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Abstract: Although cardiac pathologies are the major cause of death in the world, it remains difficult 
to provide a reliable diagnosis to prevent heart attacks. Rapid patient care and management in 
emergencies are critical to prevent dramatic consequences.  Thus, relevant biomarkers such as cardiac 
troponin and natriuretic peptides are currently targeted by commercialized Point-Of-Care 
immunoassays. Key points still to be addressed concern cost, lack of standardization, and poor 
specificity, which could limit the reliability of the assays. Consequently, alternatives are emerging to 
address these issues. New probe molecules such as aptamers or molecularly imprinted polymers 
should allow a reduction in cost of the assays and  an increase in reproducibility. In addition, the assay 
specificity and reliability could be improved by enabling multiplexing through the detection of several 
molecular targets in a single device. 

Highlights: 

- Providing a rapid and reliable diagnosis of myocardial infarction is a major issue. 
 

- Relevant biomarkers (troponins, natriuretic peptides) are widely used for diagnosis. 
 

- Point-Of-Care immunoassays detect cardiac biomarkers but still need improvement. 
 

- Alternatives are emerging for a better diagnosis: more sensitive, faster and multiplexed. 
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1. INTRODUCTION 

Cardiovascular diseases are the leading cause of mortality in the world [1–8], which 
represents 45% of all deaths [9]. In 2016, 17.9 millions of people died from cardiovascular diseases 
[10]. In France, 400 people die every day from such diseases [11]. According to the World Health 
Organization (WHO), 23.3 million people will die from cardiovascular diseases in 2030 [12]. Among 
them, acute myocardial infarction (AMI), acute coronary syndrome (ACS) and heart failure (HF) 
attract themost attention of scientists and clinicians [13]. Because of the very high frequency - one 
third of deaths [14,15] - of this pathology all over the world [2,7,8,12,16–21], AMI is one of the 
WHO’s major priorities [22]. Worldwide, between 5% and 20% of patients presenting to emergency 
departments (ED) do so with symptoms of myocardial infarction [23,24], which is defined as 
“cardiomyocyte necrosis in a clinical setting consistent with acute myocardial ischemia”, according to 
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the universal definition [25]. The main challenges include rapid intervention for at-risk, together with 
ruling-out of people who do not have any risk as reliably as possible in order to avoid overloading of 
emergency departments [24,26–28]. Indeed, the overcrowding of the ED is an important issue in 
most hospitals. Medical staff must triage patients as fast as possible in order to avoid overloading of 
the department. In particular, an earlier rule-out of patients with no risk of AMI would be 
appreciated. There is thus a pressing need to diagnose patients with suspected cardiovascular 
diseases as early as possible [2,5,8,17,19,20,29–31] to minimize the number of deaths worldwide 
[4,12,18,32] and reduce the likehood of negative heart-related outcomes in the long term [14]. 

An initial diagnosis is typically by electrocardiography as soon as the patient arrives in the ED 
[25]. When the electrocardiogram presents a ST-segment elevation, which corresponds to an 
irregular heart rate and is thus a proof of a myocardial dysfunction, there is no need for a biomarker 
assay. Some patients, however, may be affected by a myocardial injury without persistent ST-
segment elevation [7]. Indeed, an electrocardiogram allows the detection ACS in only 20-40% of all 
cases [33].  

Experts regularly write guidelines in order to guide clinicians and standardize practices. The 
European Society of Cardiology taskforce - composed of experts in the field of cardiology - studied 
the management of acute coronary syndromes in patients presenting to ED with chest pain but 
without persistent ST-segment elevation on the electrocardiogram, resulting in the publication of 
guidelines [25]. In the USA, similar recommendations were published by both the American College 
of Cardiology and the American Heart Association [34]. The symptom of chest pain is not sufficient by 
itself to diagnose myocardial infarction [5,7,31,32,35,36]. Experts explain that such a diagnosis must 
be based on two major criteria: first, a variation of a cardiac biomarker concentration such as cardiac 
troponins due to their high specificity and sensitivity [7,8,32,34,35,37–39]; secondly, a clinical 
symptom among a defined list (e.g. ischemia, abnormal electrocardiogram, problems detected by 
imaging in the myocardial region etc.) [5,7,31,33,36,38]. Indeed, the blood concentration of several 
specific cardiac biomarkers evolves over time during a myocardial infarction. Hence, their 
measurements can be used to improve the diagnosis [3,7,12,20,26,31,40]. Concerning the biomarker 
assessment, one measurement value should be higher than the 99th percentile of the reference 
population to confirm the diagnosis [34,38,41]. Serial measurements may be also required to 
ascertain the temporal evolution of biomarker concentration. Suitable decision algorithms involving 
biomarkers testing are thus defined in order to guide patient care [42].  

Most of the time, myocardial infarction is induced by the formation of atheromatous plaques 
in the inner layer of the wall of coronary arteries [43]. These plaques are composed of lipids and 
inflammatory cells. They do not produce symptoms when they stay inside the arterial wall. When a 
plaque ruptures, a blood clot obstructs the coronary artery and the downstream cardiac tissue begins 
to suffer hypoxia [2,5,15]. The myocardium thus enters into a state of ischemia [14,18,37], losing its 
capacity to pump and finally undergoes necrosis [20], corresponding to the acute coronary syndrome 
(ACS) [33,44–46]. As the delay between ischemia and total necrosis of myocardial cells is very short, 
(between 2 and 4 hours), a rapid and reliable diagnosis is imperative [47]. Therefore, for 60-80% of 
patients with chest pain and normal electrocardiogram [15,33], measurements of several biomarkers 
of myocardial injury have to be made to complement clinical assessment and electrocardiography. In 
2000, the European Society of Cardiology and American College of Cardiology decided to add cardiac 
troponin level shifts to the universal definition of myocardial infarction [48,49]. In the version of this 
definition assessed in 2007, the troponin level represents one of the criteria for acute myocardial 
infarction in addition to clinical symptoms: “at least one value above the 99th percentile of the upper 
reference limit” [50,51]. Since then, troponin is by far the preferred biomarker [47] among clinicians 
as it allows a reliable diagnosis [40]. For patients with suspected non-ST-segment elevation ACS, this 
measurement is now mandatory, according to the 2015 European Society of Cardiology guidelines 
[9]. However, the time after symptom onset to reach a detectable concentration of troponin in blood 
can be several hours, depending on the sensitivity of the assay. Hence, troponin measurements at 
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the beginning of AMI are not reliable [12]. Other biomarkers, such as natriuretic peptides (NPs) 
whose concentration increases earlier in case of AMI [12], are also useful [14]. 

Plenty of cardiovascular biomarkers are used to diagnose cardiac issues. Several recent 
reviews that focused on cardiac biomarkers generally describe more than twenty relevant 
biomarkers [9,52,53]. However, clinicians have come to the consensus that both cardiac troponin and 
NPs are reliable quantitative biomarkers, which should be used to diagnose cardiac damages [54]. 
They have the characteristics of an ideal biomarker: they are measurable in blood, they are highly 
specific, and are rapidly detectable after the onset of first symptoms (example.g. chest pain) [9]. A 
reliable detection of at least one of these biomarkers is thus necessary to lead to the correct 
interpretation of symptoms.  

However, current diagnoses are typically based on a single biomarker assay and lack 
reliability since no biomarker is perfect [12]. Therefore, multiplexed assays - combined detection of 
two or more biomarkers quantified at the same time - could give more reliable information than one 
biomarker alone [9,12,55,56] and accelerate AMI diagnosis [52]. This method also has the advantage 
of reducing the sample numbers and the assay cost [12]. A multiplexed detection should be the right 
approach to improve AMI diagnosis [53,57]. 

Furthermore, there exist limitations of the most frequently used biomarkers - cardiac 
troponins and NPs - such as an insufficient specificity or delayed elevation in blood. There is thus still 
a need for novel biomarkers [9,35,54]. For example, another category of biomolecules, which is much 
less known, namely microRNA (miRNA), has attracted the interest of researchers in the last few years 
[58]. Since myocytes release these nucleic acids into the blood stream during apoptosis, they can be 
used as biomarkers [14,35].  

In general, biomarker assays are performed in the medical biology laboratories of hospitals. 
Firstly, the delay between the test order requested by the clinician and the results recovery is often 
long, at least 45 minutes in the best case scenario. Secondly, when there is no laboratory inside the 
hospital, the sample has to be sent to a central laboratory. In that case, the delay to obtain the test 
results is much longer, more than 1 hour [59]. Yet, international recommendations stipulate that 
ideally results must be available within less than 60 minutes [2,26,60]. Therefore, it is necessary to 
accelerate currently available assays. Several companies have developed, and continue to improve, 
point-of-care (POC) devices that are portable and capable of performing cardiac biomarker 
quantification measurements rapidly and with high sensitivity [14,26]. One of the main advantages of 
POC devices is that there is no need for sample transport, which allows for more rapide diagnosis 
[52]. Indeed, POC testing in ED decreases the waiting time by 35.5%, with a 22 % faster turnaround 
time [61]. POC devices have been shown to result in reduced patient length of stay in EDs [26,52,62]. 
Additionally, such devices can be used outside of a hospital setting, for example in an ambulance 
vehicle or directly in the field.  

A lot of articles have already reviewed cardiac biomarkers [9,52–54,57,63–68]. This review 
will focus on the detection of three different cardiac biomarkers: the well-known cardiac troponins 
(cTn), natriuretic peptides (NPs), and emerging cardiac miRNAs. These three biomarkers belong to 
the three different categories of macromolecules: namely proteins for cTn, peptides for NPs, and 
nucleic acids for miRNAs. Due to the differences in composition and size of these biomarkers, the 
detection methodology strongly differs as we will see later. The first section will summarize 
information about each of these three biomarkers, the first two being currently used to for 
myocardial infarction diagnosis, the latter showing great potential to help in AMI diagnosis. Then, the 
second section will focus on current commercialised POC devices detecting cTn and NPs, and more 
particularly the methods used to detect these biomarkers. Finally, insights and prospects will be 
discussed in the last section concerning recent advances and future solutions on biomarker detection 
in order to improve myocardial infarction diagnosis. This layout is represented in figure 1.  
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Figure 1: Graphical layout of the review. 
 

 

 

2. CARDIAC BIOMARKERS 

 Recent reviews have described in details the most relevant biomarkers for cardiac diseases 
[9,52–54,57,63–68]. In this section, we will focus more particularly on three recent biomarkers 
namely troponin, natriuretic peptides and miRNAS due to their current use or recent interest as 
cardiac biomarkers. Furthermore, the comparison of the detection modes for those biomarkers, with 
different characteristics, allow us to give a representative description of the recent advances in the 
domain in the next two sections. 

2.1 Cardiac troponin 

A query on the database Scopus about articles containing in their title the following 
keywords: “troponin” & “cardiac” & “biomarker*” led to 131 results on April 9, 2020. Over the last 20 
years, cardiac troponin I [8,14,15,19,35,38,46] and cardiac troponin T [15,35,36,38,46] have emerged 
as the preferred biomarkers for myocardial diagnosis. Indeed, they are the most sensitive and 
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specific biomarker of myocardial ischemia actually available. They are now the gold standard for AMI 
diagnosis [2,9,12,14,18,27,35,37,39,40,54,77–79].  

Troponins are a complex of three proteins constituting the myocardial contractile system 
[19,27,29,33,38,40,45,80,81]. The three subunits are troponin C, troponin T, and troponin I 
[19,27,33,40,47,52,77]. Troponin C has a molecular weight of 18 kDa [14,47] and contains 116 amino 
acids. This protein binds calcium ions necessary for muscle contraction. As it is similarly expressed in 
the skeletal muscle and in myocardium [37,80], this protein is unspecific to heart damage and so 
presents no interest to cardiology [27]. Troponin T has a molecular weight of 37 kDa [21,37,47] and is 
present in two isoforms : one protein found in striated muscles and another one in myocardium [45]. 
It is also a marker of renal disease and an increase in its concentration can indicate skeletal muscle 
injury [29,46,52]. The last subunit is troponin I with a molecular weight of 24 kDa [37,47]. It is 
composed of 206 amino acids and exists in different isoforms in skeletal muscle and in myocardium. 
This latter protein prevents muscle fibers from contracting without calcium. Cardiac troponins 
regulate muscular contraction thanks to intracellular calcium. After myocardial infarction, damaged 
cells release cardiac troponin I (cTnI) into the blood for a period of 3 to 12 hours [2,9,15,37,40]. 
During AMI, the blood concentration of cTnI is lower than that of troponin T [80] but the kinetics of 
concentration increase is similar for both proteins [82]. According to the definition given in the 
“Biomarkers in heart failure: the past, current and future” review, a biomarker is “an objectively 
measured parameter that is an indicator of normal biological processes, pathogenic process or as a 
response to pharmalogical therapy” [53]. Myocardial infarction corresponds to the necrosis of a part 
of the myocardium due to hypoxia caused by the interruption of blood flow in the coronary arteries. 
In that case, cardiac cells release troponins during their apoptosis [19,38,83]. Therefore, an increased 
troponin blood concentration means a cardiac muscle injury [2,15,29,50]. Thus, cardiac troponins are 
biomarkers of choice for myocardial infarction diagnosis [32,52,62,83,84].  

According to recent guidelines, cardiac troponins should be quantified and  recommend the 
following interpretation: “the higher the level [of cardiac troponin], the higher the likelihood for the 
presence of myocardial infarction” [25,31]. At present, troponins level measurements are an integral 
part of AMI diagnosis [24,26,37,38,40,51,54,84–86]. The first troponin assay described was 
performed in 1987 [87]. It required two days and the limit of detection was 10 µg/L [29]. Nowadays, 
cTn assays are marketed by several companies. These assays will be detailed in the next section. 
Most of them rely on a detection method based on the enzyme-linked immunosorbent assay (ELISA) 
principle using both a capture and a revelation antibody [2,16,37,39]. Since 2010, high-sensitivity 
troponin assays are available [88]. They allow a more rapid [35,38,49,78,89] and more accurate 
detection [27,31,35,38] compared to conventional assays, offering a reduction of the detection limit 
from µg/L to ng/L [27,37,47,50,89]. These highly-sensitive troponin measurements are very efficient 
at the first stage of the myocardial infarction because they allow the identification of early necrosis 
[29,50]. Myocardial infarction can thus be detected as early as 3 hours after symptom onset (Figure 
2) [82]. To avoid false positive results, it is recommended [24,27,34] to monitor troponin kinetics 
[38,47] in at least two measurements [45], separated by 3 hours [35,90]. Currently, fast and high-
sensitivity cardiac troponin assays are used almost everywhere because they are the best assays 
available for AMI diagnosis [91]. Very recently, in 2019, a scientific expert panel gave 
recommendations for transitioning to high-sensitivity troponin testing [41]. The report explained that 
these current measurements are now sufficiently sensitive that minor troponin concentration 
variations, such as a few ng/L, can be detected, allowing for a more accurate diagnosis 
[24,27,31,40,47,50,78]. Hence, an earlier risk stratification of AMI likelihood is now possible 
[27,31,35,40,78,89,92]. Thanks to these new assays, the delay between the two troponin 
measurements may be reduced to 1 hour [27,31,38,89,93]: the first measurement should be 
performed upon apatient’s admission to the  ED,  the second being taken one hour later. Such a 
protocol may be sufficient to rule-out patients with very low troponin level or rule-in patients with 
very high level or large increase after one hour [24,29]. However, different diagnostic protocols exist 
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[31,89,93] and there is still no consensus to define a unique cutoff allowing the exclusion of patients 
who have absolutely no risk of myocardial infarction [26,27,38,40]. Different factors like age or sex 
can influence troponin concentration [9,27,31,38,40] and thus should be taken into account for 
cutoff definition. 

