. Thevarajah, B. T. Goh, and S. M. Khor, “Paper microfluidic device for early diagnosis and
prognosis of acute myocardial infarction via quantitative multiplex cardiac biomarker detection,” Biosensors
and Bioelectronics, vol. 128, pp. 176 — 185, 2019. doi : 10.1016/j.bios.2018.12.049.

[245] W. Y. Lim, C.-H. Goh, T. M. Thevarajah, B. T. Goh, and S. M. Khor, “Using sers-based microfluidic paper-
based device (?pad) for calibration-free quantitative measurement of ami cardiac biomarkers,” Biosensors and
Bioelectronics, pp. 1 — 34, 2019. doi : 10.1016/j.bi0s.2019.111792.

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 36 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

[246] X.Zhang, X. Kong, W. Fan, and X. Du, “Iminodiacetic acid-functionalized gold nanoparticles for optical sensing
of myoglobin via cu2+ coordination,” Langmuir, vol. 27, pp. 6504 — 6510, 2011. doi : 10.1021/1a200177e.

[247] L. H. Y., J. S. Choi, P. Guruprasath, B. H. Lee, and Y. W. Cho, “An electrochemical biosensor based on a
myoglobin-specific binding peptide for early diagnosis of acute myocardial infarction,” Analytical Sciences,
vol. 31, pp. 699 — 704, 2015. doi : 10.2116/analsci.31.699.

[248] J. Wu, D. M. Cropek, A. C. West, and S. Banta, “Development of a troponin i biosensor using a peptide obtained
through phage display,” Analytical Chemistry, vol. 82, pp. 8235 — 8243, 2010. doi : 10.1021/ac101657h.

[249] D. W. Kimmel, G. LeBlanc, M. E. Meschievitz, and D. E. Cliffel, “Electrochemical sensors and biosensors,”
Analytical Chemistry, vol. 84, pp. 685 — 707, 2012. doi : 10.1021/ac202878q.

[250] Y.-Q. Miao, “Thin-layer impedimetric biosensors for the free-label immunoassay,” Pakistan Journal of Biolog-
ical Sciences, vol. 8, pp. 1544 — 1547, 2005. doi : 10.3923/pjbs.2005.1544.1547.

[251] S. Yeasmin, X. Xing, L. Duan, and L. Yobas, “Nanofluidic diode biosensor featuring a single nanoslit for label-
free detection of cardiac troponin biomarker,” in 2017 19th International Conference on Solid-State Sensors,
Actuators and Microsystems (TRANSDUCERS), (Kaohsiung, Taiwan), IEEE, June 2017. doi : 10.1109/TRANS-
DUCERS.2017.7994183.

[252] J. A. Loo, W. Yan, P. Ramachandran, and D. T. Wong, “Comparative human salivary and plasma proteomes,”
Journal of Dental Research, vol. 89, pp. 1016 — 1023, 2010. doi : 10.1177/0022034510380414.

[253] M. A. A. Rahim, Z. H. A. Rahim, W. A. W. Ahmad, and O. H. Hashim, “Can saliva proteins be used to predict
the onset of acute myocardial infarction among high-risk patients?,” International Journal of Medical Sciences,
vol. 12, pp. 329 — 335, 2015. doi : 10.7150/ijms.11280.

[254] E. Kaufman and I. B. Lamster, “The diagnostic applications of saliva - a review,” Critical Reviews in Oral
Biology and Medicine, vol. 13, pp. 197 — 212, 2002. doi : 10.1177/154411130201300209.

[255] H. Xiao and D. T. Wong, “Proteomics and its applications for biomarker discovery in human saliva,” Bioinfor-
mation, vol. 5, pp. 294 — 296, 2011. doi : 10.6026/97320630005294.

[256] M. Tiwari, “Science behind human saliva,” Journal of Natural Science, Biology and Medicine, vol. 2, pp. 53 —
58, 2011. doi : 10.4103/0976-9668.82322.

[257] 1. B. Lamster and J. K. Ahlo, “Analysis of gingival crevicular fluid as applied to the diagnosis of oral and sys-
temic diseases,” Annals of the New York Academy of Sciences, vol. 1098, pp. 216 — 229, 2007. doi : 10.1196/an-
nals.1384.027.

[258] I. Mirzaii-Dizgah, S. F. Hejazi, E. Riahi, and M. M. Salehi, “Saliva-based creatine kinase mb measurement as
a potential point-of-care testing for detection of myocardial infarction,” Clinical Oral Investigations, vol. 16,
pp- 775 —1779, 2011. doi : 10.1007/s00784-011-0578-z.

[259] S. Takehara, M. Yanagishita, K. A. Podyma-Inoue, and Y. Kawaguchi, “Degradation of muc7 and muc5b in
human saliva,” PLoS ONE, vol. 8, pp. 1 -9, 2013. doi : 10.1371/journal.pone.0069059.

[260] S. Sun, F. Zhao, Q. Wang, Y. Zhong, T. Cai, P. Wu, F. Yang, and Z. Li, “Analysis of age and gender associated
n-glycoproteome in human whole saliva,” Clinical Proteomics, vol. 11, pp. 1 — 10, 2014. doi : 10.1186/1559-
0275-11-25.

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 37 of 38



Journal Pre-proof

Acute Myocardial Infarction biosensor

L. C. Duque-Ossa Received her B.Sc. in Mechatronic Engineering in 2017 from Universidad
EIA (Colombia) and her MS. degree in Nanotechnology in 2019 from Tecnologico de Monterrey
(Mexico). In 2020 she joined to the PhD. in nanotechnology as a full time student at Tecnologico
de Monterrey. Her research has been focused on medical issues, with emphasis on the triborheo-
logical behavior of solid/liquid systems, where the use of compatible synthetic polymeric materi-
als, lubricants and nanoparticles are involved. Currently, her research is related to cardiac markers
biosensing applied to cardiovascular diseases based on the use of carbon nanotubes.

J. A. Reyes-Retana Received his B.Sc. in Physics in 2004 and his PhD. degree in Mate-

rials Science in 2011 from Universidad Nacional Auti;%2noma de Mi;Y2xico. He worked post-

R - doctoral fellow from 2012 to 2014 at Physics Institute at Universidad Nacional Auti;'2noma de
l Mi; Y2xico and later from 2014 to 2016 at Nanothecnology laboratory in Universidad Iberoamer-

ana, Mi; Y2xico. In 2016, he joined School of Science and Engineering at Tecnologico de Mon-
ey and since 2018 he is a full-time professor at Mechanical and Advanced Materials at Tecno-
ico de Monterrey. His research areas include (a) 2D Metal Dichalcogenide electronic devices

Duque-Ossa and Reyes-Retana: Preprint submitted to Elsevier Page 38 of 38



Journal Pre-proof

Authorship contribution statement

J. A. Reyes-Retana: Writing - Review and Editing, Supervision, Project
administration. L. C. Duque-Ossa: Conceptualization, Methodology, Investiga-
tion, Writing - Original Draft.

Declaration of interests

The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported
in this paper.

40



