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ABSTRACT 

Cardiovascular diseases (CVDs) cause significant mortality globally. Notably, CVDs 
disproportionately negatively impact underserved populations, such as those that are 
economically disadvantaged and often located in remote regions. Devices to measure cardiac 
biomarkers have traditionally been focused on large instruments in a central laboratory but the 
development of affordable, portable devices that measure multiple cardiac biomarkers at the 
point-of-care (POC) are needed to improve clinical outcomes for patients, especially in 
underserved populations. Considering the enormity of the global CVD problem, complexity of 
CVDs, and the large candidate pool of biomarkers, it is of great interest to evaluate and compare 
biomarker performance and identify potential multiplexed panels that can be used in combination 
with affordable and robust biosensors at the POC toward improved patient care. This review 
focuses on describing the known and emerging CVD biosensing technologies for analysis of 
cardiac biomarkers from blood. Initially, the global burden of CVDs and the standard of care for 
the primary CVD categories, namely heart failure (HF) and acute coronary syndrome (ACS) 
including myocardial infarction (MI) are discussed. The latest United States, Canadian and 
European society guidelines recommended standalone, emerging, and add-on cardiac biomarkers, 
as well as their combinations are then described for the prognosis, diagnosis, and risk 
stratification of CVDs. Finally, both commercial in vitro biosensing devices and recent state-of-
art techniques for detection of the cardiac biomarkers are reviewed that leverage single and 
multiplexed panels of cardiac biomarkers with a view toward affordable, compact devices with 
excellent performance for POC diagnosis and monitoring.   
 
KEYWORDS: Biosensors, point-of-care monitoring, commercial diagnostic devices, 
cardiovascular disease, cardiac biomarkers, multiplexed biomarker panel 
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1. Introduction 
 
Cardiovascular diseases (CVDs) are the leading global cause of death, accounting for 17.6 
million deaths in 2016, including 840,678 deaths in the United States (Benjamin et al., 2019). 
The American Heart Association (AHA) projected that by 2035, 45.1% of the US population 
would have some form of CVD, and the total costs of CVDs are expected to reach $1.1 trillion 
(RTI International, 2016).  
 
CVDs are known to disproportionately negatively impact underserved populations, such as those 
in economically disadvantaged regions, and these underserved populations often correspond to 
regions with large minority populations. The 2019 AHA statistics show that the presence of ideal 
cardiovascular health varies by race and ethnicity, where African Americans and Hispanics tend 
to have fewer metrics at ideal levels than other groups (Benjamin et al., 2019). Furthermore, 
African Americans are reported to have a higher CVD mortality than whites (Carnethon et al., 
2017). These disparities have been largely attributed to healthcare system factors including 
access to care, differential treatment, and referral patterns; as well as environmental factors such 
as socioeconomic status (Leigh et al., 2016). To improve cardiovascular health for all 
populations, including these most vulnerable underserved groups, technology-enabled healthcare 
systems that are easy to access, affordable, and deliverable across rural and urban communities at 
the point-of-care (POC) including clinics, ambulances, and even home settings is highly desired.  
Toward that end, the development of affordable, accurate, and timely POC CVD biosensors for 
diagnosis, prognosis, and/or monitoring targeting optimal biomarkers and multiplexed panels of 
biomarkers is critical.  
 
A primary class of CVDs, known as acute coronary syndrome (ACS), can be divided into three 
categories that ultimately dictate the biosensors that need to be developed and biomarkers that 
need to be monitored including: ST-elevated myocardial infarction (STEMI), non-ST-elevated 
myocardial infarction (NSTEMI), and unstable angina. In STEMI, the ST segment on an 
electrocardiogram (ECG) appears elevated when the coronary artery is completely blocked so 
that a large proportion of the heart muscle being supplied by that artery begins to die. This is the 
most severe form of ACS. Unstable angina is characterized as ACS in which a blood clot is not 
yet large enough, or does not persist long enough, to produce any evidence of heart muscle 
damage but symptoms are often produced without yet causing the heart muscle to die. Similarly, 
NSTEMI is characterized as a partial blockage in the coronary artery that leads to laboratory 
evidence of heart muscle damage but does not result in the ST segment of the ECG being 
elevated. People with NSTEMI or unstable angina have a risk of progressing to STEMI. Both 
STEMI and NSTEMI are subtypes of a broader term, myocardial infarction (MI). According to 
data from the National Health and Nutrition Examination Survey, between 2011 and 2014 the 
overall prevalence for MI is 3% in US adults ≥20 years of age (Benjamin et al., 2018). 
Moreover, the mortality rate for ACS/MI, based on an AHA calculation, is estimated that ~14% 
for people who experience an MI (Benjamin et al., 2018). AHA and ACC (American College of 
Cardiology) recommends the administration of therapy to eligible patients within 12 hours of the 
symptom onset and emphasizes that the gains from reperfusion are greatest in the first few hours 
of symptom onset and rapidly decline afterwards (Amsterdam et al., 2014). Thus, the early 
diagnosis of ACS/MI can lead to life-saving and life-extending interventions, where rapid 
treatment usually requires a less invasive intervention procedure and also leads to a much lower 
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mortality (Amsterdam et al., 2014; Lambert et al., 2010; O’Gara et al., 2013). For the current 
ACS/MI standard of care, timely detection of biomarkers from blood is important for deciding 
the need for hospitalization and assisting in the selection of an optimal treatment for patients 
presenting with chest pain (Amsterdam et al., 2014).  
 
Heart failure (HF), another type of CVD that could benefit from POC biosensing, is defined as a 
condition in which the heart cannot fill or pump blood properly due to any structural or 
functional cardiac abnormality (Yancy et al., 2013). Similar to ACS/MI, the prevalence and 
mortality of HF is problematic (Benjamin et al., 2019, 2018). It has been shown that the number 
of American adults ≥20 years of age who had HF increased from ~5.7 million between 2009 and 
2012 to ~6.2 million between 2013 and 2016 (Benjamin et al., 2019). Moreover, HF is 
responsible for 9% of the deaths attributable to CVD in the United States (Benjamin et al., 2018). 
In particular, both ACS and chronic coronary artery disease (CAD) can result in myocardial cell 
necrosis and fibrosis, which often restricts heart pumping ability and eventually can lead to HF 
(Mendis et al., 2011). In addition to CAD, high blood pressure and diabetes are also prevalent 
causes of the disease (Yancy et al., 2013). HF can be categorized as acute heart failure and 
chronic heart failure. Chronic HF refers to those patients with an established diagnosis of heart 
failure and can either remain in a compensated stable state, have recurrent acute exacerbations, 
or have a slow progression of the disease state to an end stage heart failure state (Ponikowski et 
al., 2016). Many patients get diagnosed initially with an Acute HF exacerbation and can have a 
rapid or indolent onset (first occurrence) of symptoms and/or signs of HF. In this paper, the 
general term HF will be used, unless the studies/guidelines specify the results are related to acute 
HF or chronic HF. The timely diagnosis and, perhaps more important, risk stratification of 
patients with HF is used to determine admission or discharge, the proper pharmacological 
treatment and/or proper device therapy (Yancy et al., 2017). Timely diagnosis is also used to 
determine when a cardiac assist devices or heart transplant is required. Based on American 
College of Cardiology Foundation (ACCF) and AHA guidelines, diagnosis and risk stratification 
depends on a combination of medical history, physical examination, ECG and diagnosis of blood 
biomarkers (Yancy et al., 2013).  