Figure 2: Evolution of troponin levels with time. Adapted from [94,95]. 

An additional point to highlight is the lack of specificity of troponin measurements in most 
assays for AMI diagnosis that can lead to false positive results [35,54,85]. Troponin increases can be 
caused by cardiac pathologies other than ACS [26,27,37,38,54] such as arrhythmia, anemia, 
pulmonary embolism, arterial hypertension… [25,31,35,37,45] Other parameters may also yield false 
positive or false negative results: failing antibodies [31], assay interference with blood components, 
calibration issues, lack of standardization, variable sensitivity, variability between lots, instrument 
problems [26,35,47,85]. Hence, a clinical assessment remains essential to make the right diagnosis 
[26,31,38,41,54]. 

Finally, a prognostic utility of cardiac troponin was demonstrated [27,35,89]. The troponin 
value gives information about the risk of death [25,31,34] and helps for risk stratification 
[37,38,47,93,96].  

2.2 Natriuretic peptides 

A bibliographic search was carried out on Scopus with the following search criteria: titles 
containing “natriuretic peptide” & “cardiac” & “biomarker*”. It led to only 37 publications as of April 
9, 2020. This highlights the fact that these peptides are to date less weel_known as cardiac 
biomarkers compared to cardiac troponins. They are nonetheless the most used cardiac biomarkers 
in the category of peptides [9,55,97].  

NPs are hormones synthesized by several organs including the brain and the heart [53]. In 
the family of peptidic hormones, three peptides share the same ring structure composed of 17 amino 
acids. There are atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and C-type 
natriuretic peptide (CNP). ANP and BNP amino acid sequences were identified in the 1980s [98,99]. 
These peptides are produced by myocardial tissue and maintain homeostasis in the cardiovascular 
system by binding NP receptors [100,101]. When the heart suffers from an atrial and ventricular 
dysfunction, the proBNP precursor is cleaved. The active BNP and the inactive N-terminal proBNP 
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(NT-proBNP) fragments are then secreted in the heart ventricles [53,102]. When any increase of the 
volume of fluid or pressure on the heart wall occurs, caused by heart rate dysregulation, 
concentrations of BNP and NT-proBNP in plasma increase [2,84,97,103–105].  The sensitivity of BNP 
is even higher than that of cTnI [12]. These peptides are thus appropriate biomarkers for diagnosing 
AMI very early [12,28,106] and are also considered as the gold standard biomarker for HF 
[2,26,53,55,57,58,83,84,100,104,107–109]. A dysregulation of BNP and NT-proBNP concentrations 
happens in case of ACS. Therefore, measurements of these biomarkers can be useful for AMI 
diagnosis. Cardiac dysfunction and HF can be diagnosed by the BNP and NT-proBNP biomarkers 
[12,28,55,97,100,101,104,108]. The American College of Cardiology Foundation, the American Heart 
Association and the European Society of Cardiology have no doubts about the validity and the 
reliability of these biomarkers in such cases [110]. Current guidelines from The European Society of 
Cardiology recommend that clinicians measure BNP and NT-proBNP plasma concentrations of 
patients with suspected acute HF [103]. They have set cutoff values of 35 pg/mL for BNP and 125 
pg/mL for NT-proBNP for the diagnosis of chronic HF and these values are raised to 100 and 300 
pg/mL respectively for acute HF [103]. As for cardiac troponin, cutoff values are multiparameter 
dependent (age, sex, obesity, kidney function) and should not be generic 
[2,27,40,54,55,77,103,105,108,110]. Furthermore, ELISA assays, used to quantify BNP, require 
several antibodies that bind different epitopes of the peptide [97,103,111]. So, the results vary from 
one technique to another [111]. Because of this divergence and the lack of international standards 
regarding NPs dosage, it is difficult to use a single cutoff value [77,97,103]. Moreover, the half-life of 
NT-proBNP is six times longer than the approximately twenty minutes half-life of BNP [111,112]. The 
dosage of NT-proBNP is thus preferred to BNP, especially for out-of-hospital clinical practice, since 
the stability of the first peptide is higher [111,113]. 

Furthermore, BNP and NT-proBNP specificity is not perfect, which prevents them being used 
alone as biomarkers for myocardial infarction. Pulmonary pathology, renal insufficiency, sepsis or 
diabetes can also induce an increase of BNP and NT-proBNP [12,54,57,77,102,103].  

To improve the specificity of peptides assays, these NPs should be more deeply studied [100]. 
Actually, healthy people and patients presenting heart problems do not present these peptides in the 
same form (biologically active or inactive forms) [108]. Scientists and clinicians are mainly interested 
in BNP whereas ANP should be analyzed too [57,84,103,107]. Some useful information is obfuscated 
in results of the current assays, which do not detect every form of each peptide. Novel methods that 
detect and quantify the different forms of every peptide should be developed in order to evaluate 
with more accuracy the health of the patient [100]. 

In addition to their diagnostic function, NPs are also prognostic biomarkers for myocardial 
infarction [25,55,57,101,102,107,108,110,114]. During hospitalization for acute myocardial 
infarction, it is currently recommended to measure NT-proBNP levels to evaluate the subsequent risk 
of death [114]. Repetitive NP measurements could guide clinicians for treatment [115,116] and 
improve prognosis [117]. They can also be used to predict HF for patients affected by type 2 
diabetes. These markers are widely used for risk stratification [9,26,28,54,83]. 

2.3 miRNAs 

As previously explained, diagnosing cardiovascular diseases and particularly acute myocardial 
infarction is one of the most important health challenges. Detection of concentration variations of 
cardiac biomarkers are necessary for the diagnosis [43].  It is known that the cardiac troponin assay is 
the gold standard for such a diagnosis [13]. These cardiac proteins - released by cardiomyocytes - act 
as a good biomarker: they can be rapidly detected, precisely measured, and give useful and reliable 
information to help clinicians and improve patient care. Nevertheless, its lack of specificity for acute 
myocardial infarction encourage the research and discovery of novel biomarkers [13,43,118]. 
Circulating microRNAs (miRNAs) seem to be good candidates to that end [2,35,43,58,109,118–120].  



8 
 

miRNAs are endogenous, single stranded, highly conserved, and non-coding RNAs made of 
short nucleotidic oligomers (around 22 nucleotides in length) 
[5,14,18,30,35,43,44,58,109,118,119,121,122]. They were discovered in 2004 [123] and rapidly 
identified as biomarkers thanks to their stability in blood [124]. Since then, they have enjoyed 
increasing scientific interest [13]. 

miRNAs have a regulatory role in gene expression in cells [5,30,58,109,121].,regulating about 
66% of human protein-coding genes [44,58,109]. They bind messenger RNA to induce its degradation 
or prevent its translation into proteins [13,30,43,58,109,118,119,122]. Cells also release miRNA to 
communicate with each other [120] and to exchange genetic information [121]. These molecules are 
present in tissue and several bodily fluids including blood, urine and saliva [13,58,78,121,122]. They 
are very robust and chemically stable in body fluids [118,122]. Thus, they represent an interesting 
potential as biomarkers. Current detection methods to identify miRNAs are often performed on 
serum or plasma and are based on hybridization techniques, on quantitative polymerase chain 
reaction (qPCR) - which uses a normalization control [13]- or on next-generation sequencing (NGS) 
systems [121].  

Some miRNAs called myomiRs are specifically expressed in cardiomyocytes [13]. This group is 
composed of miR-1, miR-133a, miR-208a/b and miR-499 [5,18,30,44]. Since their concentration 
increases in the case of cardiac infarction, they could be biomarkers for acute myocardial infarction 
[30,43,44,58]. However, it remains to be proven that they are able to improve the diagnosis of such 
disease compared to troponin biomarkers [13]. Their better sensitivity and specificity remain to be 
clearly demonstrated.  

Many studies have been conducted in the last few years in order to test the suitability of 
such miRNAs as potential biomarkers for AMI. Among the group of cardiac biomarkers, it has been 
demonstrated that miR-208, which comprises miR-208a and miR-208b, is overexpressed in patients 
with MI and detectable one hour after symptom onset [118]. The performance of miR-208 as a 
biomarker for MI diagnosis compared to troponin is still a matter of debate: some studies conclude 
that miR-208 could detect AMI earlier than cTnI or cTnT, and that it is more specific [44,118], while 
others claim that even if miR-208 is cardio-specific it does not improve AMI diagnosis compared to 
troponin [125]. The performance of other myomiRs was tested: miR-499 shows high specificity to 
AMI and could be detected at the very beginning of symptom onset, (earlier than troponin [44]) 
while miR-221-3p has been also explored as a candidate for AMI diagnosis [43]. However, the 
reliability of the former study - focused on miR-221-3p - is limited due to biases [119]. Hence, 
scientists have not yet reached a consensus regaind the performance of these miRNAs as potential 
biomarker for cardiovascular diseases [30]. 

Furthermore, miRNA detection is hampered by intrinsic technical issues. Firstly, their 
concentration depends on biological parameters such as age and sex [13]. Secondly, there are as yet 
no established standard methods for their detection and measurement [121]. Many factors, 
especially in the pre-analytical steps, cause variability in the measurement results, including the 
presence of anticoagulant, storage conditions, temperature, centrifugation protocol, and the 
normalization method used [13,121]. There is thus a need to improve and standardize protocols in 
order to render miRNAs data sufficiently robust and reliable. 

Cardiac miRNAs have a huge potential to become powerful biomarkers for myocardial 
infarction diagnosis but a lot of studies and standardization methods have yet to be implemented 
before their suitability can be established [30]. 
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3. COMMERCIALIZED SOLUTIONS FOR CARDIAC BIOMARKERS DETECTION 

The use of POC devices in ED represents a huge breakthrough for a rapid management of 
patients. Such systems can reduce the time needed to deliver a rapid diagnosis and consequently ED 
length of stay for the patient. It also opens up opportunities for on-site or decentralised detection. 
This is particularly the case for cardiac health issues and acute myocardial infarction (AMI) diagnosis. 
Usually, several specific cardiac biomarkers are detected in central laboratories according to well-
defined procedures, as discussed above. Nevertheless, these procedures can take several hours to 
produce results and enable diagnosis, despite use in time-critical scenarios where rapid intervention 
is crucial to improve patient care In this space, several companies have successfully commercialized 
POC devices, which can detect the most commonly used cardiac biomarkers, such as cTnI, cTnT and 
BNP, in just a few minutes. However, the main drawback of such devices is their sensitivity, which is 
lower than laboratory assays. It implies that POC devices need a highest cut-off point for an accurate 
detection [126].  

Before describing widely used POC assays for cardiac biomarkers detection, let us define 
several terms that are used to quantitatively characterize the performances of a device:  

• Limit of detection (LoD): The lowest concentration of the biomarker detectable by 
the device. 

• Limit of Blank (LoB): The highest quantity value to be observed for a blank material 
containing no analyte. 

• Limit of quantification (LoQ): The Lowest biomarker concentrations that can be 
reliably quantified by the device. 

• Range of detection: Wide range of concentrations with a Coefficient of Variation (CV) 
lower than a specific percentage (generally 10%). 

• Coefficient of Variation (CV): Indicate the dispersion of the values distribution around 
the mean value. 

• Cut-off point: Reference decision limit generally defined at the 99th percentile of a 
normal reference population. Below this value, the test result is negative. Above, it is 
positive. 

In order to optimize the detection and quantification of either troponins or BNP, several 
challenges must be overcome:  

- The biomarker concentration in bodily fluids (typically blood or plasma) is, low 
especially for healthy patients (ng/L). Some amplification methodologies or labelling 
of probes will be implemented within the protocols of the POC devices to reach 
relevant LoD. 

- Patient samples are generally complex (blood or plasma), containing many other 
analytes or interferents. Sample preparation and/or washing step may thus be 
required to avoid contaminations and reduce LoB. 

- The sampling method (capillary blood) limits the amount of sample accessible for the 
assay. 

- The affinity and selectivity of the capture probes is crucial for low LoD. High affinity 
and selectivity increase the signal-to-noise ratio because the probes capture only the 
molecule of interest. 

- The time of detection is also essential. The objectives of the ED are to provide an 
accurate diagnosis as fast as possible in order to guarantee patient safety (especially 
in case of cardiac troubles), and to avoid the saturation of the ED. 

In this section, several currently commercialized POC devices - detecting either troponins or 
BNP - will be presented, with a special focus on their detection methodologies. 
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3.1 Magnetic bead capture and frustrated total internal reflection detection 

The Philips company has developed a POC system, called Minicare. It is based on a 
homogenous sandwich immunoassay [127,128] and a technology for the capture and concentration 
of the biomarker and its concentration through precise manipulation of magnetic nanoparticles 
[129]. This methodology aims to detect low levels of troponin I. One of the main characteristics of 
this system is the use of magnetic beads which are easy to control and useful during the washing 
step, thus reducing the loss of complexes and amplifying the signal. Moreover, the Minicare device 
can be handheld and used at the patient’s bedside. 

The detection process is as follows (Figure 3A). The system only needs a small amount of 
blood sample, approximately 30 µL. The blood cells are filtered through a membrane, which 
selectively draws only the plasma components into the reaction chamber using capillary forces. Only 
0.25 µL of plasma are used for the reaction with antibodies. Magnetic beads are covalently 
functionalized with mouse monoclonal anti-cTnI antibodies that target the stable part of cTnI (amino 
acids (aa) 41-49). Thus, the antibodies on the beads capture the cTnI, then a magnetic field is applied 
in order to drive the beads onto the sensor surface. On this surface, 3 other types of antibodies are 
immobilized by physisorption: two anti-cTnI antibodies that recognize different cTnI epitopes (aa 20-
100) on the troponin, and one antibody (anti-cTnC) that binds cTnC. The combination of these three 
antibodies permit an optimal detection of cTnI and cTnI-cTnC complexes. When the molecular 
sandwiches are formed, a magnetic pulse is generated in order to favour optimal bindings in the 
complexes. Then, a magnetic wash, created by a magnetic gradient, is performed in order to remove 
unbound beads [127,128]. This last step allows the minimization of the non-specific signal. 

To quantify the concentration of cTnI present in the sample, a frustrated Total Internal 
Reflection (f-TIR) measurement is performed by the Minicare device [127] (Figure 3B). When an 
incident light, traveling through a medium such as air, hits a second medium at an incident angle 
greater than the critical angle, the light is totally reflected: that is total internal reflection. If a third 
medium with a higher refractive index than the second is added between the two first media, the 
energy of an evanescent wave is transferred from the second medium to the third one. This induces 
a decrease of the reflectivity of the interface. As the reflection is no longer total, this phenomenon is 
known as frustrated total internal reflection. Hence, this optical technology can be used to study 
biomolecular interactions at the interface between different media. Other optical techniques such as 
Bio-Layer Interferometry (BLI) or Surface Plasmon Resonance (SPR) are also able to detect 
interactions between a probe immobilized on a surface and a biomolecule of interest. 