The standard of care for ACS/MI and HF requires the measurement of multiple cardiac 
biomarkers and their timely diagnosis or monitoring at the POC may provide for more effective 
treatment options. In the following sections, existing and emerging cardiac biomarkers for 
diagnosis, prognosis, and monitoring of ACS/MI and HF based on authoritative guidelines for 
clinical practice and recent clinical studies are first reviewed. Multi-marker panels and their 
clinical benefits are then discussed. The review then culminates in a discussion and evaluation of 
commercial CVD biosensors and recent research for detection and monitoring of these existing 
and emerging cardiac biomarkers and biomarker panels. 

2. Cardiac biomarkers: Guidelines and Categories  
 
The cardiac blood-based biomarkers that are recommended for ACS/MI and HF are based on 
recent clinical studies and authoritative guidelines for clinical practice from the American Heart 
Association (AHA), American College of Cardiology (ACC), European Society of Cardiology 
(ESC) and the Canadian Cardiovascular Society (CCS). In total, fourteen blood-based 
biomarkers are discussed.  Corresponding to the guidelines, in Table 1 the ACS/MI and HF 
focused biomarkers are listed in terms of Class of Recommendation (COR) and Level of 
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Evidence (LOE) for prognosis, diagnosis, and risk stratification. Further, the fourteen biomarkers 
are divided in Table 1 into three general categories: (1) six well-established standalone cardiac 
biomarkers with reasonable specificity for CVDs; (2) three emerging biomarkers with relatively 
high specificity; and (3) five add-on biomarkers, which individually may not be as specific, but 
in combination with other biomarkers can achieve better sensitivity, accuracy, earlier detection, 
and/or specificity. These cardiac biomarkers are also listed in Figure 1 along with their 
recommended clinical cut-off concentrations in ng/mL. As noted in Figure 1, the range varies 
considerably depending on the biomarker used and other factors such as age and risk tier.  In this 
review, sensitivity, specificity, accuracy, negative predictive value (NPV), and positive 
predictive value (PPV) are used to quantitatively show the clinical performance of biomarkers. In 
clinical studies, sensitivity refers to the percentage of people with the disease who are correctly 
identified by the test, specificity refers to the percentage of people without the disease who are 
correctly excluded by the test, and accuracy refers to the percentage that the positive/negative 
tests correctly indicate people with/without the disease. In addition, NPV is the percentage of 
patients with a negative test who do not have the disease, and PPV is the percentage of patients 
with a positive test who actually have the disease (Parikh et al., 2008).  
 
2.1. Established cardiac-specific biomarkers  
 
The six standalone, well-established and fairly specific, cardiac biomarkers for ACS/MI and HF 
defined in Figure 1 and Table 1, include cardiac troponin I (cTnI), cardiac troponin T (cTnT), 
high-sensitivity c-reactive protein (hs-CRP), B-type natriuretic peptide (BNP), N-terminal 
propeptide B-type natriuretic peptide (NT-proBNP), and mid-regional-fragment of pro-atrial-
natriuretic-peptide (MR-proANP).  
 
2.1.1 Established Biomarker Utility for ACS/MI:  
 
All three guidelines have identified cardiac troponin (cTn), referring to cTnI or cTnT, as the 
preferred biomarker for ACS/MI and the evaluation of myocardial injury (Table 1).  High-
sensitivity cTn (hs-cTn) assays are recommended for routine clinical use (Jneid et al., 2017; 
O’Gara et al., 2013; Thygesen et al., 2018). cTn is the primary, most sensitive and specific, 
biomarker for STEMI (O’Gara et al., 2013) and NSTE-ACS (Amsterdam et al., 2014). cTn is a 
protein released in blood when the cardiomyocytes are injured and both cTnI and cTnT can be 
used to identify cardiac myocyte damage, which could be caused by ACS/MI and HF (O’Brien et 
al., 2011). The cTn levels rise within a few hours of symptom onset and typically remain 
elevated for several days, therefore it is recommended to be measured in all patients with 
symptoms consistent with ACS at presentation and 3–6 h after symptom onset (Amsterdam et al., 
2014). ESC guidelines recommend measurement of hs-cTn in patients with suspected NSTE-
ACS and that the results be obtained within 60 mins (Roffi et al., 2016). Early cTn measurement 
(within 6 hours of arrival) is recommended for all patients with acute NSTEMI (Jneid et al., 
2017). Myocardial injury is defined as the detection of an elevated cTn value above the 99th 
percentile upper reference limit (URL), and the injury is considered acute if there is a rise and/or 
fall of cTn values (Thygesen et al., 2018). The 99th percentile value is assay dependent. For 
example, the cut-off of 0.027 ng/mL was used for a hs-cTnI assay (ARCHITECT i2000SR, 
Abbott) (Neumann et al., 2016); and the cut-off of 0.014 ng/mL was reported for hs-cTnT assay 
(Elecsys 2010, Roche) (Rubini Giménez et al., 2016).  Rule-in and rule-out criteria at 0 h varies 
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based on the decision algorithms, but typically hs-cTnT less than 0.005-0.012 ng/mL or hs-cTnI  
less than 0.002-0.006 ng/mL at 0 h are used to rule-out MI while hs-cTn ≥ 0.052 ng/mL are used 
to rule-in MI (Twerenbold et al., 2017). 
 
Beyond diagnosis, the presence and magnitude of elevation of cTn is also useful for short- and 
long-term prognosis in ACS (Amsterdam et al., 2014) and adds prognostic information to 
clinical and ECG variables for patients with NSTE-ACS for short- and long-term mortality  
(Roffi et al., 2016). While both hs-cTnI and hs-cTnT assays were reported to have comparable 
diagnostic accuracy, the latter provided greater prognostic accuracy (Roffi et al., 2016). 
Furthermore, for early risk stratification in ACS, serial cTn levels are recommended to be 
obtained at presentation and 3-6 h after symptom onset in all patients who present with 
symptoms consistent with ACS, in order to identify a rising and/or falling pattern of values 
(Amsterdam et al., 2014).  
 
BNP and NT-pro-BNP are recommended as an ACS biomarker (Amsterdam et al., 2014), 
specifically as a prognostic marker for early risk stratification, where they may be considered to 
assess risk in patients with suspected ACS. ESC also confirmed that extensively validated 
natriuretic peptides (NPs) provide prognostic information on top of cardiac troponin for ACS 
(Roffi et al., 2016; Thygesen et al., 2012). BNP is secreted in response to myocyte stretch 
(Kragelund et al., 2005) and thus more applicable to HF. BNP is synthesized as a prohormone 
(proBNP), which is then split into a physiologically active C terminal fragment (i.e., BNP) and 
an inactive N terminal fragment (i.e, NT-proBNP), with the latter exhibiting a longer half-life 
(Weber and Hamm, 2006). In addition, MR-proANP  has been recognized as a prognostic 
marker for ACS by ESC (Roffi et al., 2016; Thygesen et al., 2012). Due to its low receptor 
binding and protein interactions, MR-proANP is a stable and reliable NP biomarker (Savic-
Radojevic et al., 2017) and although recognized as a prognostic marker for ACS, is mostly 
indicative of HF.  
 
2.1.2 Established Biomarker Utility for HF:  
 
According to the guidelines from AHA (Yancy et al., 2017, 2013), CCS (Ezekowitz et al., 2017), 
and ESC (Ponikowski et al., 2016), cTn has been recommended as a prognostic marker for acute 
HF. However, the AHA emphasized that cTn responds similarly for ACS and acute HF, thus 
elevations in cTn must be interpreted in the clinical context for prognosis of acute HF (Yancy et 
al., 2017). For patients with chronic HF, AHA recommended measurements of hs-cTn for risk 
stratification additive to NP (Yancy et al., 2017). In a clinical study, a cut-off of 0.018 ng/mL for 
hs-cTnT, a lower level than for MI, was reported to be prognostic in chronic HF (Aimo et al., 
2018).   
 
Measurement of baseline levels of natriuretic peptides (NPs) on admission to the hospital is 
recommended across the board to establish a diagnosis for and prognosis of HF. AHA guidelines 
(Yancy et al., 2017, 2013) recommend the measurement of BNP or NT-proBNP for (1) 
ambulatory patients with dyspnea to support clinical decision making regarding the diagnosis or 
exclusion of HF; and (2) to establish prognosis or evaluate disease severity in both acute and 
chronic HF.  Moreover, measurement of NP levels is recommended for prognostic stratification 
in patients with an established diagnosis of HF, in view of optimizing medical therapy 
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(Ezekowitz et al., 2017). Further, the CCS guideline (Moe et al., 2015) suggests NP levels be 
used to implement strategies to prevent HF for individuals with risk factors for the development 
of HF.  
 
Defining clinical cut-offs for HF is complicated because multiple factors affect NP levels (Chow 
et al., 2017). To rule-out acute HF, clinical cut-offs of < 0.1 ng/mL for BNP and  < 0.3 ng/mL 
for NT-proBNP are recommended by AHA (Chow et al., 2017) and ESC (Ponikowski et al., 
2016). To rule-in HF, BNP with a single clinical cut-off of > 0.4 ng/mL is recommended by 
AHA (Chow et al., 2017) and CCS (Ezekowitz et al., 2017). As for NT-proBNP, age-related cut-
offs for HF are adopted by AHA (Chow et al., 2017) and CCS (Ezekowitz et al., 2017) to 
improve PPV, where 0.45, 0.9, and 1.8 ng/mL are recommended for <50 years, 50-75 years, 
and >75 years, respectively. In the non-acute setting, ESC (Ponikowski et al., 2016) guidelines 
recommend an upper limit for normal of 0.035 ng/mL for BNP and 0.125 ng/mL for NT-proBNP 
to rule-out HF. CCS (Ezekowitz et al., 2017) suggested BNP of 0.050 ng/mL and NT-pro-BNP 
of 0.125 ng/mL as clinical cut-offs for the screening of individuals at risk for the development of 
HF.  
 
MR-proANP  is recommended as a diagnostic marker for acute HF in the emergency department, 
as an alternative to BNP and NT-proBNP to help in the differentiation of acute HF from non-
cardiac causes of acute dyspnea with the upper limit of normal as 0.12 ng/mL (Ponikowski et al., 
2016).  However, similar to BNP and NT-proBNP, MR-proANP levels may be affected by age, 
race, sex, body mass index, or comorbidities such as atrial fibrillation (Maisel et al., 2010). AHA 
(Chow et al., 2017) recognizes MR-proANP as one of the cardiac biomarkers that is predictive of 
new onset HF if multi-variably adjusted for these factors.  
 
2.1.3 Established Biomarker Utility for Risk Prognostication in a Chronic Stage:  
 
High-sensitivity C-reactive protein (hs-CRP) is the most intensively studied inflammatory 
biomarker associated with CVDs (Greenland et al., 2010), and it has utility for risk stratification 
in CVDs (Genest et al., 2009; Goff et al., 2014; Perk et al., 2012).  CRP is a protein found in 
blood plasma, whose levels rise in response to inflammation. hs-CRP was crucial in both primary 
and secondary cardiovascular prophylaxis (Adukauskienė et al., 2016). Over 60 prospective 
cohort studies confirm that multiple inflammatory biomarkers are associated with future vascular 
risk in otherwise healthy populations (Ridker, 2014). Of these, hs-CRP is the standard for 
vascular risk prediction largely due to its ease of measurement and abundance of clinical data. 
According to Center for Disease Control guidelines, hs-CRP levels lower than 1 µg/mL, within 1 
and 3 µg/mL, and within 3 and 10 µg/mL are classified as indicating low, intermediate and high 
coronary risk, respectively (Pearson et al., 2003). Guidelines from ACC/AHA (Goff et al., 2014; 
Greenland et al., 2010), ESC (Perk et al., 2012), and CCS (Genest et al., 2009) all recommend 
the measurement of hs-CRP as part of refined risk assessment in patients with an unusual or 
moderate CVD risk profile. However, hs-CRP levels are affected by sex and ethnicity (Cushman 
et al., 2009).  
 

2.2. Emerging cardiac biomarkers  
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Emerging cardiac biomarkers of copeptin, soluble suppression of tumorigenicity 2 (sST2), and 
galectin-3 (Gal-3) have been recognized for their promising clinical value (Table 1).  Specifically, 
copeptin may be useful for both ACS/MI diagnosis and HF prognosis while sST2 and Gal-3 are 
primarily indicated for their potential for prognosis and risk stratification for HF.  
 
Copeptin has clinical value for the diagnosis of NSTE-ACS and MI when combined with cTn 
(Roffi et al., 2016). It is stoichiometrically co-secreted with vasopressin, however, it is 
significantly preferred over vasopressin due to its extended half-life in the blood making it easier 
to quantify (Morgenthaler et al., 2008). A clinical cut-off of 0.05 ng/mL was used in clinical 
studies (Möckel et al., 2015; Roffi et al., 2016). ESC guidelines (Roffi et al., 2016) emphasize 
that the additive value of copeptin to conventional cTn, non-hs, assays is substantial and thus the 
routine use of copeptin as an additional biomarker for the early rule-out of MI is recommended 
when only less sensitive cTn assays are available. When hs-cTn assays are available, copeptin 
may have some additive value in the early rule-out of MI (Roffi et al., 2016). However, the 
incremental value of copeptin over hs-cTn assays remains to be fully elucidated. Further, 
copeptin was recognized by AHA (Chow et al., 2017) as one of the cardiac biomarkers that aid 
in HF prognostication.  
 
sST2 showed high specificity and sensitivity as a cardiac biomarker for acute (Rehman et al., 
2008) and chronic HF (Bayés-Genís et al., 2017; Rehman et al., 2008). sST2 is overexpressed in 
specific pathologic conditions of myocardial stress or injury (Aleksova et al., 2019). Since the 
level of sST2 varies less as a function of age, sex, body mass index, or renal function, the AHA 
recommends the measurement of sST2 be considered for additive risk stratification among 
patients with HF (Chow et al., 2017; Yancy et al., 2017, 2013). The relative independence of 
sST2 from prevalent comorbidities represents its potential advantage for prognostication over the 
commonly used NPs (Chow et al., 2017). sST2 receptor is predictive of hospitalization 
(Ezekowitz et al., 2017; Moe et al., 2015), hence may provide additional prognostic value 
beyond NPs with suspected low week-to-week variations. The clinical cut-off of 35 ng/mL for 
HF was used in clinical studies (Chow et al., 2017; Gaggin et al., 2013) and a commercial IVD 
product (Boman et al., 2018).  
 
Gal-3 is associated with fibrosis and inflammation, and has been implicated in the development, 
early risk assessment, management, and progression of HF (Dong et al., 2018; Ezekowitz et al., 
2017).  The ACCF/AHA recommends Gal-3 as an emerging marker of myocardial fibrosis for 
HF in ambulatory and acute settings with the benefit of additive risk stratification (Yancy et al., 
2017, 2013), as it is predictive of hospitalization in patients with HF. Gal-3 concentrations of ≤ 
17.8, 17.9-25.9, and >25.9 ng/mL indicate low, intermediate, and high risk categories, 
respectively (Chow et al., 2017; Mueller et al., 2016). It is recognized that sST2 might be 
superior compared to Gal-3 in a multivariable risk prediction model (Ezekowitz et al., 2017; Moe 
et al., 2015).  
 