For the detection of troponin I, the Minicare device has the following performances: a level 
of blank (LoB) of 8.5 ng/L, a limit of detection (LoD) of 18 ng/L and a limit of quantification (LoQ) of 
38 ng/L for a CV of 20% [128,130]. However, for the detection of troponin I, the Minicare device 
seems to be less accurate than other POC systems. Indeed, it has the highest LoD, LoQ and an 
important LoB compared to the others of the list displayed in Table 1. 
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 Using the same magnetic bead technology, the Minicare device is also capable of detecting 
BNP in blood samples. In this case, single epitope sandwich (SES) BNP antibodies (Hytest, Turku, 
Finland) are used to capture the analyte. A monoclonal capture antibody (mAB 24C5), specific to the 
stable fragment of the BNP molecule ring (sequence FGRKMDR), binds the BNP. A detection antibody 
(mAB Ab-BNP2) then recognizes the whole immune complex formed by the BNP and the capture 
antibody (Figure 4). The specificity of the detection of the BNP with this technology is very high 
because the detection antibody is specific to the whole immune complex [131–133]. For the 
detection of BNP in a blood sample, the Minicare device has the following performances:  a LoB of 
3.3 ng/L, a LoD of 5.8 ng/L and a LoQ lower than 9ng/L at a CV of 20% and lower than 30 ng/L at a CV 
of 10% [131]. 

 

 

Figure 3: A. Immunoassay steps of Minicare (1) filling of the microchamber, magnetic beads 
capture the analytes; (2) magnetic pulsing to improve the binding process; (3) magnetic wash to 
remove unbound beads [127]. B. f-TIR scheme of magnetic nanoparticles bound to the sensor 
surface [127]. 
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3.2 Labelled antibodies and fluorescence detection 

Another way to quantify the concentration of cardiac biomarkers in blood is through 
immunofluorescent labelling with antibodies. 

Fluorescence is a well-known optical method used to quantify molecules and is easy to 
implement in a POC device. Moreover, the use of labelled antibodies improves the specificity of the 
detection and, in the same way, the precision as we can see in Table 1, Table 2 and Table 3. 

 The Radiometer company incorporates this method into the AQT90 FLEX system, using an 
immunoassay cartridge and a time-resolved fluorescence [134,135] detection of europium chelates 
(Eu chelate). Lyophilized antibodies specific to analytes of interest and, Eu chelate labelled antibodies 
are loaded in a 300 µL chamber. The sample, which can be whole-blood or plasma, is injected into 
the chamber with a running buffer. The mixture is then incubated at 37°C for 7 to 15 minutes. 
Unbound molecules are removed in a washing step that reduces non-specific contribution to the 
signal. After drying of the chamber, the measurement is performed by exposing the complex to an 
excitation light source. The fluorescence emitted by the labels is measured, and finally compared to a 
calibration curve to obtain a quantitative measurement of the concentration of the analytes [135]. 
The same method is used for the detection of various cardiac biomarkers such as troponin I, T and 
NT-proBNP. The only differences are the lyophilized reagents, incubation times, and detection 
performances [136,137]. 

Fluorescence is also used in order to quantify the concentration of cardiac biomarkers by ET 
Healthcare’s device known as Pylon. The system exploits labelled antibodies as the AQT90 Flex 
system, but with an additional fluorescence enhancement step[138]. The device is based on a probe 
tip which moves from wells to wells in the system. First, cTnI in the sample is captured via one of its 
epitopes (aa 27-40) on the probe tip which has been coated in purified goat polyclonal antibodies. 
After a 15 min incubation step, the probe tip is washed in a wash well.The probe tip is then put in 
contact with a secondary antibody - a mouse monoclonal biotinylated antibody - which recognizes 
another epitope of cTnI (aa 41-49) during a further incubation step of 60 seconds before washing to 
prevent non-specific interactions. The complex is incubated for 30 seconds with a matrix of 
polysaccharide conjugated with Cy5-streptavidin (Cy5-SA) and washed again. For a second time, the 
probe tip moves from the well containing the biotinylated antibody to the well with Cy5-SA in order 
to form a complex with a large quantity of Cy5-SA, which will amplify the fluorescent signal. Hence, 
the probe is covered by two layers of Cy5-SA. The measurement of the fluorescence takes only 2 
seconds while the overall procedure takes approximately 20 min [139]. The fluorescence signal 
quality is improved thanks to branched polysaccharide, without amplifying the non-specific signal 

Figure 4: BNP immunoassay complex with SES [132, 133, 140]. 
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[138]. Furthermore, the polysaccharide multivalency increases the number of sites for Cy5-SA 
grafting on the biopolymer chain, and thus increases the fluorescence signal by increasing the 
number of fluorophores. The different steps of the detection process are visible in figure 5. 

For the detection of troponin I, the Pylon device reaches the following performances: a LoB 

of 0.7-0.8 ng/L, a LoD of 1.2-1.4 ng/L and a LoQ of 2 ng/L for a 20% CV [139]. 

Besides, Pylon can also carry out a BNP immunoassay using a suitable cartridge. Within 14 
minutes, it can detect the concentration of BNP in whole blood or plasma, using a Single Epitope 
Sandwich (SES) as described previously (Figure 4). In contrast to assays that are based on two 
antibodies recognizing two epitopes of the BNP target, it also detects a truncated form of BNP [140]. 

3.3 Electrochemistry-based devices 

 Electrochemistry is widely used for biosensing. In this domain, the measurement of the 
electric current, generated by electron transfer between a target molecule and an electrode, enables 
the quantification of the concentration of the target. Electrochemistry is characterized by its 
simplicity and can be easily miniaturized. 

Abbott has developed and improved electrochemical devices to quantify troponin in a 
sample thanks to a two-site ELISA assay [141]. Initially, the troponin I is captured on a probe, which is 
fully covered by monoclonal anti-cTnI antibodies. The sample is then brought into contact with a 
second reagent composed of polyclonal anti-cTnI antibodies tagged with alkaline phosphatase 
enzyme (ALP). The complex formed is washed and brought into contact with an enzymatic substrate. 
The substrate is cleaved by the enzyme of the antibody, producing an electrochemical signal [142]. 
This procedure has been improved by using magnetic beads in order to capture the troponin and 
concentrate the beads on a magnet during a washing step [95] (Figure 6). The beads enhance the 
signal to noise ratio as the number of unbound analytes is reduced. 

Two electrochemical sensors are used in this assay. Both, positioned side by side on a 
substrate, are composed of a gold microarray electrode. A third region on the substrate contains 
magnetic beads functionalized with capture antibodies. Antibody-enzyme conjugates that must then 
bind the analyte are immobilized on the first sensor. Below the second electrochemical sensor, a 

Figure 5: Pylon assay with two layers of Cy5-SA branched polysaccharide [138]. 
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high-field magnet - generating a field greater than about 0.1 T - attracts the magnetic beads onto the 
sensorfollowing conjugation to cTnI [95].  

Consequently, Abbott has combined the benefits of both magnetic beads and labelled 
antibodies: complexes formed are easier to manipulate and the signal is enhanced. Moreover, this 
device is portable and can accelerate AMI diagnosis (Table 1). 

Abbott has also developed a BNP sandwich immunoassay, based on the same 
electrochemical approach, using a specific anti-BNP monoclonal antibody (specific to aa 5-13 BNP 
epitope) and a detection antibody (specific to aa 26-32 BNP epitope) [143]. 

However, it should be noticed that this device is less precise than all devices described here, 
with the highest 99th percentile and the highest LoB (Table 1). 

Figure 6: Detection procedure in the i-STAT of Abbott. Adapted from [95]. 

3.4 Chemiluminescence-based devices 

Chemiluminescence refers to the emission of visible light, induced by a chemical reaction. 
This optical transduction mode may also be used for biosensing purposes, offering the same 
advantages as those use of fluorescence, namely a signal enhancement. 

  The device PATHFAST, commercialized by Mitsubishi, uses a chemiluminescence enzyme 
immunoassay (CLEIA) to quantify both troponin I and NT-proBNP, in 100 µL of blood or plasma, 
within 17 minutes. Regarding troponin I detection, the sample is introduced in the device containing 
antibody-functionalized magnetic beads. ALP-labelled are then loaded in the device. Analytes of 
interest are captured in a molecular sandwich format, on one side by the antibody present on the 
surface of the magnetic beads and, and on the other side by the ALP labelled antibody. The magnetic 
beads are necessary to separate the analytes from the bulk sample. When the beads are separated, a 
chemiluminescent substrate is added in order to create a chemical reaction with the enzyme, and 
finally to enable detection thanks at a wavelength of 461 nm via a photomultiplier [144] (Figure 7).  

PATHFAST can detect troponin I in the range 2.33 - 50,000 ng/L and has a LoD of 2.3 ng/L [145]. 
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This device can also detect NT-proBNP, in whole blood or plasma, thanks to another 
immunochemiluminescent assay using a sandwich assay with 2 polyclonal antibodies. The first one is 
an alkaline phosphatase labelled anti NT-proBNP polyclonal sheep antibody (specific to aa 39-50) and 
the second is an anti NT-proBNP polyclonal sheep antibody linked to a magnetic bead (specific to aa 
1-21). Then, a chemiluminescent substrate CDP-Star is added [146].  

As in fluorescence devices, this system is large and thus cannot be easily used at the patient’s 
bedside as it has not yet been miniaturised into a handheld device. Moreover, the time-to-result is 
longer than that of the devices using f-TIR or electrochemistry. 

3.5 Lateral-flow based devices 

Roche has developed many POC devices that detect cardiac biomarkers with the Cobas e 
[147] and Cobas h range of devices. Cobas h 232 is a handheld device, which can detect several 
cardiac biomarkers (e.g. troponin T, NT-proBNP) a variety of assays [76,148]. For example, for the 
detection of troponin T, two monoclonal antibodies specific to cTnT are used. One is immobilized on 
a nanoparticle while the other one is labelled with biotin. In combination they form a sandwich 
complex with cTnT. After erythrocyte isolation from plasma at the entry of the device, the resultant 
complex migrates to a detection zone where a coloured line appears if cTnT is detected in the 
sample, as is common in typical lateral flow assays. Finally, an optical system measures the intensity 
of the coloured line, which is proportional to the concentration of troponin T. Within 12 minutes and 
starting with 150 µL of sample, this immunoassay can detect the concentration of troponin T in a 
range from 40 to 2000 ng/L. It can also detect NT-proBNP within 12 minutes in a range of 60-9,000 
pg/mL [76]. Moreover, Roche has improved its assays in the past few years, introducing a new 
monoclonal antibody which improves upon the measurement sensitivity [149]. The procedure to 
detect cTnT has also been improved in recent years, with, for example, the use of a tertiary amine in 
order to improve the efficacy [150]. 

Finally, the Quidel company has developed TriageTrue, a troponin I quantification lateral flow assay 
based on fluorescence. The analyte is sandwiched between a capture antibody and a detection 
antibody that is conjugated to a fluorescent label. The control is composed of a synthetic peptide, 
representative of a region of the analyte, coupled to human serum albumin carrier protein, which is 
immobilized on the surface of a solid phase (Figure 8). When the sample is dropped on the 
application zone of the device, the plasma is separated from the whole blood using a membrane 
[151], and migrates to the dried zone containing the reagents. It then migrates to a detection zone 
that contains a control zone and an assay zone [152].  

 

Figure 7: Pathfast test principle [144]. 
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Recently brought to market, this device is very competitive: troponin I can be detected at a 
concentration as low as 1,5 ng/L in whole blood [151]. 

3.6 Comparison of the analytical performances of the various commercial devices 

Many detection methods exist to measure the concentration of cardiac biomarkers for 
diagnostic purposes. several of them have been described in this review: f-TIR, fluorescence, 
chemiluminescence, and electrochemistry. They are the most used methodologies in POC devices for 
cTn, BNP and NT-proBNP detection.  

The data collected and summarized in the below tables (Table 1, Table 2 and Table 3) 
highlight the fact that several companies have managed to develop competitive POC devices for 
cardiac biomarkers. Assays are usually performed in small volumes of complex samples. The LoD 
varies from 0.7 ng/L to 18 ng/L for cTnI, from 0.01 ng/L to 0.05 ng/L for cTnT and from 5 ng/L to 
almost 20 ng/L for BNP. These ranges of LoDs are wide. In each case the time-to-result meets 
requirements for a rapid diagnosis: all assays are carried out in 20 minutes or less. Companies have 
focused their research on improving sensitivity of POC devices. The probe’s affinity for the target to 
be captured is crucial to improve the sensitivity of the device. Hence, some companies like Quidel are 
currently trying to develop peptidic probes that may exhibit comparable or even superior analyte-
affinity compared to antibodies. Others (e.g. Abbott) rely on the use of magnetic beads to bind the 
target, reducing the loss during the washing step and thus improving the signal-to-noise ratio. Some 
publications comparing POC devices with laboratory-based bench assays confirm that their 
performances are equivalent [130,131,139,153–155]. 

Although some devices like TriageTrue are efficient, the high LoQs show that it remains 
difficult to attain a quantitative measurement at very low biomarker bloodconcentrations. 
Furthermore, some compromises may be inevitable since no technology is perfect: designing a 
smaller device generally means a simpler and faster procedure but a loss of sensitivity (Table 1, Table 
2, Table 3). 

In addition, other limitations of the cited commercialized devices can be found. Indeed, many 
of them enable to simultaneously perform the detection of several cardiac biomarkers, but usually 
require different cartridges. Finally, some of them have a better sensitivity if the analysis is 

Figure 8: Scheme of an example assay used in Quidel devices. Adapted from [152]. 
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performed 3 hours or 6 hours after symptom onset, which can be an issue for a rapid diagnosis of 
AMI. 

Another important point is the choice of the cut-off point and its medical impact. 
Researchers have developed high-sensitivity assays in order to lower the cut-off point and improve 
both the range of detection and the sensitivity of POC devices [126]. This cut-off point is defined 
according to the third universal definition of myocardial infarction, which recommends that it must 
be set at the 99th percentile of cardiac troponin in a normal reference population, in order to deliver 
a relevant diagnosis [153]. The cut-off value is crucial as it defines the amount of false positive and 
false negative tests expected in a standard population. Since distributions of healthy patients and 
people suffering from AMI depend on age and sex, it may be relevant to set up different cut-off 
points by categories. The minimal cut-off value is also greatly dependent on the sensitivity and on the 
limit of detection of the device. A low value is generally expected to limit the number of false 
negative results (corresponding to rule-out of patients while they effectively suffer from AMI) with 
the detrimental effect of an increase of the number of false positive results that potentially induces a 
saturation of ED. With higher cut-off values, potentially induced by high LOD of POC devices, the 
amount of false negative tests is larger, as it can be seen on the curves of figure 9. It leads to the 
dramatic effect of the discharge of patients effectively suffering from AMI. Since many POC systems 
have reproducibility issues and thus difficulties in reaching CV lower than 10% near the 99th 
percentile, the cut-off values are not necessarily relevant [62,154]. Comparisons of current 
commercially devices presented in many publications [155–158] highlight the lack of standardization 
of such devices. Since results depend on the device itself, no universal cut-off can be defined. 
Therefore, as the cut-off point is defined for each platform with its own reference population, 
comparisons are of limited value when made between datasets that have been acquired using 
different POC devices. Since this value is very important to minimize false positive and false negative 
results, clinicians usually focus on the use of a single, common platform to avoid confusion. 