Despite their guideline recognition for use in multi-marker panels to assist in prognosis or risk 
stratification, no definite consensus has been reached on the clinical use of these emerging 
cardiac biomarkers, although data suggests that the predictive accuracy is significantly increased 
when the cardiac biomarkers are used together in a multi-biomarker panel (Chow et al., 2017).   
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2.3. Cardiac biomarkers that provide add-on value for CVDs 
 
Add-on biomarkers are typically not recommended in the guidelines as standalone cardiac 
biomarkers either due to their low specificity or sensitivity as an independent biomarker or due 
to limited repetitive evidence in clinical studies.  However, their value in multi-biomarker panels 
are demonstrated in clinical studies and in combination they may achieve better sensitivity and 
accuracy. Additionally, some markers may provide for earlier detection due to rapid release in 
the bloodstream or a longer half-life for late diagnosis (Kemp et al., 2004). Five biomarkers that 
provide these added features in multi-biomarker panels include: myoglobin (Myo), creatine 
kinase muscle/brain (CK-MB), myeloperoxidase (MPO), heart-type fatty acid-binding protein 
(h-FABP), and mid-regional-fragment of pro-adrenomedullin-peptide (MR-proADM). 
 
Myo and CK-MB  are both well-studied cardiac biomarkers for ACS, especially MI. Myo is a 
protein widely present in both the skeletal (low specificity) and cardiac muscle that rises rapidly 
when muscle injury occurs (MYTHILI and MALATHI, 2015), and reaches peak values 1-4 h 
after onset of STEMI (O’Brien et al., 2011). The clinical cut-off of Myo at 200 ng/mL led to a 
high NPV to rule-out acute MI (Melanson et al., 2004). CK-MB is well-known for its use with 
other biomarkers such as hs-cTn for diagnosis of acute MI due to its fast reaction time and good 
sensitivity (O’Brien et al., 2011). The clinical cut-off for serum CK-MB is 7.5 ng/mL (Melanson 
et al., 2004).  
 
MPO provides prognostic value for ACS, especially in patients testing negative using a hs-cTnI 
assay in the emergency department (Searle et al., 2013). MPO is an inflammatory enzyme that 
promotes weakening of the fibrous cap and results in the formation of vulnerable atherosclerotic 
plaques (Fong et al., 2015). Current lab testing of MPO targets individuals at intermediate or 
high risk for developing CVD, for which the clinical cut-offs of <63, 63-71.9, ≥72 ng/mL 
suggest low, moderate, and high risks, respectively (“MPO-Practitioner-One-Pager-CHL-D006b,” 
n.d.)  
 
The add-on diagnostic value of h-FABP has been reported for early detection of ACS with a cut-
off value of 6.2 ng/mL (Inoue et al., 2011; Reiter et al., 2013). h-FABP is highly sensitive to 
myocardial ischemic injury, and can be detected earlier than Myo, even as early as 1 h after acute 
MI (Ye et al., 2018). h-FABP is a protein that leaks out of myocardial tissue when myocardial 
ischemia occurs, and its plasma concentration reaches a peak value 8 h after onset of symptoms 
with a clearing time (i.e., returning to the reference range) within 36 h of onset (Reiter et al., 
2013). The add-on value of h-FABP as an MI biomarker in the presence of skeletal muscle injury 
and renal insufficiency has been demonstrated despite its low specificity (Morrow et al., 2007).  
 
MR-proADM  is an add-on biomarker for predicting HF or cardiovascular death (Khan et al., 
2007; Maisel et al., 2010; Tzikas et al., 2013). Adrenomedullin (ADM) is a vasodilatory peptide 
with potent hypotensive effects, and its concentration increase in plasma is associated with 
chronic HF (Maisel et al., 2010).  MR-proADM is a fragment of the prohormone of ADM and is 
released in equimolar concentrations as ADM (Vila et al., 2009). However, due to its longer half-
life compared to ADM, MR-proADM is more reliable for clinical use (Morgenthaler et al., 2005; 
Vila et al., 2009). The clinical cut-off of 2.96 ng/mL was reported for the prognosis of HF 
(Spinarova et al., 2018).  
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2.4. Multiplex panels of cardiac biomarkers and their clinical benefits 
 
Multi-biomarker panels have been reported for the diagnosis, prognosis, and risk stratification of 
ACS/MI or HF. The multi-biomarker panel can be composed of combinations of all three types, 
as summarized in Table 2. Multi-biomarker panels using established CVD biomarkers include 
the combination of NT-proBNP and cTnT, which showed a higher sensitivity compared to either 
marker alone in predicting adverse events (MI included) in ACS (Cameron et al., 2007). The 
combination of MR-proANP with cTnI improved early rule-out of NSTE-ACS (Tajsic et al., 
2018). The combination of BNP and MR-proANP showed improved performance in the 
diagnosis of acute HF compared to either marker alone (Maisel et al., 2010). MR-proANP has a 
slight, but significant, enhancement with BNP in the diagnostic performance for acute HF (Chow 
et al., 2017). BNP, cTnI and CRP form a triplex panel showing better prediction of major 
adverse cardiac events (MI and HF are included) after cardiac surgery versus each biomarker 
alone (Fellahi et al., 2009).  
 
Multi-biomarker panels with the emerging cardiac biomarkers are also identified and 
summarized (Table 2). The additive value of copeptin with cTn has been demonstrated for early 
rule-out of MI (Roffi et al., 2016) and improved performance in diagnosis of MI compared to 
cTn alone (Keller et al., 2010; Möckel et al., 2015; Ray et al., 2012; Roffi et al., 2016). sST2 was 
paired with NT-proBNP or CRP to improve risk stratification for HF events. Further, Gal-3 has 
been duplexed with BNP or NT-proBNP to improve the prediction of mortality in HF patients.  
 
The value of add-on cardiac biomarkers are widely reported in the literature for enhanced 
performance (Khan et al., 2007; Lassus et al., 2013)(McCann et al., 2008); (Viswanathan et al., 
2010); (Pelsers et al., 2005; Reiter et al., 2013) (Sawicki et al., 2011); (Inoue et al., 2011); 
(Morrow et al., 2008); (O’Donoghue et al., 2016) (Table 2). However, Myo, CK-MB, and cTn 
(cTnI or cTnT) is the panel most often used in hospitals to assess acute MI among patients with 
symptoms, such as chest pain (Ye et al., 2018). Despite the prevalence of these panels, new 
multi-marker strategies with higher sensitivities and specificities for CVD including acute MI 
diagnosis at very early stages of myocardial injury are still greatly needed (Ye et al., 2018).  
 

3. Commercial devices for cardiac blood biomarker detection 
 
As described below and in Table 3, several commercial single biomarker products have been 
developed for the detection of cardiac blood biomarkers with many approved by the Food and 
Drug Administration (FDA) in the United States or that have received the Conformité 
Européenne (CE) mark in Europe.  Sometimes these systems can measure multiple single 
biomarkers and there are also systems that combine multiple markers into a single cartridge or 
platform for a particular diagnosis like MI (Table 4).  
 
3.1 The use of POC devices for CVD blood-based biomarker detection  
 
POC tests that use handheld or benchtop devices, with simpler sample collection and preparation 
steps, can allow for more rapid results and improved patient management. Specifically, for 
common cardiac biomarker measurements, the turnaround time was reduced from 110 min using 
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centralized laboratory tests to 17 min using POC tests (Gaze, 2016). Clinical studies revealed 
that patients who received POC cardiac biomarker tests may also benefit from a reduced length 
of stay (Collinson et al., 2004; Goodacre et al., 2011) and higher chance of successful discharge 
home (Goodacre et al., 2011; Griffiths et al., 2015), due to a combination of rapid diagnosis and 
structured decision-making. For pre-hospital emergency care such as remote health centers, POC 
tests of multiple markers enabled more informed triaging of patients with acute medical 
presentations to a tertiary hospital and ruling out the need for hospital admissions (Spaeth et al., 
2017).     
 
Beyond simple treatment of CVD, in recent years the policy and guidelines have begun to shift 
toward CVD prevention through personalized treatment recommendations and cardiovascular 
risk reduction therapies (Arnett et al., 2019; Levine et al., 2019; Robinson and Ray, 2016). For 
this shift to occur, the POC measurement of not only the known biomarkers and multi-marker 
panels of CVD described above, but those that can be used to monitor risk factor such as hs-CRP, 
LDL-C and other lipid markers at the POC will be crucial for the quantitative CVD risk 
assessment. In particular, POC testing has been identified as a promising means to promote 
personalized CVD prevention by the National Heart, Lung, and Blood Institute Working Group 
(King et al., 2016). The use of POC tests for CVD risk assessment would enable clinicians to 
obtain immediate test results to facilitate clinician-patient discussion and decision-making, and 
relieve the burden of follow-up visits for patients. A recent study evaluated the effects of pre-
visit POC tests and quantitative CVD risk assessment immediately before a routinely scheduled 
primary care provider (PCP) visit (Karmali et al., 2017). Results suggested that the 
implementation of pre-visit POC tests are a feasible intervention, deemed highly acceptable by 
participants, and may promote guideline-recommended statin initiation in primary prevention.  
 
Beyond use in cardiovascular clinical care, POC tests can be used to expand quantitative data 
collection to broader populations, including more underserved or underrepresented groups, and 
therefore improve the generalizability of study results (King et al., 2016).  
 
One of the main hurdles preventing the adoption of POC tests is the high cost per assay (Gaze, 
2016; Plüddemann et al., 2012), despite reports that overall charges to patients may decrease 
with the implementation of POC tests due to reduced costs associated with boarding, pharmacy, 
and medical procedures. (Apple et al., 2006). Other challenges are related to sensitivity, 
robustness, ease of use, integration into clinical workflow (King et al., 2016), and the 
interpretation of test results obtained from capillary blood samples using finger-prick tests 
compared to venous blood samples (Gaze, 2016). Ideally, as first identified by the World Health 
Organization as the ASSURED criteria (Peeling et al., 2006) and later modified to REASSURED 
(Land et al., 2019), POC technologies should be or have; Real-time connectivity, Ease of 
specimen collection, Affordable by those at risk, Sensitive with very few false-negatives, 
Specific with very few false-positives, User-friendly tests that are simple to perform and 
require minimal training, Rapid, to enable treatment at first visit, and Robust, for example not 
requiring refrigerated storage, Equipment-free, and Delivered to those who need it.  
 
3.2 Devices for detection of standalone biomarkers with separate assays or cartridges 
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Commercial in vitro diagnostic (IVD) products for the measurement of individual cardiac 
biomarkers (Table 3a), can generally be separated into 4 categories namely; (a) handheld devices, 
(b) benchtop devices, (c) larger clinical lab systems, and (d) qualitative tests read by eye without 
the need of a reader. Note, there are also commercial assay kits available that have been 
approved for the detection of cardiac biomarkers in clinical settings. However, these products are 
not included in the table since they are assay kits that rely on manual steps and then are put in a 
standard microtiter plate, e.g., the ST2 Presage assay kit. The primary CVD biomarker 
measurement approach involves taking patient venous samples and testing them in central 
laboratories in a clinical setting using large systems. These include the 9 listed as type (c) lab-
system units or sometimes the 12 listed as (b) benchtop systems in Table 3a. The central lab-
based products possess powerful analytical capabilities, but the systems typically require larger 
sample sizes, prolonged turnaround times, skilled users, multiple often cumbersome steps, and 
are expensive. The benchtop systems typically provide shorter turn-around time and, although 
not as complex or expensive, are still at the size requiring a clinical bench top environment, are 
typically run by trained users, and often still have cumbersome steps, for example, that require 
pipetting of the sample. Thus, this also limits their role as a POC device outside the hospital or 
advanced clinic, especially in underserved and remote locations. However, handheld POC 
platforms as well as a few turn-key bench top systems provide shorter turnaround time and a 
smaller footprint, with the flexibility to be used outside centralized labs.  
 
Among the commercial IVD systems for clinical testing of single cardiac biomarkers, 15 devices 
have the potential to be used for POC testing and can be classified as either a handheld (3 type (a) 
units in Table 3a) or a benchtop (12 type (b) units in Table 3a) devices. The three handheld 
devices can individually monitor only 6 of the aforementioned 14 CVD biomarkers (and only 
three of those are FDA approved namely cTnI, BNP, and CK-MB).  Of the six total, 4 of them 
are from the 6 guideline recommended CVD biomarkers (i.e. excluded are hs-CRP or MR-
proANP), and 2 of them are from the 5 add-on CVD biomarkers (i.e. excluded are h-FABP, 
MPO, and MR-proADM) while none of the 3 emerging biomarkers (Gal-3, copeptin, and sST2) 
can be monitored with the commercially available hand-held devices. Further, the benchtop 
devices add 5 more of the 14 biomarkers (hs-CRP, h-FABP, MPO, Gal-3 and sST2) and most of 
these devices either are  FDA approved and/or have the CE mark. The CVD biomarkers that are 
only measurable using the lab-systems include MR-proANP (established), copeptin (emerging), 
or MR-proADM (add-on) and they are limited to one lab-based system namely the Thermo 
Scientific B·R·A·H·M·S. Due to the guideline recognition of MR-proANP as an independent 
established biomarker as well as the emerging copeptin and the good add-on value of MR-
proADM in a multi-biomarker panel, more commercial devices, especially POC devices, would 
be beneficial for their adoption in clinical use.  
 
The performance of the 15 devices that have some potential for use at the POC for a single 
biomarker are summarized in Table 3b. All of the 15 devices are based on immunoassays, which 
use antibodies as the recognition element. Fluorescence, chemiluminescence, electrochemistry, 
colorimetry, and turbidimetry, are the transduction modalities used in these devices. In addition, 
all of the devices provide results within 30 mins, indicating their ability to provide a relatively 
rapid result for diagnosis and risk stratification of ACS/MI and HF. Most of these devices are 
compatible with whole blood sample, except Mini VIDAS, DZ-Lite c270, and SMART/CUBE. 
These three devices use plasma or serum as the specimen, indicating a preprocessing step to 
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extract it from whole blood is needed. Among the devices compatible with whole blood samples, 
a chromatographic method is often used to achieve separation of blood from serum/plasma. The 
measurable concentration ranges of the 15 devices for BNP, NT-proBNP, hs-CRP, Myo, CK-MB, 
h-FABP, MPO, Gal-3, and sST2, cover their respective clinical cut-off values shown in Figure 1 
and Table 3b. In particular, the devices that are able to measure cTnI and cTnT can measure as 
low as 0.01 ng/mL, which is adequate for covering the cut-off values for diagnosis of MI. 
However, these devices are not sensitive enough to measure the cTn levels for early rule-out of 
MI (e.g. hs-cTnT <0.005 ng/mL or hs-cTnI <0.002 ng/mL). This may indicate that devices that 
can detect lower concentration of cTn  are still needed. In addition, the current handheld in vitro 
diagnostic products developed for CVDs (i.e.  i-STAT, Minicare I-20, and Cobas h232) target 
only a limited set of single cardiac biomarkers (cTn, BNP/NT-proBNP, Myo and CK-MB).  
Their accessibility also remains hindered by the high cost of the disposable cartridge, which can 
be a few hundred US dollars each. Further, 12 of these 15 devices are benchtop devices, and so, 
although they have the potential for POC clinics or emergency departments, typically with 
trained personnel, they are not adequate for home or ambulatory care.  Therefore, the 
development of multiplexed, affordable, and hand-held platforms for CVDs that could be used at 
the POC, particularly in the home or ambulance, are needed. 
 