Scientists are still working on solutions to improve current POC devices for a better MI 
diagnosis. They are summarised in figure 9 and discussed in the following part. 
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Figure 9: Multiplex platforms for cardiac biomarkers detection and biosensors for cardiac 
miRNAs detection. Both categories could improve the specificity of actual AMI POC devices. 
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Table 1: Specifications of cTnI detection assays. 
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Table 2: Specifications of BNP and NT-proBNP detection assays 

Table 3: Specifications of cTnT assays. 
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4. CHALLENGES AND EMERGING TRENDS IN CARDIAC BIOMARKERS DETECTION 

As discussed above, there is an urgent need for new POC systems capable of assisting 
clinicians in myocardial infarction diagnosis using accurate cardiac biomarkers detection 
[6,32,105,163]. Several solutions are already used to diagnose myocardial infarction with high 
reliability. Numerous robust POC systems that are able to detect cardiac troponins and BNP with high 
affinity are already commercialized. The latest assays achieve very high sensitivity in order to avoid 
false negatives as much as possible. However, they still have drawbacks such as high cost, long 
processing times [3,105], and a lack of standardization [164].  Researchers are thus working on 
solutions to provide better sensitivity, user-friendliness, and which can be competitive with previous 
solutions in terms of size and cost. Other transduction methods, such as [165–168] or turbidity 
measurements [169] allow  the quantification of analytes in a complex medium but they are not as 
widely used as the previous ones. Indeed, these latter techniques are generally not sensitive enough 
and are more difficult to implement in a POC or  handheld device for emergency use. An increasing 
number of devices are becoming available that rely on common wireless standards. Smartphones, for 
example, enable the control and automation of the detection performed in a portable device. Both 
the device and the smartphone can be connected by Bluetooth [170]. Such platforms are low-cost 
and thus could be used in developing countries. POC devices are often based on microfluidics to 
handle sample and reagents. Therefore, researchers are working on new designs to achieve better 
performances, in particular with regard to processing time. For instance, more and more 
experimental devices are using a disc shape and the centrifugal force in order to sequence the 
reactions [171]. Lutz et al. have developed a microfluidic platform that is able to detect cTnT in only 
30 µL of sample and within 11 minutes, with better performances (LoD of 7.5 ng/L with a CV < 10%) 
than some laboratory analysers (Elecsys 2010: 14 ng/L and CV at 10% [172]). 

Besides this, two serious issues remain. First, the lack of specificity of actual cardiac 
biomarkers that can induce false positive results and thus misdiagnosis [18,78], and secondly, the use 
of antibodies, which have numerous disadvantages (variability, production cost and time, stability). 
Different solutions are emerging to address these problems. 

4.1 Multiplexing assays for a better specificity 

 In order to improve the specificity of actual assays for AMI diagnosis, the first solution is the 
combination of multiple cardiac biomarkers analysis. Indeed, multiplexed assays provide more 
information than measurement of a single biomarker, and thus can substantially help for diagnosis 
[3,4,12,16,83,164]. For instance, a study conducted by Wang et al., shows that parallel 
measurements of high-sensitivity cTnI (hs-cTnI) and NT-proBNP are more reliable for AMI diagnosis 
than a hs-cTnI assay alone [28]. Such assays have other significant advantages including lower sample 
volume, economical use of reagents, short time-to-result, and can be less expensive [4]. Therefore, 
different multiplexed assays based on various detection methods for cTn and BNP detection are 
under investigation [4,173].  

 In the early 2010s, good performance was demonstrated in a multiplexed immunoassay for 
the detection of BNP, cTnI and C-reactive protein (CRP) based on photonic suspension array showed 
[4]. Instead of classical 2D sensors substrates, the assay relies on crystal beads as solid supports for 
the immobilization of probe molecules. This strategy improves the diffusion of molecules and thus 
accelerates the reaction. It also reduces the sample consumption and consequently the cost.  

 Different electrochemical platforms for the detection of multiple cardiac biomarkers have 
also been developed. Shanmugan et al. demonstrated the possible parallel detection of cTnT, cTnI 
and BNP in human serum with a limit of detection close to the relevant concentration for an 
application in a clinical setting [173]. Thanks to nanostructuration of the sensing surfaces, and thus 
an increased surface area, they succeeded in amplifying the signal so that the sensitivity was 
enhanced. Grabrowska et al. managed to develop another electrochemical sensor that can quantify 
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cTnI and BNP without any labelling step. The technology of screen-printed electrodes has allowed the 
parallel sensitive detection of cTnI and BNP at the low level of 1 pg/mL in serum [105]. 

Yang et al. have built the first biosensor based on electrogenerated chemiluminescence (ECL) 
for multiplex detection of AMI biomarkers. This device can simultaneously detect myoglobin, cTnI 
and cTnT with detection limits of 31 pg/mL, 0.79 pg/mL and 0.30 ng/mL, respectively [16]. This assay 
has the benefits of being sensitive, stable in storage and requires small samples volumes to process 
the analysis. Two years later, Zhao et al. have developed another ECL immunoassay for the detection 
of BNP and cTnI on the same electrode surface. This assay reached low detection limits: 3.3 pg/mL 
for cTnI and 3.8 pg/mL for BNP [12]. 

Lee and coworkers have published a study demonstrating for the first time the capacity of a 
field-effect complementary-metalosSemiconductor (CMOS) biosensor to detect several cardiac 
biomarkers in clinical settings. This device enables the quantification of cTnI, BNP and interleukin-6 
(IL-6) with the limits of detection of 32 pM for the first two biomarkers and 45 pM for IL-6, and could 
thus be implemented for AMI diagnosis [83]. Another example based on a Field-Effect Transistor 
(FET) was described as a multiplexing biosensor technology for cardiac biomarkers. This technology 
has several advantages including rapidity, high sensitivity, reliability, small size and low-energy 
consumption that make it idealfor POC diagnosis. This portable system, based on a microfluidic 
platform and a FET sensor, can process an automated detection of cTnI, NT-proBNP, CRP and 
fibrinogen in 4 µL of clinical samples in 5 min [3].  

Finally, paper-based biosensors have recently attracted the interest of the scientific 
community. Indeed, this low-cost technology allows the development of affordable and 
environmentallyfriendly lab-on-chip devices that could be used as diagnostic tools for many diseases 
including AMI [39]. Lim et al. team have recently developed two microfluidic paper-based biosensors 
to detect multiple cardiac biomarkers. The first is based on a colorimetric sandwich immunoassay 
using gold nanoparticles for glycogen phosphorylase isoenzyme BB (GPBB), creatine kinase-MB (CK-
MB) and cTnT multiplex analysis [174]. The sensitivity of this low-cost sensor, requiring only a 
smartphone camera, has since been improved by utilizing Surface Enhanced Raman Scattering 
(SERS). The multiplex quantification of the same three biomarkers thus reached limits of detection 
that are below the classical cut-off values [175]. Go et al. have created another paper-based 
biosensor for the simultaneous and rapid detection of heat-type fatty acid binding protein (FABP), 
myoglobin and cTnI. This portable fluorescence immunoassay uses zinc oxide nanowires to improve 
the fluorescence signal and so increase the sensitivity [176]. We can also cite the work of Li et al. 
based on chemiluminescence [177], the paper-based lateral flow assay of Han et al. [178], and the 
technology of Guo’s team [179], each of which use paper technology for multiplexed analysis of 
cardiac biomarkers. 

 4.2 miRNAs: novel biomarkers for a better care 

Another solution to improve the AMI diagnosis sensitivity is the use of novel biomarkers[5]. 
As mentioned previously, miRNAs might be promising biomarkers to enable specific and rapid 
diagnosis of AMI [78,122]. Their stability, specificity and early rise in serum and plasma after AMI are 
arguments in favor of their emerging use in AMI diagnosis [5]. 

Shi, Sun and Mi have worked on chemiluminescent detection of cardiac miRNA. Thanks to an 
amplification assay performed by a spherical nucleic acid enzyme (SNAzyme) and a smartphone for 
the detection, they proposed a portable biosensor capableof optically detecting a miRNA 
concentration variation of 10 fM in human serum [6,17]. They have recently improved the sensitivity 
of the assay by a factor of 10 by using G-quadruplex DNAzymes on a metal-organic framework [180]. 

Chen et al. have set themselves the aim of reducing the miRNA detection time in order to 
accelerate AMI diagnosis. To achieve this, they have developed the “Capture-interCalation-
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electroCatalysis 3C” strategy that requires 35 minutes instead of several hours as is typical for such a 
test [18]. This electrochemical method is based on the miRNA capture by a DNA probe, followed by 
the incorporation of an active probe in the helix, and finally a final amplification based on 
horseradish peroxidase (HRP). 

A new technique for miRNA detection, chip-based digital PCR, has been described recently. 
This method allows the direct and absolute quantification of miRNA with more accuracy and 
reproducibility in patient samples than classical quantitative real-time PCR [122]. 

Finally, Mabbott et al. have combined the technologies of paper-based microfluidics, 
colorimetry and SERS to detect a miRNA. This strategy meets the REASSURED (i.e. Real-time 
connectivity, Ease of specimen collection and environmental friendliness, Affordable, Sensitive, 
Specific, User-friendly, Rapid and robust, Equipment-free, and Deliverable to end users) standards of 
POC according to the WHO definition , but quantification of analytes is not yet possible with this 
method [163]. 

4.3 Aptamers: a relevant alternative to antibodies 

All these examples, summarised in figure 9, show promising results towards increasing 
performance of POC devices for AMI diagnosis. However, the vast majority of the assays are using 
antibodies as probes for capturing target biomarkers. These recognition proteins present several 
drawbacks. Their stability is low [32,36] resulting in a short storage life, they are fragile and subject to 
denaturation as a result of temperature variations [7]. In addition, they cannot be synthetically 
produced [16], leading to high costs [7,32,36] and batch-to-batch variability [20]. They could thus be 
responsible for the divergence in measured cTnI values between assays of actual POC devices [20]. 
Therefore, alternative methods to immunoassays are emerging. 

One such exciting alternative is the use of aptamers [2]. These short nucleic-acid sequences 
(either RNA or DNA) are selected through the famous systematic evolution of ligands by exponential 
enrichment (SELEX) procedure to be specific to a target molecule [8,20,79]. They can bind proteins, 
nucleic acids, small molecules, and ions with an affinity usually comparable to antibodies. They are 
cheaply and rapidly chemically synthesized [7], and can be easily modified or functionalized. This 
synthetic method of production allows for high reproducibility [3] and good yields [105]. Compared 
to antibodies, they are more stable over time and less sensitive to high temperature. The reversibility 
of their denaturation - enabling the recovery of their folding shape afterward - is also a big advantage 
[3,79]. Their storage, transport, and manipulation are thus easier [14]. Hence, an increasing number 
of aptamers are used as specific and sensitive probes to replace unstable and expensive antibodies in 
biosensors known as ‘aptasensors’ [3,8,16,79].  

Negahdary et al. have worked on the development of electrochemical aptasensors for the 
detection of cTnI [19]. Another example is the aptamer-based POC system designed by Jo et al. A 
sandwich of two aptamers is able to detect cTnI with good performances [181]. Another biosensor 
based on fluorescent troponin aptamer was designed and tested by Liu et al [8]. First, the binding 
between graphene oxide platform and fluorescent aptamer leads to the quenching of the aptamer 
fluorescence. Then, when cTnI binds the specific aptamer, their high affinity results in the release of 
the aptamer from graphene oxide and consequently the recovery of its fluorescence. The 
combination of graphene oxide and fluorescent aptamers shows good performance for detection of 
troponin with high sensitivity. Qiao and co-workers have reported the development of another novel 
electrochemical aptasensor using the semiconducting nanomaterial molybdenum disulphide (MoS2). 
A limit of detection of cTnI in human blood serum below 1 pM was achieved [79]. In 2020, Negahdary 
et al. reviewed the use of nanostructures - nanoparticles with optimized materials - in aptasensors 
that allow for a troponin detection below 1 pg/mL. Such a remarkably low LoD is due to the 
increased detection surface area of immobilized aptamer probes that the nanostructuration induces 



24 
 

[14]. With such sensitivity, these sensors could be efficient tools for cardiac biomarkers analysis. 
Therefore, they can be expected to be shortly integrated into commercial POC devices [14].  

Multiplex technologies that have been cited above may also utilize aptamers as 
biorecognition elements. For instance, the electrochemical biosensors of Grabrowska et al. is in fact 
an aptasensor for BNP and cTnI [105]. It is also the case for the ECL sensor able to detect cTnI, cTnT 
and myoglobin [16]. A further notable example is that of the FET sensor of Sinha et al. that uses four 
aptamers to bind four cardiac biomarkers [3].  

All these examples, summarized in figure 10, support the conclusion that aptamers seem 
well-positioned as appropriate affinity reagents for cardiac biomarkers assays and then constitute 
powerful alternatives to antibodies. 

4.4 Molecularly imprinted polymers: a future AMI diagnostic tool? 

A final alternative to immunosensors is the use of molecularly imprinted polymers (MIPs). 
These new molecular probes have recently experienced increasing interest in the domain of 
biomimetic sensors [164]. In contrast to the biosensors presented above, MIPs are based on artificial 
recognition polymeric elements. They consist of synthetic functional monomers that polymerize in 
the presence of the target analyte. When the latter is removed, the polymer contains specific 
cavities, which have the size and shape matching the properties of the depleted analyte. Such 
structure can thus selectively bind the same target. The synthesis process is easy [21] and the 
polymers produced are stable, at low cost and can even be reused [32,36,182]. 

Several MIPs have been designed in recent years to selectively detect cardiac troponin. 
Scarano, Minunni and Palladino have been working to develop antibody-free optical biosensors for 
cTnT and cTnI based on such MIPs. They first managed to prove the specific detection of the protein 
with a polydopamine-based MIP and SPR transduction, but the limit of detection was above cut-off 
values [32]. Through the exploration of another material called norepinephrine that was never used 
before for MIP biosensors applications, they recently reported promising results for the detection of 
cTnI in human serum [182].  

Two other examples of MIP-based biosensors for cTnT have been developed. Unlike the 
previous platforms using the optical technique SPR, both MIP-based biosensors use electrochemical 
detection on screen-printed electrodes (SPE). The first such sensor, proposed by Silva et al., utilizes a 
nanostructured-MIP. Pyrrole monomers, electropolymerized on a reduced graphene oxide SPE, 
enable high conductivity and increase the number of available biomimetic sites. This strategy allowed 
a limit of detection of 6 pg/mL [21]. The second sensor, developed more rencently, uses multi-walled 
carbon nanotubes (MWCNTs) in addition to MIP in order to increase both the surface area of the 
electrode and its electrical conductivity. In that way, a limit of detection of 0.04 pg/mL was reached 
[36]. 

Although the application of MIPs for cardiac biomarkers detection is not yet widespread, the 
proofs-of-concept cited above are very encouraging for the use of MIPs as suitable alternatives to 
antibodies in POC devices for AMI diagnosis. 
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Figure 10: Platforms using two different alternatives to antibodies: aptamers and MIPs [69,70]. 
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5. CONCLUSIONS AND PERSPECTIVES 

As myocardial infarction is one of the major causes of death worldwide, public authorities 
encourage clinicians to improve and accelerate AMI diagnosis. This has motivated extensive research 
in recent years in both academia and industry, resulting in a range of innovations, successfully 
commercialized products, and avenues for further investigation. Thus, this review aims at describing 
the most promising advances of cardiac biomarker detection for AMI diagnosis. 

Two biomarkers for AMI, namely cardiac troponin I and brain natriuretic peptides are the 
most widely used. Emerging biomarkers, such as miRNAs, are not yet exploited in commercial POC 
devices but present a huge potential. Shorter analysis time, better sensitivity, and the demand for 
portable POC devices are the requirements for a better diagnosis and an earlier triage of patients in 
the ED. It appears that several currently available commercial products are already capable to meet 
some of these criteria. Some limitations of these methods could be overcame using new advanced 
technologies. It is clear that they represent a promising potential innovation in clinical care. These 
methods are currently under development and still at an experimental stage. They seem to show 
that multiplexed analysis of several cardiac biomarkers and implementation of novel ones – such as 
miRNAs - are required to improve AMI diagnosis and patient care. In addition, it is important to note 
that alternatives to antibodies – such as aptamers or MIPs - are almost essential to improve the 
performances, reduce the cost, and allow the use of the current POC devices, especially in resource-
limited settings.  

Author Contributions:  
Maud Savonnet: conceptualization, writing - original draft and editing, revision. Tristan Rolland: 
writing – original draft and revision. Myriam Cubizolles: conceptualization, funding acquisition, 
supervision, revision. Yoann Roupioz: revision. Arnaud Buhot: conceptualization, funding acquisition, 
supervision, revision.  
 
Acknowledgments:  
This work was supported by the Region Auvergne-Rhône-Alpes, which funded the PhD scholarship of 
Maud Savonnet (DEDICATE project). LSMB laboratory from CEA LETI funded the Master’s internship 
of Tristan Rolland. This work has been partially supported by Labex ARCANE and CBH EUR GS (ANR 17 
EURE 0003). SyMMES laboratory is part of Labex LANEF program (ANR-10-LABX-51-01). Special 
thanks to Larry O’Connell who proofread and corrected English of this article. 
 
Conflicts of Interest:  
The authors declare no conflict of interest.  



27 
 

REFERENCES 

[1] Maladies cardiovasculaires - Ministère des Solidarités et de la Santé, (2019). https://solidarites-
sante.gouv.fr/soins-et-maladies/maladies/maladies-cardiovasculaires/article/maladies-
cardiovasculaires (accessed April 8, 2020). 

[2] S. Szunerits, V. Mishyn, I. Grabowska, R. Boukherroub, Electrochemical cardiovascular 
platforms: Current state of the art and beyond, Biosens. Bioelectron. 131 (2019) 287–298. 
https://doi.org/10.1016/j.bios.2019.02.010. 

[3] A. Sinha, T.-Y. Tai, K.-H. Li, P. Gopinathan, Y.-D. Chung, I. Sarangadharan, H.-P. Ma, P.-C. Huang, 
S.-C. Shiesh, Y.-L. Wang, G.-B. Lee, An integrated microfluidic system with field-effect-transistor 
sensor arrays for detecting multiple cardiovascular biomarkers from clinical samples, Biosens. 
Bioelectron. 129 (2019) 155–163. https://doi.org/10.1016/j.bios.2019.01.001. 

[4] W. Lu, C. Fu, Y. Chen, J. Lu, Y. Yao, C. Shen, Z. Gu, Multiplex Detection of B-Type Natriuretic 
Peptide, Cardiac Troponin I and C-Reactive Protein with Photonic Suspension Array, PLoS ONE. 
7 (2012). https://doi.org/10.1371/journal.pone.0041448. 

[5] L. Li, S. Li, M. Wu, C. Chi, D. Hu, Y. Cui, J. Song, C. Lee, H. Chen, Early diagnostic value of 
circulating microRNAs in patients with suspected acute myocardial infarction, J. Cell. Physiol. 
234 (2019) 13649–13658. https://doi.org/10.1002/jcp.28045. 

[6] Y. Sun, L. Shi, Q. Wang, L. Mi, T. Li, Spherical Nucleic Acid Enzyme (SNAzyme) Boosted 
Chemiluminescence miRNA Imaging Using a Smartphone, Anal. Chem. 91 (2019) 3652–3658. 
https://doi.org/10.1021/acs.analchem.8b05696. 

[7] N.S. Lopa, Md.M. Rahman, F. Ahmed, T. Ryu, S.C. Sutradhar, J. Lei, J. Kim, D.H. Kim, Y.H. Lee, W. 
Kim, Simple, low-cost, sensitive and label-free aptasensor for the detection of cardiac troponin I 
based on a gold nanoparticles modified titanium foil, Biosens. Bioelectron. 126 (2019) 381–388. 
https://doi.org/10.1016/j.bios.2018.11.012. 

[8] D. Liu, X. Lu, Y. Yang, Y. Zhai, J. Zhang, L. Li, A novel fluorescent aptasensor for the highly 
sensitive and selective detection of cardiac troponin I based on a graphene oxide platform, 
Anal. Bioanal. Chem. 410 (2018) 4285–4291. https://doi.org/10.1007/s00216-018-1076-9. 

[9] X.-Y. Wang, F. Zhang, C. Zhang, L.-R. Zheng, J. Yang, The Biomarkers for Acute Myocardial 
Infarction and Heart Failure, BioMed Res. Int. 2020 (2020) 1–14. 
https://doi.org/10.1155/2020/2018035. 

[10] Cardiovascular diseases, (2017). https://www.who.int/news-room/fact-
sheets/detail/cardiovascular-diseases-(cvds) (accessed April 8, 2020). 

[11] F. Bourse, I. Delattre, Santé 2030, LEEM, (2020). 
https://www.leem.org/sites/default/files/2019-
03/Sante2030_rapport%20completavecsommaire_0.pdf (accessed November 10, 2020). 

[12] J. Zhao, J. Du, J. Luo, S. Chen, R. Yuan, A novel potential-resolved electrochemiluminescence 
immunosensor for the simultaneous determination of brain natriuretic peptide and cardiac 
troponin I, Sens. Actuators B Chem. 311 (2020). https://doi.org/10.1016/j.snb.2020.127934. 

[13] P.V. Halushka, A.J. Goodwin, M.K. Halushka, Opportunities for microRNAs in the Crowded Field 
of Cardiovascular Biomarkers, Annu. Rev. Pathol. Mech. Dis. 14 (2019) 211–238. 
https://doi.org/10.1146/annurev-pathmechdis-012418-012827. 

[14] M. Negahdary, Aptamers in nanostructure-based electrochemical biosensors for cardiac 
biomarkers and cancer biomarkers: A review, Biosens. Bioelectron. 152 (2020). 
https://doi.org/10.1016/j.bios.2020.112018. 

[15] G.W. Reed, J.E. Rossi, C.P. Cannon, Acute myocardial infarction, The Lancet. 389 (2017) 197–
210. https://doi.org/10.1016/S0140-6736(16)30677-8. 

[16] X. Yang, Y. Zhao, L. Sun, H. Qi, Q. Gao, C. Zhang, Electrogenerated chemiluminescence biosensor 
array for the detection of multiple AMI biomarkers, Sens. Actuators B Chem. 257 (2018) 60–67. 
https://doi.org/10.1016/j.snb.2017.10.108. 



28 
 

[17] L. Shi, Y. Sun, L. Mi, T. Li, Target-Catalyzed Self-Growing Spherical Nucleic Acid Enzyme 
(SNAzyme) as a Double Amplifier for Ultrasensitive Chemiluminescence MicroRNA Detection, 
ACS Sens. 4 (2019) 3219–3226. https://doi.org/10.1021/acssensors.9b01655. 

[18] G. Chen, Y. Shen, T. Xu, F. Ban, L. Yin, J. Xiao, Y. Shu, Rapid detection of acute myocardial 
infarction-related miRNA based on a Capture-interCalation-electroCatalysis (3C) strategy, 
Biosens. Bioelectron. 77 (2016) 1020–1025. https://doi.org/10.1016/j.bios.2015.08.067. 

[19] M. Negahdary, M. Behjati-Ardakani, N. Sattarahmady, H. Heli, An Aptamer-based Biosensor for 
Troponin I Detection in Diagnosis of Myocardial Infarction, J. Biomed. Phys. Eng. 8 (2018). 
https://doi.org/10.31661/jbpe.v8i2.930. 

[20] P. Gopinathan, A. Sinha, Y.-D. Chung, S.-C. Shiesh, G.-B. Lee, Optimization of an enzyme linked 
DNA aptamer assay for cardiac troponin I detection: synchronous multiple sample analysis on 
an integrated microfluidic platform, The Analyst. 144 (2019) 4943–4951. 
https://doi.org/10.1039/C9AN00779B. 

[21] B.V.M. Silva, B.A.G. Rodríguez, G.F. Sales, M.D.P.T. Sotomayor, R.F. Dutra, An ultrasensitive 
human cardiac troponin T graphene screen-printed electrode based on electropolymerized-
molecularly imprinted conducting polymer, Biosens. Bioelectron. 77 (2016) 978–985. 
https://doi.org/10.1016/j.bios.2015.10.068. 

[22] WHO, Cardiovascular disease - Prevention of Recurrences of Myocardial Infarction and Stroke 
Study, World Health Origanization. (2020). 
https://www.who.int/cardiovascular_diseases/priorities/secondary_prevention/country/en/ 
(accessed May 7, 2020). 

[23] Z. Mokrani, C. Blanc, N. Illi, F. Peyras, K. Morin, Epidémiologie des douleurs thoraciques 
hospitalisees en UHCD, (2009). https://doi.org/10.1016/j.jeur.2009.03.224 (accessed November 
10, 2020). 

[24] R.M. Nowak, C.M. Gandolfo, G. Jacobsen, R.H. Christenson, M. Moyer, M. Hudson, J. McCord, 
Ultrarapid Rule-out for Acute Myocardial Infarction Using the Generation 5 Cardiac Troponin T 
Assay: Results From the REACTION-US Study, Ann. Emerg. Med. 72 (2018) 654–664. 
https://doi.org/10.1016/j.annemergmed.2018.06.021. 

[25] M. Roffi, C. Patrono, J.-P. Collet, C. Mueller, M. Valgimigli, F. Andreotti, J.J. Bax, M.A. Borger, C. 
Brotons, D.P. Chew, B. Gencer, G. Hasenfuss, K. Kjeldsen, P. Lancellotti, U. Landmesser, J. 
Mehilli, D. Mukherjee, R.F. Storey, S. Windecker, 2015 ESC Guidelines for the management of 
acute coronary syndromes in patients presenting without persistent ST-segment elevation: Task 
Force for the Management of Acute Coronary Syndromes in Patients Presenting without 
Persistent ST-Segment Elevation of the European Society of Cardiology (ESC), Eur. Heart J. 37 
(2016) 267–315. https://doi.org/10.1093/eurheartj/ehv320. 

[26] Roche Diagnostics, Roche CARDIAC point of care assays: Diagnostic utility in clinical practice, 
(2009). https://www.roche-
diagnostics.cz/content/dam/diagnostics_czechrepublic/cs_CZ/documents/produkty/POCT/cob
as_h232/Uzitna_hodnota_stanoveni_kardialnich_markeru_systemy_POC.pdf (accessed 
November 10, 2020). 

[27] E. Rocco, G. La Rosa, G. Liuzzo, L.M. Biasucci, High-sensitivity cardiac troponin assays and acute 
coronary syndrome: a matter of sex?, J. Cardiovasc. Med. 20 (2019) 504–509. 
https://doi.org/10.2459/JCM.0000000000000811. 

[28] Y. Wang, L. Dai, N. Wang, Y. Zhu, M. Chen, H. Wang, Rapid rule out of acute myocardial 
infarction in the observe zone using a combination of presentation N-terminal pro-B-type 
natriuretic peptide and high-sensitivity cardiac troponin I, Clin. Biochem. 70 (2019) 34–38. 
https://doi.org/10.1016/j.clinbiochem.2019.06.002. 

[29] D. Westermann, J.T. Neumann, N.A. Sörensen, S. Blankenberg, High-sensitivity assays for 
troponin in patients with cardiac disease, Nat. Rev. Cardiol. 14 (2017) 472–483. 
https://doi.org/10.1038/nrcardio.2017.48. 

[30] Y. Kuwabara, K. Ono, T. Horie, H. Nishi, K. Nagao, M. Kinoshita, S. Watanabe, O. Baba, Y. Kojima, 
S. Shizuta, M. Imai, T. Tamura, T. Kita, T. Kimura, Increased MicroRNA-1 and MicroRNA-133a 



29 
 

Levels in Serum of Patients With Cardiovascular Disease Indicate Myocardial Damage, Circ. 
Cardiovasc. Genet. 4 (2011) 446–454. https://doi.org/10.1161/CIRCGENETICS.110.958975. 

[31] R. Twerenbold, J. Boeddinghaus, T. Nestelberger, K. Wildi, M. Rubini Gimenez, P. Badertscher, 
C. Mueller, Clinical Use of High-Sensitivity Cardiac Troponin in Patients With Suspected 
Myocardial Infarction, J. Am. Coll. Cardiol. 70 (2017) 996–1012. 
https://doi.org/10.1016/j.jacc.2017.07.718. 

[32] P. Palladino, M. Minunni, S. Scarano, Cardiac Troponin T capture and detection in real-time via 
epitope-imprinted polymer and optical biosensing, Biosens. Bioelectron. 106 (2018) 93–98. 
https://doi.org/10.1016/j.bios.2018.01.068. 

[33] V. Thomas, Évaluation d’une stratégie d’exclusion d’un syndrome coronarien aigu par un 
dosage unique de troponine de haute sensibilité: retour d’expérience du CH d’Annecy, Sci. 
Pharm. (2019). https://dumas.ccsd.cnrs.fr/dumas-02441447/document (accessed November 
10, 2020). 

[34] E.A. Amsterdam, N.K. Wenger, R.G. Brindis, D.E. Casey, T.G. Ganiats, D.R. Holmes, A.S. Jaffe, H. 
Jneid, R.F. Kelly, M.C. Kontos, G.N. Levine, P.R. Liebson, D. Mukherjee, E.D. Peterson, M.S. 
Sabatine, R.W. Smalling, S.J. Zieman, 2014 AHA/ACC Guideline for the Management of Patients 
With Non–ST-Elevation Acute Coronary Syndromes, J. Am. Coll. Cardiol. 64 (2014). 
https://doi.org/10.1016/j.jacc.2014.09.017. 

[35] G. Fitzgerald, R.N. Kerley, T.J. Kiernan, High-sensitivity troponin assays: development and utility 
in a modern health-care system, Expert Rev. Cardiovasc. Ther. 17 (2019) 763–770. 
https://doi.org/10.1080/14779072.2019.1675514. 

[36] K. Phonklam, R. Wannapob, W. Sriwimol, P. Thavarungkul, T. Phairatana, A novel molecularly 
imprinted polymer PMB/MWCNTs sensor for highly-sensitive cardiac troponin T detection, 
Sens. Actuators B Chem. 308 (2020). https://doi.org/10.1016/j.snb.2019.127630. 

[37] K.C. Park, D.C. Gaze, P.O. Collinson, M.S. Marber, Cardiac troponins: from myocardial infarction 
to chronic disease, Cardiovasc. Res. 113 (2017) 1708–1718. 
https://doi.org/10.1093/cvr/cvx183. 

[38] W. Potomac, D.B. Diercks, Using High Sensitivity Troponins to Rule Out Acute Coronary 
Syndrome and Lower Admission Rates:, Cardiol. Rev. 27 (2019) 314–321. 
https://doi.org/10.1097/CRD.0000000000000275. 

[39] S. Vasantham, R. Alhans, C. Singhal, S. Nagabooshanam, S. Nissar, T. Basu, S.C. Ray, S. Wadhwa, 
J. Narang, A. Mathur, Paper based point of care immunosensor for the impedimetric detection 
of cardiac troponin I biomarker, Biomed. Microdevices. 22 (2020). 
https://doi.org/10.1007/s10544-019-0463-0. 

[40] G.F. Romiti, R. Cangemi, F. Toriello, E. Ruscio, S. Sciomer, F. Moscucci, M. Vincenti, C. Crescioli, 
M. Proietti, S. Basili, V. Raparelli, Sex-Specific Cut-Offs for High-Sensitivity Cardiac Troponin: Is 
Less More?, Cardiovasc. Ther. 2019 (2019) 1–12. https://doi.org/10.1155/2019/9546931. 