3.3 Devices for multi-marker panels and their potential for POC 
 
Multi-biomarker panels combine the characteristics of different cardiac biomarkers to achieve 
better sensitivity, specificity, accuracy, and/or ability for early detection compared with 
individual biomarkers alone. Therefore, multi-marker panels could lead to improved decision-
making and disease management at different stages. To perform a multi-biomarker panel, 
traditional diagnostic workflows typically use single analyte assays and run several tests (i.e. 
separate biomarker cartridges for POC systems) for each biomarker. However, this approach 
may require more patient sample, higher reagent consumption, longer turnaround time, and 
higher assay cost. Therefore, a biosensor that detects multiple biomarkers simultaneously is 
highly desired.  
 
Commercial devices adopting multi-marker strategies are summarized in Table 4. They are 
divided into two primary types, namely; (1) qualitative tests without a reader and (2) those with a 
reader and quantifiable readout. Some devices have both readout mechanisms but all the devices 
equipped with readout systems are benchtop devices.  
 
As shown in Table 4, of the 15 commercial systems, cTnI is included in all multi-marker panels 
and CK-MB and/or Myo are very often included in the panels (13 out of 15 systems). Further, 
the triplex panel of cTnI, CK-MB, and Myo, targeting the rapid diagnosis of acute MI (AMI), is 
the most frequently used multi-marker panel for these devices. Of the two panels that do not 
include CK-MB or Myo, CardioDetect, is a duplex biomarker panel that takes advantage of the 
early concentration rises of h-FABP and the accuracy of cTnI to achieve early detection of AMI. 
Further, the Triage Cardio2 Panel is the second device that uses cTnI along with BNP for 
ACS/MI or HF diagnosis. There are two commercial products that adopt a four-plex panel with 
three biomarkers in common (cTnI, CK-MB, and Myo), where Nano-Check AMI 4-in-1 adds 
NT-proBNP for diagnosis of acute MI and Randox Biochip Array Technology adds h-FABP for 
the diagnosis and risk stratification of MI and ACS.  
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Only 3 devices in Table 4 are not exclusively indicated for AMI namely, the Randox Biochip 
Cardiac Array for ACS and Triage Cardio2 and Cardio3 Panel for ACS/HF/MI. Although limited 
devices are available for HF, POC devices for HF are needed to help confirm a clinical diagnosis 
of HF in patients presenting in community clinics or urgent care settings and for use as a rapid 
test to rule out patients from being hospitalized. Moreover, POC cardiac biomarker devices could 
provide a tool for the periodic monitoring and assessment of CVD risk factors, help the patient or 
health care provider in clinical prognostication, and help to address healthcare challenges, 
particularly among underserved and/or remote populations. 
 
All the commercial multiplex devices summarized in Table 4 use immunoassays, with antibodies 
as the recognition element and either fluorescence, chemiluminescence, or colorimetry as the 
transduction modality. The most common technology is a chromatographic assay based on 
antibody capture and gold particles to produce a colorimetric change. Specifically, in this 
platform the biomarker is captured by a test line on a paper strip and antibody functionalized 
colloidal gold is bound to the test line and is displayed as a reddish line. Using this technique, 
either multiple test lines are designed in one test strip for each biomarker or multiple paper strips 
are assembled in one cartridge for a multiplexed detection. The Triage Cardiac Panel also puts 
multiple test zones for each biomarker in a microcapillary, where target biomarkers react with 
reagents and the amount of biomarker affects fluorescence intensity. Notably, the lower end of 
the detection range of cTnI achieved with the Triage Cardiac Panel series are lower than that of 
Nano-Check AMI series. This may be related to more sensitive assays typically achieved using 
fluorescence as the transduction element rather than using colorimetry. The Randox Biochip 
Cardiac Array uses a solid biochip with multiple reaction vessels to produce a chemiluminescent 
immunoassay. The Fluoro-Check AMI 3 in 1 uses a time resolved fluorescence method to 
achieve multiplexed detection. Most of the devices in Table 4 are compatible with whole blood 
samples, except the Randox Biochip Cardiac Array, Nano-Check AMI 2 IN 1 (ND-CD201S and 
ND-CD202P), and Nano-Check AMI 3 IN 1 (ND-CD301S). These four devices use plasma or 
serum as the specimen, requiring a preprocessing step to extract plasma or serum from whole 
blood. Among the devices compatible with a whole blood sample, either the chromatographic 
method or microcapillaries in a cartridge are used.   
 
All of the devices achieve reasonable time responses of 15-20 minutes and use sample volumes 
between 75 and 800 microliters. The measurable concentration ranges of the quantitative devices 
cover the respective clinical cut-off values for Myo, CK-MB, BNP, NT-proBNP, and h-FABP 
shown in Figure 1. However, similar to the single biomarker commercial devices, although the 
quantitative devices are able to measure cTnI as low as 0.01 ng/mL, the detection ranges do not 
cover the levels for early rule-out of MI (0.002 ng/mL). 
 
Of the 15 devices only the Triage Cardiac Panel has both FDA and CE Mark certification for 
quantitative detection of biomarkers for AMI.  There are 2 others that have FDA approval for 
quantitative detection (Nano-check AMI 2 IN 1 and Nano-Check AMI 3 IN 1) and 1 for 
qualitative detection (LifeSign 2-in-1).  There are four others that have only CE mark approval 
(RapidCard and Inchroma II for AMI and Triage Cardio2 and Cardio3 for ACS/MI/HF).   

Overall, not only are several of these commercial multi-marker panels lacking certification, there 
is a gap between the commercially available multi-marker products and the panels recommended 
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in clinical studies, namely, none of these commercial devices use MR-proANP, hs-CRP, MPO, 
MR-proADM, copeptin, Gal-3, or sST2, in the multi-marker panels. More sensitive cTn assays 
are needed to measure low levels of cTn for HF prognosis, and even lower levels for early rule-
out of MI. The development of a multiplexed, affordable, hand-held platform for ACS/MI that 
could be used at the POC, for example in an ambulance, are needed. Moreover, there is a great 
need and lack of affordable, hand-held, POC devices multi-marker IVD products for monitoring 
HF, especially in the home, for use in long-term CVD prognostication and risk stratification.  

 

4. Recent research platforms for cardiac biomarker detection 
 
As highlighted in previous sections, there is a need for lower limit of detection (LOD) biosensors 
(e.g. for cTn) and lower cost and POC-compatible multiplexed tests. Described in this section are 
the published research articles within the last 5 years tackling cardiac POC biosensing 
technologies.  We focus on biosensing mechanisms that have shown demonstrated performance 
beyond initial testing in buffer (i.e., those with validation in complex biofluids, such as human 
serum, plasma, or patient samples). The biosensing technology employed, key performance 
metrics, and unique features towards POC applications are summarized in Table 5. Note, in this 
section and Table 5, LODs reported may be calculated using different methods.  
 