[41] J.L. Januzzi, S.A. Mahler, R.H. Christenson, J. Rymer, L.K. Newby, R. Body, D.A. Morrow, A.S. 
Jaffe, Recommendations for Institutions Transitioning to High-Sensitivity Troponin Testing, J. 
Am. Coll. Cardiol. 73 (2019) 1059–1077. https://doi.org/10.1016/j.jacc.2018.12.046. 

[42] Y.-E. Claessens, C. Fissore-Magdelein, J.-P. Rinaldi, N. Souadi, Troponine Tc Ultra sensible : 
interpréation dans le SCA, Urgences-Online. (2010). https://urgences-serveur.fr/troponine-tc-
ultra-sensible,1957.html#t2-Algorithme-d-interpretation (accessed May 7, 2020). 

[43] E. Coskunpinar, H.A. Cakmak, A.K. Kalkan, N.O. Tiryakioglu, M. Erturk, Z. Ongen, Circulating miR-
221-3p as a novel marker for early prediction of acute myocardial infarction, Gene. 591 (2016) 
90–96. https://doi.org/10.1016/j.gene.2016.06.059. 

[44] D.A. Chistiakov, A.N. Orekhov, Y.V. Bobryshev, Cardiac-specific miRNA in cardiogenesis, heart 
function, and cardiac pathology (with focus on myocardial infarction), J. Mol. Cell. Cardiol. 94 
(2016) 107–121. https://doi.org/10.1016/j.yjmcc.2016.03.015. 

[45] C. Gast, R. Mousny, P. Ray, Les biomarqueurs de l’infarctus du myocarde, 8. 
https://www.sfmu.org/upload/70_formation/02_eformation/02_congres/Urgences/urgences2
015/donnees/pdf/123.pdf (accessed November 10, 2020). 



30 
 

 
[46] K. Thygesen, J.S. Alpert, A.S. Jaffe, B.R. Chaitman, J.J. Bax, D.A. Morrow, H.D. White, Fourth 

universal definition of myocardial infarction, Eur. Heart J. 40 (2019) 237–269. 
https://doi.org/10.1093/eurheartj/ehy462. 

[47] R.-Y. Xu, X.-F. Zhu, Y. Yang, P. Ye, High-sensitive cardiac troponin T, J. Geriatr. Cardiol. 10 (2013) 
102–109. https://doi.org/10.3969/j.issn.1671-5411.2013.01.015. 

[48] G.S. Wagner, M.C. Bahit, D. Criger, A. Bayes de Luna, B. Chaitman, P. Clemmensen, P. Klootwijk, 
F.I. Marcus, O. Pahlm, M. Ohman, Moving toward a new definition of acute myocardial 
infarction for the 21st century: Status of the ESC/ACC Consensus Conference, J. Electrocardiol. 
33 (2000) 57–59. https://doi.org/10.1054/jelc.2000.20334. 

[49] Canadian Agency for Drugs and Technologies in Health, High-Sensitivity Cardiac Troponin for 
the Rapid Diagnosis of Acute Coronary Syndrome in the Emergency Department: A Clinical and 
Cost-Effectiveness Evaluation, Canadian Agency for Drugs and Technologies in Health, (2013). 

[50] A. Hammerer-Lercher, T. Ploner, S. Neururer, P. Schratzberfer, A. Griesmacher, O. Pachinger, J. 
Mair, High-Sensitivity Cardiac Troponin T Compared With Standard Troponin T Testing on 
Emergency Department Admission: How Much Does It Add in Everyday Clinical Practice?, J. Am. 
Heart Assoc. 2 (2013). https://doi.org/10.1161/JAHA.113.000204. 

[51] K. Thygesen, J.S. Alpert, H.D. White, Universal Definition of Myocardial Infarction, Circulation. 
116 (2007) 2634–2653. https://doi.org/10.1161/CIRCULATIONAHA.107.187397. 

[52] S.J. Aldous, Cardiac biomarkers in acute myocardial infarction, Int. J. Cardiol. 164 (2013) 282–
294. https://doi.org/10.1016/j.ijcard.2012.01.081. 

[53] M. Sarhene, Y. Wang, J. Wei, Y. Huang, M. Li, L. Li, E. Acheampong, Z. Zhengcan, Q. Xiaoyan, X. 
Yunsheng, M. Jingyuan, G. Xiumei, F. Guanwei, Biomarkers in heart failure: the past, current 
and future, Heart Fail. Rev. 24 (2019) 867–903. https://doi.org/10.1007/s10741-019-09807-z. 

[54] A.M. Richards, Future biomarkers in cardiology: my favourites, Eur. Heart J. Suppl. 20 (2018). 
https://doi.org/10.1093/eurheartj/suy023. 

[55] Cao, Jia, Zhu, BNP and NT-proBNP as Diagnostic Biomarkers for Cardiac Dysfunction in Both 
Clinical and Forensic Medicine, Int. J. Mol. Sci. 20 (2019). 
https://doi.org/10.3390/ijms20081820. 

[56] Q.A. Truong, J. Bayley, U. Hoffmann, F. Bamberg, C.L. Schlett, J.T. Nagurney, W. Koenig, J.L. 
Januzzi, Multi-marker strategy of natriuretic peptide with either conventional or high-sensitivity 
troponin-T for acute coronary syndrome diagnosis in emergency department patients with 
chest pain: From the “Rule Out Myocardial Infarction Using Computer Assisted Tomography” 
(ROMICAT) trial, Am. Heart J. 163 (2012). https://doi.org/10.1016/j.ahj.2012.03.010. 

[57] N.E. Ibrahim, J.L. Januzzi, Established and Emerging Roles of Biomarkers in Heart Failure, Circ. 
Res. 123 (2018) 614–629. https://doi.org/10.1161/CIRCRESAHA.118.312706. 

[58] H. Wang, J. Cai, The role of microRNAs in heart failure, Biochim. Biophys. Acta BBA - Mol. Basis 
Dis. 1863 (2017) 2019–2030. https://doi.org/10.1016/j.bbadis.2016.11.034. 

[59] A. Larsson, R. Greig-Pylypczuk, A. Huisman, The state of point-of-care testing: a european 
perspective, Ups. J. Med. Sci. 120 (2015) 1–10. 
https://doi.org/10.3109/03009734.2015.1006347. 

[60] A.H.B. Wu, R.H. Christenson, D.N. Greene, A.S. Jaffe, P.A. Kavsak, J. Ordonez-Llanos, F.S. Apple, 
Clinical Laboratory Practice Recommendations for the Use of Cardiac Troponin in Acute 
Coronary Syndrome: Expert Opinion from the Academy of the American Association for Clinical 
Chemistry and the Task Force on Clinical Applications of Cardiac Bio-Markers of the 
International Federation of Clinical Chemistry and Laboratory Medicine, Clin. Chem. 64 (2018) 
645–655. https://doi.org/10.1373/clinchem.2017.277186. 

[61] N. DeHoratius, T. Lee, T. Olsen, L. Song, E. Chen, Point-of-Care Testing: Improving Emergency 
Department Performance through Process Redesign, SSRN Electron. J. (2012). 
https://doi.org/10.2139/ssrn.2160044. 

[62] A. Greiser, T. Winter, H. Mahfoud, A. Kallner, T. Ittermann, A. Masuch, N. Lubenow, T. 
Kohlmann, A. Greinacher, M. Nauck, A. Petersmann, The 99th percentile and imprecision of 



31 
 

point-of-care cardiac troponin I in comparison to central laboratory tests in a large reference 
population, Clin. Biochem. 50 (2017) 1198–1202. 
https://doi.org/10.1016/j.clinbiochem.2017.08.006. 

[63] A.E. Berezin, Circulating biomarkers in heart failure: diagnostic and prognostic importance, J. 
Lab. Precis. Med. 3 (2018) 36–36. https://doi.org/10.21037/jlpm.2018.03.13. 

[64] A. Dolci, M. Panteghini, The exciting story of cardiac biomarkers: From retrospective detection 
to gold diagnostic standard for acute myocardial infarction and more, Clin. Chim. Acta. 369 
(2006) 179–187. https://doi.org/10.1016/j.cca.2006.02.042. 

[65] M.F.M. Fathil, M.K. Md Arshad, S.C.B. Gopinath, U. Hashim, R. Adzhri, R.M. Ayub, A.R. Ruslinda, 
M. Nuzaihan M.N., A.H. Azman, M. Zaki, T.-H. Tang, Diagnostics on acute myocardial infarction: 
Cardiac troponin biomarkers, Biosens. Bioelectron. 70 (2015) 209–220. 
https://doi.org/10.1016/j.bios.2015.03.037. 

[66] P. Garg, P. Morris, A.L. Fazlanie, S. Vijayan, B. Dancso, A.G. Dastidar, S. Plein, C. Mueller, P. 
Haaf, Cardiac biomarkers of acute coronary syndrome: from history to high-sensitivity cardiac 
troponin, Intern. Emerg. Med. 12 (2017) 147–155. https://doi.org/10.1007/s11739-017-1612-1. 

[67] A.S. Jaffe, L. Babuin, F.S. Apple, Biomarkers in Acute Cardiac Disease, J. Am. Coll. Cardiol. 48 
(2006) 1–11. https://doi.org/10.1016/j.jacc.2006.02.056. 

[68] C. Magnussen, S. Blankenberg, Biomarkers for heart failure: small molecules with high clinical 
relevance, J. Intern. Med. 283 (2018) 530–543. https://doi.org/10.1111/joim.12756. 

[69] MIP Technologies, MIPs, Miptechnologies. (2015). http://www.miptechnologies.com/mips/ 
(accessed April 28, 2020). 

[70] BasePair Biotechnologies, What is an Aptamer?, Basepairbio. 
https://www.basepairbio.com/what-is-an-aptamer/ (accessed April 28, 2020). 

[71] L.E. Clemens, R.G. Almirez, K.A. Baudouin, R.P. Mischak, E.B. Grossbard, A.A. Protter, 
Pharmacokinetics and Biological Actions of Subcutaneously Administered Human Brain 
Natriuretic Peptide, 287 (1998). https://doi.org/0022-3565/98/2871-0067$03.00/0. 

[72] S. Takeda, Core domain of human cardiac troponin, RCSB PDB. (2020). 
https://www.rcsb.org/structure/4y99 (accessed April 29, 2020). 

[73] M. Cevec, C. Thibaudeau, J. Plavec, miRNA Resources, Biosynthesis. (2008). 
https://www.biosyn.com/tew/Methanol/TEW/miRNA-Resources.aspx (accessed April 29, 
2020). 

[74] V. Semjonow, Amélioration du processus de diagnostic et accélération des traitements, Philips. 
(2017). https://www.philips.fr/healthcare/articles/perspective-medicale/amelioration-du-
processus-de-diagnostic-et-acceleration-des-traitements (accessed April 29, 2020). 

[75] Quidel, TriageTrue High Sensitivity Troponin I test, Quidel. 
https://www.quidel.com/immunoassays/triage-test-kits/triage-high-sensitivity-troponin-i-
test/fr (accessed April 29, 2020). 

[76] cobas h 232 POC system. 
https://diagnostics.roche.com/global/en/products/instruments/cobas-h-232.html (accessed 
April 21, 2020). 

[77] C. Legris, Les marqueurs cardiaques dans la maladie coronarienne et l’insuffisance cardiaque en 
médecine ambulatoire, Haute Autorité de Santé, (2010). https://www.has-
sante.fr/upload/docs/application/pdf/2010-09/rapport_marqueurs_cardiaques.pdf (accessed 
November 10, 2020). 

[78] O. Shirvani Samani, B. Meder, microRNA assays for acute coronary syndromes, Diagnosis. 3 
(2016) 183–188. https://doi.org/10.1515/dx-2016-0025. 

[79] X. Qiao, K. Li, J. Xu, N. Cheng, Q. Sheng, W. Cao, T. Yue, J. Zheng, Novel electrochemical sensing 
platform for ultrasensitive detection of cardiac troponin I based on aptamer-MoS2 
nanoconjugates, Biosens. Bioelectron. 113 (2018) 142–147. 
https://doi.org/10.1016/j.bios.2018.05.003. 



32 
 

[80] N. Borsali Falfoul, Interprétation des troponines en réanimation, (2011). 
https://aturea.org/pdf_ppt_docs/congres2011/conferences%20vendredi251111/troponinesenr
eanimation.pdf (accessed November 10, 2020). 

[81] E.M. Vilela, R. Bettencourt-Silva, J.T. da Costa, A.R. Barbosa, M.P. Silva, M. Teixeira, J. Primo, V. 
Gama Ribeiro, J.P.L. Nunes, Anti-cardiac troponin antibodies in clinical human disease: a 
systematic review, Ann. Transl. Med. 5 (2017) 307–307. 
https://doi.org/10.21037/atm.2017.07.40. 

[82] Biomnis, Troponines, (2012). https://www.eurofins-
biomnis.com/referentiel/liendoc/precis/TROPONINES.pdf (accessed November 10, 2020). 

[83] J.-K. Lee, I.-S. Wang, C.-H. Huang, Y.-F. Chen, N.-T. Huang, C.-T. Lin, Pre-Clinical Tests of an 
Integrated CMOS Biomolecular Sensor for Cardiac Diseases Diagnosis, Sensors. 17 (2017). 
https://doi.org/10.3390/s17122733. 

[84] W. Du, A. Piek, E.M. Schouten, C.W.A. van de Kolk, C. Mueller, A. Mebazaa, A. A.Voors, R.A. de 
Boer, H.H.W. Silljé, Plasma levels of heart failure biomarkers are primarily a reflection of 
extracardiac production, Theranostics. 8 (2018) 4155–4169. 
https://doi.org/10.7150/thno.26055. 

[85] D.S. Herman, P.A. Kavsak, D.N. Greene, Variability and Error in Cardiac Troponin Testing, Am. J. 
Clin. Pathol. 148 (2017) 281–295. https://doi.org/10.1093/ajcp/aqx066. 

[86] R.R.J. van Kimmenade, J.L. Januzzi, Emerging Biomarkers in Heart Failure, Clin. Chem. 58 (2012) 
127–138. https://doi.org/10.1373/clinchem.2011.165720. 

[87] B. Cummins, M.L. Auckland, P. Cummins, Cardiac-specific troponin-1 radioimmunoassay in the 
diagnosis of acute myocardial infarction, Am. Heart J. 113 (1987) 1333–1344. 
https://doi.org/10.1016/0002-8703(87)90645-4. 

[88] E. Giannitsis, K. Kurz, K. Hallermayer, J. Jarausch, A.S. Jaffe, H.A. Katus, Analytical Validation of a 
High-Sensitivity Cardiac Troponin T Assay, Clin. Chem. 56 (2010) 254–261. 
https://doi.org/10.1373/clinchem.2009.132654. 

[89] A. Shabbir, L. Fan, G. Fraser, M.P. Cassar, J. Swinburn, One-Hour High Sensitivity Troponin 
Testing: A Safe and Effective Triage Tool for the Emergency Department, Crit. Pathw. Cardiol. 18 
(2019) 16–18. https://doi.org/10.1097/HPC.0000000000000162. 

[90] V.S. Mahajan, P. Jarolim, How to Interpret Elevated Cardiac Troponin Levels, Circulation. 124 
(2011) 2350–2354. https://doi.org/10.1161/CIRCULATIONAHA.111.023697. 

[91] C.F. Bianchi, Time to dot the I’s and cross the T’s of high-sensitivity cardiac troponin, J. Thorac. 
Cardiovasc. Surg. 154 (2017) 904–905. https://doi.org/10.1016/j.jtcvs.2017.05.067. 