4.1 Cardiac biomarker detection research toward overcoming commercial system 
limitations  
 
Similar to commercial devices, most of the research platforms developed for cardiac marker 
detection that fit our selection criteria have still focused on guideline recommended markers such 
as cTn (Ceylan et al., 2018; Sinha et al., 2019; Su et al., 2019; Xu et al., 2020; Zhang et al., 2018; 
Zong et al., 2017), BNP (Ceylan et al., 2018; Li et al., 2019), NT-proBNP (Sinha et al., 2019; Su 
et al., 2019) and CRP (Ballard et al., 2020; Boonyasit et al., 2019; Ouyang and Di Carlo, 2019; 
Sinha et al., 2019), as well as widely used add-on markers such as Myo (Zhang et al., 2018) and 
CK-MB (Xu et al., 2020; Zhang et al., 2018). In comparison, other emerging and add-on markers 
received less attention. A few biosensors have been developed for copeptin (Li et al., 2020), Gal-
3 (Primo et al., 2018), sST2 (You et al., 2017) and MPO (Wen et al., 2018), but are rarely 
reported for MR-proADM and MR-proANP. Research platforms targeting single emerging 
markers have been reported toward proof-of-concept for platforms with simplified assay 
workflows as an alternative to the conventional multi-step assays conducted in centralized 
laboratory settings (Primo et al., 2018; Wen et al., 2018).    
 
Compared to commercial devices, where the transduction element is mainly focused on 
colorimetric and fluorescence based readouts, the research platforms show more variety, 
including the use of capacitive, impedance, and current gain as well as using other optical 
approaches such as localized surface plasmon resonance (LSPR) and surface-enhanced Raman 
spectroscopy (SERS) to improve the detection limit. Among all targeted cardiac biomarkers, cTn 
with its lower pg/mL clinical cutoffs, has been a primary focus since it is one of the most 
challenging to detect, especially for platforms with label-free readout and short incubation times. 
In the work of Ceylan et al., the detection of cTn in clinical samples is comparable or even lower 
than the commercial systems (0.01 ng/mL) using a label-free electrical readout (e.g., capacitance) 
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approach (Ceylan et al., 2018). The work of Sinha et al. achieved 0.001 ng/mL lower detection 
limit in buffer, using a field-effect-transistor based sensing modality with current gain as the 
readout (Sinha et al., 2019). This platform demonstrated a recovery rate of 96-107% for spiked 
Troponin I in clinical samples with a 5 min assay time without the need for sample dilution. The 
work of Zhang et al. used nanoparticles and Raman to reach lower detection limits on a paper-
based lateral flow assay and were able to achieve a comparable (0.01 ng/mL) detection limit 
(Zhang et al., 2018). Another cTnI detection platform employing a plasmonic gold nano-island 
sensing array demonstrated a 130-fold signal enhancement using near-infrared enhanced 
fluorescence as a readout, and further demonstrated clinical performance with a sensitivity of 
100% and specificity of 95.54% for MI diagnosis, which outperformed standard 
chemiluminescence commercial immunoassays (Xu et al., 2020). Su et al. also used metallic 
nanoparticles for near field coupling enhanced Raman and reported a 1 fg/mL lower detection 
limit in buffer (Su et al., 2019). This platform was validated using plasma, and achieved 
acceptable agreement with results obtained using the dot immunogold filtration assay. In 
addition, a chemiluminescence approach was reported for the detection of cTnI using a paper-
based vertical flow assay, achieving a 0.5 pg/mL detection limit in buffer (Li et al., 2020). 
Another chemiluminescence platform targeting cTnT achieved a detection limit of 3 fg/mL in 
buffer (Zong et al., 2017). This platform used DNAzyme and antibody conjugated silver 
nanoparticles as a reporter. Even though the assay time is relatively long, i.e., 65 min, the 
ultrasensitive performance makes the system very competitive. 
 
With the advent of sophisticated computational approaches, another means of enhancing the 
signal beyond using a more sensitive transduction element is to use machine learning in a multi-
spot imaging platform as reported by Ballard et al. (Ballard et al., 2020).  In this research, a 
paper-based multi-spot, vertical flow assay equipped with a hand-held colorimetric reader and 
machine learning framework for detection of the full range of CRP was used to improve the 
readout capability, sensing linearity, and to avoid the hook effect for high concentrations of 
antigen. It also was able to uniquely measure the low concentration region implicated for CVD 
risk stratification. It is envisioned that a similar computational imaging system could be used 
with multiple spots of various analytes spatially separated in an array. Furthermore, a unique 
swarm biosensing platform that detects analyte based on the change in the plasmonic signal from 
thousands of individual single nanoparticles (Ouyang and Di Carlo, 2019) is another means of 
enhancing quantitative accuracy. This particular platform demonstrated the successful 
differentiation of the 3-tier clinical cutoffs for CRP in serum using hue as the readout.  
 
Beyond trying to improve sensing capability compared to commercial devices using enhanced 
signal transduction, computational, and unique swarm sensing approaches, the literature research 
has explored the use of alternative recognition elements, such as aptamers (Sinha et al., 2019) 
and chemical-based recognition, e.g., calcium-dependent binding affinity of CRP for 
phosphocholine (Boonyasit et al., 2019). Rather than widely adopted antibodies, aptamers reduce 
reagent cost, provide better functional stability, and increase shelf life, especially at ambient 
conditions (i.e. without the need for refrigeration). While the use of aptamers was demonstrated 
for a multiplex panel, they do pose concerns with cross-reactivity.  
 
4.2 Research platforms for multiplex cardiac biomarker detection 
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For multi-marker detection, most of the research platforms surveyed achieved triplex or higher 
multiplexing. The detection of a 6-plex panel composed of two cardiac markers (e.g., cTnI, BNP) 
and additional markers (e.g. fibrinogen, TNF-α, SAA, IL-6) was demonstrated using a circular 
interdigitated capacitive array (Ceylan et al., 2018). Using a hand-held reader with a sensor 
embedded in a cartridge, this platform achieved 10 pg/mL and 50 pg/mL LOD for cTnI and BNP, 
respectively, with a 30 min assay time. Sinha et al. demonstrated a diverse panel of 4 markers for 
CVD risk assessment, which used a field-effect-transistor based system with a wide detection 
range spanning from pg/mL for cTnI and NT-proBNP, to µg/mL for CRP, and further mg/mL for 
fibrinogen (Sinha et al., 2019). This platform had a rapid assay time (5 min) and a portable 
system to automate the detection process. Zhang et al. achieved 3-plex detection of the 
commonly used AMI panel (cTnI, Myo, and CK-MB) using a paper-based lateral flow assay 
(Zhang et al., 2018). Using Raman dye encoded core-shell SERS nanotags, multiplex detection 
was demonstrated on a single test line, which shortened the assay time compared to their 
previous systems that required individual test lines for each biomarker. Another triplex device 
targeting AMI employed a more novel panel of markers, (cTnI, h-FABP, and copeptin) (Li et al., 
2020). This paper-based assay employed a dual-signal amplification strategy using Co(II)-
antibody-luminol-AuNPs, and achieved 20-fold signal enhancement compared to that of HRP-
based amplification. It achieved a wide detection range, i.e., pg/mL to μg/mL for cTnI and h-
FABP, and pg/mL to mg/mL for copeptin. A duplex platform targeting BNP and sST2 was 
developed to aid the prognosis of HF at the POC (You et al., 2017). This paper-based lateral flow 
assay used dual-color core-shell NPs to enhance fluorescence readout, and successfully detected 
a minimum concentration of 29.92 ng/mL for ST2 and 17.46 pg/mL for BNP in clinical samples.  
 