[92] W. Hochholzer, D.A. Morrow, R.P. Giugliano, Novel biomarkers in cardiovascular disease: 
Update 2010, Am. Heart J. 160 (2010) 583–594. https://doi.org/10.1016/j.ahj.2010.06.010. 

[93] J.W. Pickering, J.M. Young, P.M. George, C.J. Pemberton, A. Watson, S.J. Aldous, T. Verryt, R.W. 
Troughton, A.M. Richards, F.S. Apple, M.P. Than, Early kinetic profiles of troponin I and T 
measured by high-sensitivity assays in patients with myocardial infarction, Clin. Chim. Acta. 505 
(2020) 15–25. https://doi.org/10.1016/j.cca.2020.02.009. 

[94] VIDAS® High sensitive Troponin I - Diagnostic Clinique | bioMérieux France, (2016). 
https://www.biomerieux.fr/diagnostic-clinique/vidasr-high-sensitive-troponin-i (accessed April 
8, 2020). 

[95] H.J. Hua, V.A.L. Oskari, M.C. James, H.K. Harold, Systèmes et dispositifs d’immunoessai combiné 
et d’immunoessai magnétique pour une plage de sensibilité étendue, EP3552020 A1, (2019). 

[96] N.L. Mills, T. Omland, Cardiac Troponin to Guide the Use of Noninvasive Testing in Patients 
Ruled Out for Myocardial Infarction, Circulation. 139 (2019) 1655–1657. 
https://doi.org/10.1161/CIRCULATIONAHA.118.038162. 

[97] A.K. Saenger, O. Rodriguez-Fraga, R. Ler, J. Ordonez-Llanos, A.S. Jaffe, J.P. Goetze, F.S. Apple, 
Specificity of B-Type Natriuretic Peptide Assays: Cross-Reactivity with Different BNP, NT-
proBNP, and proBNP Peptides, Clin. Chem. 63 (2017) 351–358. 
https://doi.org/10.1373/clinchem.2016.263749. 



33 
 

[98] S.A. Atlas, H.D. Kleinert, M.J. Camargo, A. Januszewicz, J.E. Sealey, J.H. Laragh, J.W. Schilling, 
J.A. Lewicki, L.K. Johnson, T. Maack, Purification, sequencing and synthesis of natriuretic and 
vasoactive rat atrial peptide, Nature. 309 (1984) 717–719. https://doi.org/10.1038/309717a0. 

[99] T. Sudoh, K. Kangawa, N. Minamino, H. Matsuo, A new natriuretic peptide in porcine brain, 
Nature. 332 (1998) 78–81. https://doi.org/10.1038/332078a0. 

[100] A. Matsuo, C. Nagai-Okatani, M. Nishigori, K. Kangawa, N. Minamino, Natriuretic peptides in 
human heart: Novel insight into their molecular forms, functions, and diagnostic use, Peptides. 
111 (2019) 3–17. https://doi.org/10.1016/j.peptides.2018.08.006. 

[101] M. Volpe, A. Battistoni, S. Rubattu, Natriuretic peptides in heart failure: Current achievements 
and future perspectives, Int. J. Cardiol. 281 (2019) 186–189. 
https://doi.org/10.1016/j.ijcard.2018.04.045. 

[102] Y. Chen, Y. Tao, L. Zhang, W. Xu, X. Zhou, Diagnostic and prognostic value of biomarkers in 
acute myocardial infarction, Postgrad. Med. J. 95 (2019) 210–216. 
https://doi.org/10.1136/postgradmedj-2019-136409. 

[103] P.A. Kavsak, C.S.P. Lam, A.K. Saenger, A.S. Jaffe, P. Collinson, K. Pulkki, T. Omland, G. Lefèvre, R. 
Body, J. Ordonez-Llanos, F.S. Apple, Educational Recommendations on Selected Analytical and 
Clinical Aspects of Natriuretic Peptides with a Focus on Heart Failure: A Report from the IFCC 
Committee on Clinical Applications of Cardiac Bio-Markers, Clin. Chem. 65 (2019) 1221–1227. 
https://doi.org/10.1373/clinchem.2019.306621. 

[104] P.M. McKie, J.C. Burnett, NT-proBNP, J. Am. Coll. Cardiol. 68 (2016) 2437–2439. 
https://doi.org/10.1016/j.jacc.2016.10.001. 

[105] I. Grabowska, N. Sharma, A. Vasilescu, M. Iancu, G. Badea, R. Boukherroub, S. Ogale, S. 
Szunerits, Electrochemical Aptamer-Based Biosensors for the Detection of Cardiac Biomarkers, 
ACS Omega. 3 (2018) 12010–12018. https://doi.org/10.1021/acsomega.8b01558. 

[106] J. Li, F.-F. Yin, Y.-L. Hou, Early diagnosis of rats with acute myocardial infarction by 
measurement of brain natriuretic peptide, Exp. Ther. Med. 5 (2013) 1201–1205. 
https://doi.org/10.3892/etm.2013.964. 

[107] R.R.J. van Kimmenade, J.L. Januzzi, Emerging Biomarkers in Heart Failure, Clin. Chem. 58 (2012) 
127–138. https://doi.org/10.1373/clinchem.2011.165720. 

[108] N. Vodovar, A. Mebazaa, J.L. Januzzi, G. Murtagh, W.G. Stough, K.F. Adams, F. Zannad, 
Evolution of natriuretic peptide biomarkers in heart failure: Implications for clinical care and 
clinical trials, Int. J. Cardiol. 254 (2018) 215–221. https://doi.org/10.1016/j.ijcard.2017.11.001. 

[109] L. Wong, J. Wang, O. Liew, A. Richards, Y.-T. Chen, MicroRNA and Heart Failure, Int. J. Mol. Sci. 
17 (2016). https://doi.org/10.3390/ijms17040502. 

[110] Roche Diagnostics, How Roche NT-proBNP can help all along the HF patient journey, (2018). 
https://diagnostics.roche.com/content/dam/diagnostics/se/pdfer-p%C3%A5-webbplatsen-
redigerade/pdfer-central-lab/OWP-Central%20Lab-Roche%20NT-
proBNP%20HF%20Patient%20Journey%20Brochure_v2_PM2019-00511.pdf (accessed 
November 10, 2020). 

[111] M. Galinier, BNP, NT-proBNP: lequel choisir en pratique ?, (2010). https://www.realites-
cardiologiques.com/wp-content/uploads/sites/2/2010/11/091.pdf (accessed November 10, 
2020). 

[112] M. Weber, V. Mitrovic, C. Hamm, B-type natriuretic peptide and N-terminal pro-B-type 
natriuretic peptide – Diagnostic role in stable coronary artery disease, Exp. Clin. Cardiol. 11 
(2006) 99–101. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2274852/ (accessed 
November 10, 2020). 

[113] C. Lebrun, Y. Neuder, C. Pison, N. Chourri, D. Barnoud, L. Belle, G. Beaune, BNP ou NT-proBNP : 
“mon cœur balance,” Ann Biol Clin. 65 (2007). https://doi.org/10.1684/abc.2007.0162. 

[114] M.C. Kontos, D.E. Lanfear, K. Gosch, S.L. Daugherty, P. Heidenriech, J.A. Spertus, Prognostic 
Value of Serial N-Terminal Pro-Brain Natriuretic Peptide Testing in Patients With Acute 
Myocardial Infarction, Am. J. Cardiol. 120 (2017) 181–185. 
https://doi.org/10.1016/j.amjcard.2017.04.004. 



34 
 

[115] D. Logeart, Insuffisance cardiaque et dosage du BNP en pratique clinique, (2007) 37-41. 
http://www.spectrabiologie.fr/wp-content/uploads/2012/05/SB157_37-41.pdf (accessed 
November 10, 2020). 

[116] Haute Autorité de santé, Les maladies cardiaques dans la maladie coronarienne et l’insuffisance 
cardiaque en médecine ambulatoire, (2010). https://www.has-
sante.fr/upload/docs/application/pdf/2010-09/texte_court_marqueurs_cardiaques.pdf 
(accessed November 10, 2020). 

[117] S. Delerme, C. Chenevier-Gobeaux, Y. Lefort, P. Ray, Apport des marqueurs biologiques, (2008) . 
https://www.sfmu.org/upload/70_formation/02_eformation/02_congres/Urgences/urgences2
008/donnees/pdf/056_ray.pdf (accessed November 10, 2020). 

[118] X. Zhao, Y. Wang, X. Sun, The functions of microRNA-208 in the heart, Diabetes Res. Clin. Pract. 
160 (2020). https://doi.org/10.1016/j.diabres.2020.108004. 

[119] M. Akodad, M. Mericskay, F. Roubille, Micro-RNAs as promising biomarkers in cardiac diseases, 
Ann. Transl. Med. 4 (2016) 551–551. https://doi.org/10.21037/atm.2016.12.38. 

[120] D. de Gonzalo-Calvo, A. Dávalos, M. Fernández-Sanjurjo, L. Amado-Rodríguez, S. Díaz-Coto, C. 
Tomás-Zapico, A. Montero, Á. García-González, V. Llorente-Cortés, M.E. Heras, A. Boraita Pérez, 
Á.E. Díaz-Martínez, N. Úbeda, E. Iglesias-Gutiérrez, Circulating microRNAs as emerging cardiac 
biomarkers responsive to acute exercise, Int. J. Cardiol. 264 (2018) 130–136. 
https://doi.org/10.1016/j.ijcard.2018.02.092. 

[121] K. Felekkis, C. Papaneophytou, Challenges in Using Circulating Micro-RNAs as Biomarkers for 
Cardiovascular Diseases, Int. J. Mol. Sci. 21 (2020). https://doi.org/10.3390/ijms21020561. 

[122] S. Robinson, M. Follo, D. Haenel, M. Mauler, D. Stallmann, L.A. Heger, T. Helbing, D. 
Duerschmied, K. Peter, C. Bode, I. Ahrens, M. Hortmann, Chip-based digital PCR as a novel 
detection method for quantifying microRNAs in acute myocardial infarction patients, Acta 
Pharmacol. Sin. 39 (2018) 1217–1227. https://doi.org/10.1038/aps.2017.136. 

[123] D.P. Bartel, MicroRNAs: Genomics, Biogenesis, Mechanism, and Function, Cell. 116 (2004) 281–
297. https://doi.org/10.1016/s0092-8674(04)00045-5. 

[124] P.S. Mitchell, R.K. Parkin, E.M. Kroh, B.R. Fritz, S.K. Wyman, E.L. Pogosova-Agadjanyan, A. 
Peterson, J. Noteboom, K.C. O’Briant, A. Allen, D.W. Lin, N. Urban, C.W. Drescher, B.S. Knudsen, 
D.L. Stirewalt, R. Gentleman, R.L. Vessella, P.S. Nelson, D.B. Martin, M. Tewari, Circulating 
microRNAs as stable blood-based markers for cancer detection, Proc. Natl. Acad. Sci. 105 (2008) 
10513–10518. https://doi.org/10.1073/pnas.0804549105. 

[125] G.-K. Wang, J.-Q. Zhu, J.-T. Zhang, Q. Li, Y. Li, J. He, Y.-W. Qin, Q. Jing, Circulating microRNA: a 
novel potential biomarker for early diagnosis of acute myocardial infarction in humans, Eur. 
Heart J. 31 (2010) 659–666. https://doi.org/10.1093/eurheartj/ehq013. 

[126] P. Collinson, Cardiac Troponin by Point-of-Care Testing, J. Am. Coll. Cardiol. 75 (2020) 1125–
1127. https://doi.org/10.1016/j.jacc.2019.12.064. 

[127] 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, M.W.J. Prins, Rapid integrated biosensor for multiplexed 
immunoassays based on actuated magnetic nanoparticles, Lab. Chip. 9 (2009). 
https://doi.org/10.1039/b913960e. 

[128] D.W. Kemper, V. Semjonow, F. de Theije, D. Keizer, L. van Lippen, J. Mair, B. Wille, M. Christ, F. 
Geier, P. Hausfater, D. Pariente, V. Scharnhorst, J. Curvers, J. Nieuwenhuis, Analytical 
evaluation of a new point of care system for measuring cardiac Troponin I, Clin. Biochem. 50 
(2017) 174–180. https://doi.org/10.1016/j.clinbiochem.2016.11.011. 

[129] W.U. Dittmer, T.H. Evers, P. Dekivit, Rolf Kamps, J.L.M. Weiss, Assay for troponin I using 
magnetic labels, CN104991075 A, (2009). 

[130] P. Venge, L. van Lippen, S. Blaschke, M. Christ, F. Geier, E. Giannitsis, E. Hagström, P. Hausfater, 
M. Khellaf, J. Mair, D. Pariente, V. Scharnhorst, V. Semjonow, Equal clinical performance of a 
novel point-of-care cardiac troponin I (cTnI) assay with a commonly used high-sensitivity cTnI 
assay, Clin. Chim. Acta. 469 (2017) 119–125. https://doi.org/10.1016/j.cca.2017.03.023. 



35 
 

[131] A. van Reenen, M. Berger, E. Moreau, E. Bekx, T. Bruinink, D. Kemper, L. van Lippen, J. Weusten, 
A. Mrakovic, E. Michielsen, J. Vissers, F. de Theije, J. Nieuwenhuis, V. Semjonow, J. Mair, 
Analytical performance of a single epitope B-type natriuretic peptide sandwich immunoassay 
on the Minicare platform for point-of-care diagnostics, Pract. Lab. Med. 15 (2019). 
https://doi.org/10.1016/j.plabm.2019.e00119. 

[132] N.N. Tamm, K.R. Seferian, A.G. Semenov, K.S. Mukharyamova, E.V. Koshkina, M.I. Krasnoselsky, 
A.B. Postnikov, D.V. Serebryanaya, F.S. Apple, M.M. Murakami, A.G. Katrukha, Novel 
Immunoassay for Quantification of Brain Natriuretic Peptide and Its Precursor in Human Blood, 
Clin. Chem. 54 (2008) 1511–1518. https://doi.org/10.1373/clinchem.2007.100545. 

[133] H. Røsjø, N.N. Tamm, G. Kravdal, K.R. Seferian, A.D. Høiseth, S. Nygård, P. Badr, R. Røysland, T. 
Omland, Diagnostic utility of a single-epitope sandwich B-type natriuretic peptide assay in 
stable coronary artery disease: Data from the Akershus Cardiac Examination (ACE) 1 Study, Clin. 
Biochem. 45 (2012) 1269–1275. https://doi.org/10.1016/j.clinbiochem.2012.05.010. 

[134] Analyseur d’immunodosage AQT90 FLEX - Radiometer, (n.d.). https://www.radiometer.fr/fr-
fr/produits/analyseur-dimmunodosage/analyseur-dimmunodosage-aqt90-flex (accessed April 
20, 2020). 

[135] Radiometer Medical ApS, 510(k) Premarket Notification Submission - AQT90 FLEX, Reagent 
Pack, Myo Test Kit, Myo CAL Cartridge and LQC Multi-CHECK, (2012). 
https://www.accessdata.fda.gov/cdrh_docs/pdf11/K112161.pdf (accessed November 10, 
2020). 

[136] Le dosage du NT-proBNP à bord de l’analyseur AQT90 FLEX – Radiometer. 
https://www.radiometer.fr/fr-fr/produits/analyseur-dimmunodosage/analyseur-
dimmunodosage-aqt90-flex/nt-probnp-on-the-aqt90-flex-immunoassay-analyzer (accessed 
April 20, 2020). 

[137] Dosage de la troponine sur l’analyseur d’immunodosage AQT90 FLEX | Radiometer. 
https://www.radiometer.fr/fr-fr/produits/analyseur-dimmunodosage/analyseur-
dimmunodosage-aqt90-flex/troponine-i-et-t-sur-lanalyseur-dimmunodosage-aqt90-flex 
(accessed April 20, 2020). 

[138] Pylon Technology - ET Healthcare. http://www.ethealthcare.com.cn/en/technology (accessed 
April 20, 2020). 

[139] P. Li, N.S. Enea, R. Zuk, H. Tan, A.H.B. Wu, A.S. Jaffe, Performance characteristics of a high-
sensitivity cardiac troponin assay using plasma and whole blood samples, Clin. Biochem. 50 
(2017) 1249–1252. https://doi.org/10.1016/j.clinbiochem.2017.08.002. 

[140] Pylon Immunochemistry Systems, ET Healthcare. 
http://www.ethealthcare.com.cn/en/products (accessed April 20, 2020). 

[141] Abbott, Cardiac Troponin I / (cTnI), (2013). 
https://www.abaxis.com/sites/default/files/resource-
packages/Cardiac%20Troponin%20I_cTnI%20CTI%20Sheeet%20715595-00U.pdf (accessed 
November 10, 2020). 

[142] i-STAT Corporation, 510(k) K031739 - i-STAT cTnI Test. 
https://www.accessdata.fda.gov/cdrh_docs/reviews/K031739.pdf (accessed November 10, 
2020). 

[143] K. Shah, G.J. Terracciano, K.J. Bs, A.S. Maisel, R.L. Fitzgerald, Comparability of Results Between a 
Point-of-Care and an Automated Instrument to Measure of B-Type Natriuretic Peptide, West. J. 
Emerg. Med. 11 (2010) 44–48. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2850853/ 
(accessed November 10, 2020). 

[144] LSI Medience Corporation, PATHFAST hs-cTnI. 
https://www.pathfast.eu/sites/default/files/download/PF_hs_Troponin_181018_WEB.pdf 
(accessed November 10, 2020). 

[145] High sensitivity Troponin I and diagnostic algorithms | Pathfast. https://www.pathfast.eu/hs-
troponin (accessed April 21, 2020). 



36 
 

[146] M. Zaninotto, M.M. Mion, F. Di Serio, M. Caputo, C. Ottomano, M. Plebani, PATHFASTTM NT-
proBNP (N-terminal-pro B type natriuretic peptide): a multicenter evaluation of a new point-of-
care assay, Clin. Chem. Lab. Med. 48 (2010). https://doi.org/10.1515/CCLM.2010.222. 

[147] Cobas, Troponin I STAT, (2019). https://www.rochecanada.com/content/dam/rochexx/roche-
ca/products/docs/package_inserts/TROPONINISTAT-05094798190-EN-V7-CAN.pdf (accessed 
November 10, 2020). 

[148] Roche, Roche CARDIAC POC Troponin T, (2017). 
https://www.rochecanada.com/content/dam/rochexx/roche-
ca/products/fr/docs/package_insert/RocheCARDIACTroponinT-07007302190-V2-CAN-FR.pdf 
(accessed November 10, 2020). 

[149] F. Kroner, M. Schraeml, S. Koehler, Novel anti-troponinT antibodies, WO2019175127, (2019). 
[150] J. Hans-Peter, A. Herbert, W. Michaela, L. Oliver, Q. Stefan, Amines à chaîne ramifiée utilisées 

dans la détection d’électrochimiluminescence, EP3426398, (2019). 
[151] Quidel, TriageTrue High Sensitivity Troponin I Test, (2018). 

https://www.quidel.com/sites/default/files/RCY5QYBLDNFFFM3NTA.pdf (accessed November 
10, 2020). 

[152] G. Jonathan, S. Rongey, J. Powell, Immunoassay controls and the use thereof, AU2017229495, 
(2017). 

[153] K. Suzuki, K. Komukai, K. Nakata, R. Kang, Y. Oi, E. Muto, Y. Kashiwagi, M. Tominaga, S. 
Miyanaga, T. Ishikawa, K. Okuno, M. Uzura, M. Yoshimura, The Usefulness and Limitations of 
Point-of-care Cardiac Troponin Measurement in the Emergency Department, Intern. Med. 57 
(2018) 1673–1680. https://doi.org/10.2169/internalmedicine.0098-17. 

[154] A. Slagman, J. von Recum, M. Möckel, F. Holert, D. Meyer zum Büschenfelde, C. Müller, J. 
Searle, Diagnostic performance of a high-sensitive troponin T assay and a troponin T point of 
care assay in the clinical routine of an Emergency Department: A clinical cohort study, Int. J. 
Cardiol. 230 (2017) 454–460. https://doi.org/10.1016/j.ijcard.2016.12.085. 

[155] R.H. Christenson, E. Jacobs, D. Uettwiller-Geiger, M.P. Estey, K. Lewandrowski, T.I. Koshy, K. 
Kupfer, Y. Li, J.C. Wesenberg, Comparison of 13 Commercially Available Cardiac Troponin 
Assays in a Multicenter North American Study, J. Appl. Lab. Med. AACC Publ. 1 (2017) 544–561. 
https://doi.org/10.1373/jalm.2016.022640. 

[156] D. Suh, D.I. Keller, D. Hof, A. von Eckardstein, J. Gawinecka, Rule-out of non-ST elevation 
myocardial infarction by five point of care cardiac troponin assays according to the 0 h/3 h 
algorithm of the European Society of Cardiology, Clin. Chem. Lab. Med. CCLM. 56 (2018) 649–
657. https://doi.org/10.1515/cclm-2017-0486. 

[157] J. Boeddinghaus, T. Nestelberger, L. Koechlin, D. Wussler, P. Lopez-Ayala, J.E. Walter, V. 
Troester, P.D. Ratmann, F. Seidel, T. Zimmermann, P. Badertscher, K. Wildi, M. Rubini Giménez, 
E. Potlukova, I. Strebel, M. Freese, Ò. Miró, F.J. Martin-Sanchez, D. Kawecki, D.I. Keller, D.M. 
Gualandro, M. Christ, R. Twerenbold, C. Mueller, M. Meier, C. Puelacher, J. du Fay de Lavallaz, 
N. Kozhuharov, K. Rentsch, C. Stelzig, K. Meissner, C. Kulangara, P. Hillinger, E. Michou, D. 
Flores, T. Reichlin, B. López, C. Fuenzalida, E.R. Adrada, E. Ganovská, J. Lohrmann, J. Huber, J. 
Steude, A. Buser, A. von Eckardstein, B. Morawiec, E. Nowalany-Kozielska, P. Muzyk, F. Bürgler, 
N. Geigy, Early Diagnosis of Myocardial Infarction With Point-of-Care High-Sensitivity Cardiac 
Troponin I, J. Am. Coll. Cardiol. 75 (2020) 1111–1124. 
https://doi.org/10.1016/j.jacc.2019.12.065. 

[158] B.E. Amundson, F.S. Apple, Cardiac troponin assays: a review of quantitative point-of-care 
devices and their efficacy in the diagnosis of myocardial infarction, Clin. Chem. Lab. Med. CCLM. 
53 (2015). https://doi.org/10.1515/cclm-2014-0837. 

[159] P.O. Collinson, A.K. Saenger, F.S. Apple, on behalf of the IFCC C-CB, High sensitivity, 
contemporary and point-of-care cardiac troponin assays: educational aids developed by the 
IFCC Committee on Clinical Application of Cardiac Bio-Markers, Clin. Chem. Lab. Med. CCLM. 57 
(2019) 623–632. https://doi.org/10.1515/cclm-2018-1211. 



37 
 

[160] Y. Lin, Y. Zhang, Y. Liu, K. Cui, J. Kang, Z. Zhou, How to choose a point-of-care testing for 
troponin, J. Clin. Lab. Anal. (2020). https://doi.org/10.1002/jcla.23263. 

[161] IFCC Committee on Clinical Applications of Cardiac Bio-Markers (C-CB), BNP, NT-proBNP, and 
MR-proANp Assays: Analytical Characteristic Designated by Manufacturer, (2019). 
https://ifcc.org/media/478229/bnp-nt-probnp-and-mr-proanp-assays-analytical-characteristics-
designated-by-manufacturer-v122019.pdf (accessed November 10, 2020). 

[162] M. Zaninotto, M.M. Mion, F. Di Serio, M. Caputo, C. Ottomano, M. Plebani, PATHFASTTM NT-
proBNP (N-terminal-pro B type natriuretic peptide): a multicenter evaluation of a new point-of-
care assay, Clin. Chem. Lab. Med. 48 (2010). https://doi.org/10.1515/CCLM.2010.222. 

[163] S. Mabbott, S.C. Fernandes, M. Schechinger, G.L. Cote, K. Faulds, C.R. Mace, D. Graham, 
Detection of cardiovascular disease associated miR-29a using paper-based microfluidics and 
surface enhanced Raman scattering, The Analyst. (2020). 
https://doi.org/10.1039/C9AN01748H. 

[164] B. Regan, F. Boyle, R. O’Kennedy, D. Collins, Evaluation of Molecularly Imprinted Polymers for 
Point-of-Care Testing for Cardiovascular Disease, Sensors. 19 (2019). 
https://doi.org/10.3390/s19163485. 

[165] T.-L. Chuang, S.-C. Wei, S.-Y. Lee, C.-W. Lin, A polycarbonate based surface plasmon resonance 
sensing cartridge for high sensitivity HBV loop-mediated isothermal amplification, Biosens. 
Bioelectron. 32 (2012) 89–95. https://doi.org/10.1016/j.bios.2011.11.037. 

[166] F. Chen, Q. Wu, D. Song, X. Wang, P. Ma, Y. Sun, Fe3O4@PDA immune probe-based signal 
amplification in surface plasmon resonance (SPR) biosensing of human cardiac troponin I, 
Colloids Surf. B Biointerfaces. 177 (2019) 105–111. 
https://doi.org/10.1016/j.colsurfb.2019.01.053. 

[167] W. Zhou, K. Li, Y. Wei, P. Hao, M. Chi, Y. Liu, Y. Wu, Ultrasensitive label-free optical microfiber 
coupler biosensor for detection of cardiac troponin I based on interference turning point effect, 
Biosens. Bioelectron. 106 (2018) 99–104. https://doi.org/10.1016/j.bios.2018.01.061. 

[168] D. Çimen, N. Bereli, S. Günaydın, A. Denizli, Detection of cardiac troponin-I by optic biosensors 
with immobilized anti-cardiac troponin-I monoclonal antibody, Talanta. 219 (2020). 
https://doi.org/10.1016/j.talanta.2020.121259. 

[169] Y. Mori, K. Nagamine, N. Tomita, T. Notomi, Detection of Loop-Mediated Isothermal 
Amplification Reaction by Turbidity Derived from Magnesium Pyrophosphate Formation, 
Biochem. Biophys. Res. Commun. 289 (2001) 150–154. 
https://doi.org/10.1006/bbrc.2001.5921. 

[170] C. Liang, Y. Liu, A. Niu, C. Liu, J. Li, D. Ning, Smartphone-app based point-of-care testing for 
myocardial infarction biomarker cTnI using an autonomous capillary microfluidic chip with self-
aligned on-chip focusing (SOF) lenses, Lab. Chip. 19 (2019) 1797–1807. 
https://doi.org/10.1039/C9LC00259F. 

[171] S. Lutz, E. Lopez-Calle, P. Espindola, C. Boehm, T. Brueckner, J. Spinke, M. Marcinowski, T. 
Keller, A. Tgetgel, N. Herbert, T. Fischer, E. Beiersdorf, A fully integrated microfluidic platform 
for highly sensitive analysis of immunochemical parameters, The Analyst. 142 (2017) 4206–
4214. https://doi.org/10.1039/C7AN00547D. 

[172] Roche Diagnostics, Products and Solutions 2016, (2016). 
https://dialog.roche.com/content/dam/dialog/owp/apac/Media/Misc/roche-diagnostics-
products-and-solutions.pdf (accessed November 10, 2020). 

[173] N.R. Shanmugam, S. Muthukumar, A.S. Tanak, S. Prasad, Multiplexed electrochemical detection 
of three cardiac biomarkers cTnI, cTnT and BNP using nanostructured ZnO-sensing platform, 
Future Cardiol. 14 (2018) 131–141. https://doi.org/10.2217/fca-2017-0074. 

[174] W.Y. Lim, T.M. Thevarajah, B.T. Goh, S.M. Khor, Paper microfluidic device for early diagnosis 
and prognosis of acute myocardial infarction via quantitative multiplex cardiac biomarker 
detection, Biosens. Bioelectron. 128 (2019) 176–185. 
https://doi.org/10.1016/j.bios.2018.12.049. 



38 
 

[175] W.Y. Lim, C.-H. Goh, T.M. Thevarajah, B.T. Goh, S.M. Khor, Using SERS-based microfluidic paper-
based device (μPAD) for calibration-free quantitative measurement of AMI cardiac biomarkers, 
Biosens. Bioelectron. 147 (2020). https://doi.org/10.1016/j.bios.2019.111792. 

[176] X. Guo, L. Zong, Y. Jiao, Y. Han, X. Zhang, J. Xu, L. Li, C. Zhang, Z. Liu, Q. Ju, J. Liu, Z. Xu, H.-D. Yu, 
W. Huang, Signal-Enhanced Detection of Multiplexed Cardiac Biomarkers by a Paper-Based 
Fluorogenic Immunodevice Integrated with Zinc Oxide Nanowires, Anal. Chem. 91 (2019) 9300–
9307. https://doi.org/10.1021/acs.analchem.9b02557. 

[177] F. Li, L. Guo, Y. Hu, Z. Li, J. Liu, J. He, H. Cui, Multiplexed chemiluminescence determination of 
three acute myocardial infarction biomarkers based on microfluidic paper-based immunodevice 
dual amplified by multifunctionalized gold nanoparticles, Talanta. 207 (2020). 
https://doi.org/10.1016/j.talanta.2019.120346. 

[178] G.-R. Han, H. Ki, M.-G. Kim, Automated, Universal, and Mass-Producible Paper-Based Lateral 
Flow Biosensing Platform for High-Performance Point-of-Care Testing, ACS Appl. Mater. 
Interfaces. 12 (2020) 1885–1894. https://doi.org/10.1021/acsami.9b17888. 

[179] S. Guo, W. Schlecht, L. Li, W.-J. Dong, Paper-based cascade cationic isotachophoresis: Multiplex 
detection of cardiac markers, Talanta. 205 (2019). 
https://doi.org/10.1016/j.talanta.2019.07.007. 

[180] L. Mi, Y. Sun, L. Shi, T. Li, Hemin-Bridged MOF Interface with Double Amplification of G-
Quadruplex Payload and DNAzyme Catalysis: Ultrasensitive Lasting Chemiluminescence 
MicroRNA Imaging, ACS Appl. Mater. Interfaces. 12 (2020) 7879–7887. 
https://doi.org/10.1021/acsami.9b18053. 

[181] H. Jo, J. Her, H. Lee, Y.-B. Shim, C. Ban, Highly sensitive amperometric detection of cardiac 
troponin I using sandwich aptamers and screen-printed carbon electrodes, Talanta. 165 (2017) 
442–448. https://doi.org/10.1016/j.talanta.2016.12.091. 

[182] V. Baldoneschi, P. Palladino, M. Banchini, M. Minunni, S. Scarano, Norepinephrine as new 
functional monomer for molecular imprinting: An applicative study for the optical sensing of 
cardiac biomarkers, Biosens. Bioelectron. 157 (2020). 
https://doi.org/10.1016/j.bios.2020.112161. 

 