The most popular multiplexing strategy has been spatial-based approaches, where different spots 
or lines are functionalized with individual capture probes in 1D or 2D array formats. However, 
for higher degrees of multiplexing, simultaneous detection of multiple markers within an area but 
separated instead by the transduction element (i.e. surface enhanced Raman peaks with different 
Raman reporters or swarm sensing with different sized and shaped particles) could provide a 
smaller footprint for the device, require less sample volume, and achieve a faster detection time. 
Such spectral encoding is a commonly used approach, but it tends to increase reagent cost, and 
typically relies on high performance multi-channel optical sensing systems for accurate 
classification. Instead, one promising strategy to achieve higher multiplexing while maintaining 
low cost is to use shape-coded particle based assays, which enables multiplex detection with 
simpler readout, e.g., either amplified signal in nanoliter droplets with bright field and a single 
fluorescent channel (Destgeer et al., 2020), or precipitation based colorimetric assays with color 
readout within the visible spectrum (Roh et al., 2020).  
 
Compared to the multiplexed commercial devices in Table 4 that primarily rely on benchtop 
readers for quantitative readout, the multiplex research platforms achieved either similar 
benchtop portable systems but that automate the detection process (Sinha et al., 2019) or hand-
held readers (Ceylan et al., 2018) including smartphone based portable readers (Ballard et al., 
2020; You et al., 2017). The multiplexed research platforms also demonstrated more diverse 
sensing modalities and labeling (or label-free) strategies, and led to the successful detection over 
a wider concentration range, which provided flexibility in choosing biomarker combinations and 
targeted CVD types. Some of the research platforms demonstrated a higher degree of 
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multiplexing, i.e., 4-6 markers, compared to 3-4 markers in commercial products, which is 
promising for future development of higher-level multiplexed commercial platforms.  
   
4.3 General challenges of research biosensor platforms for cardiac biomarker detection 
 
Although many of the new recognition approaches for the biosensors being researched (Table 5) 
show comparable or considerably enhanced detection limits and demonstrated their sensing 
capabilities in complex biofluids, potential reasons limiting their adaptation for commercial POC 
applications may include the difficulty of miniaturizing the accompanied readers and reducing 
the overall cost. Further, some require the dilution (typically 10-fold) of the sample before 
detection, which adds another step to the workflow, and the performance could be affected by 
the dilution factor. Many of the research platforms still rely on the manual handling of the 
sample and require additional lab equipment in-between steps. The simplification and integration 
of sample preparation steps would be key towards the development of POC devices. Although 
some research approaches that perform multiplexed sensing use minimally-instrumented readers 
and low cost sample handling with paper-based assays show promising results (Jiang et al., 2019; 
Joung et al., 2019), several reported research platforms require the use of a conventional lab-
based microscope or other large-scale equipment for measurement. These comprehensive 
systems typically provide an excellent signal to noise ratio but the performance when 
miniaturized where typically less sophisticated readers are implemented for POC testing could 
compromise the enhanced signals observed. Further, commercial multiplexed devices have 
demonstrated a consistently shorter assay time (12-20 min), where certain research platforms still 
struggle to meet this requirement for POC use. Also, the reliability and reproducibility of 
research platforms, specifically with patient samples, needs more comprehensive testing.  The 
cardiac marker choices used for research platforms still remain too focused on the guideline-
recommended and widely adopted marker panels in the commercial sector and, although the 
research shows strides especially in detection limits, these approaches should be further 
expanded and applied to the less investigated emerging cardiac biomarkers and multi-marker 
panels in a clinically relevant setting to assess whether they provide improved diagnostic or 
prognostic performance.  
 

5. Summary and Future Perspectives 
 
The measurement of cardiac biomarkers in blood is an important part of the standard of care, 
particularly for ACS/MI and HF. Based on guidelines for clinical practice and clinical studies, 
cTn, NPs, and CRP are recommended cardiac biomarkers and fairly specific to ACS/MI or HF. 
Specifically, cTnI and cTnT are the preferred biomarker for ACS/MI and the evaluation of 
myocardial injury, and also recommended as prognostic markers for acute HF. BNP and NT-
proBNP are recommended cardiac biomarkers to establish a diagnosis and prognosis in HF, as 
well as prognostic markers for early risk stratification of ACS. MR-proANP is recognized as a 
prognostic marker for ACS and as a diagnostic marker for acute HF. hs-CRP is an inflammatory 
biomarker and used for risk stratification in CVDs. Emerging biomarkers include copeptin, 
which may be useful for both ACS/MI diagnosis and HF prognosis, and sST2 and Gal-3, which 
are promising for prognosis and risk stratification of HF. Biomarkers like CK-MB and Myo are 
also proven add-on biomarkers for clinical decision making, particularly for MI. 
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Besides the above protein biomarkers described in the guidelines, it should be noted that several 
other types of cardiac biomarkers are being studied including; microRNAs such as miR-1, miR-
499 and miR-133 that are implicated in the diagnosis of acute MI (Chen et al., 2019) and HF 
(Vegter et al., 2016). Several fatty acids, such as F2 isoprostanes and trans-18:1 are also reported 
as potential biomarkers for ACS and CVD risk stratification (Osman et al., 2019). Exosomes 
derived from different immune cells or cardiomyocytes are also emerging as clinical cardiac 
biomarkers due to their in vitro stability (Wu et al., 2019).  
 
Many factors contribute to the evaluation of a cardiac marker for the development of in vitro 
diagnostic tests. Sensitivity, accuracy and specificity are undeniably the most important criteria, 
and the cardiac troponins and BNP/NT-proBNP remain the dominant cardiac markers in terms of 
these criteria for ACS/MI and HF diagnostics, respectively. However, although CK-MB and 
Myo have lower specificity, because of their relatively rapid change with muscle damage, 
sensitivity, and maturity as well-studied markers, they are proven add-on biomarkers for clinical 
decision making. Thus, many commercial cardiac biosensing products have been developed with 
both high specificity markers and add-on biomarkers in multi-marker formats. The rapid change 
of the these add-on markers are favorable for AMI but the longer half-life of NT-proBNP, NT-
proANP, MR-proADM, and copeptin are also favorable for clinical use like HF since this 
provides a longer detection window and more reliable quantitative results. Further, multi-
biomarker panels can be used to combine the characteristics of different cardiac biomarkers to 
achieve better sensitivity, specificity, accuracy, or earlier detection compared with individual 
biomarkers alone, therefore leading to improved decision-making and disease management at 
different stages.  
 
There are commercial triplex biomarker panels focused on traditional biomarkers (e.g. cTn, Myo, 
and CK-MB) mostly for MI devices but the majority of commercial systems focus on single 
biomarker detection. These single marker POC systems are mostly bench-top with expensive 
cartridges and, although the quantitative commercial devices are able to measure cTnI as low as 
0.01 ng/mL, the LODs are not sufficient for early rule-out of MI (0.002 ng/mL). The biosensors 
currently being investigated in the research literature are showing equivalent or lower LOD 
relative to the commercial systems mostly through different transduction mechanisms like SERS 
with nanoparticles but also using innovative computational imaging including deep learning or 
swarm sensing across a number of individual reaction sites or nanoparticle sensors. Further, 
some investigators are beginning to explore other recognition elements like aptamers for better 
stability and long term storage at ambient conditions.  Overall, there is still work to be done 
particularly in the development of affordable and portable POC devices that can quantifiably and 
robustly detect emerging multi-marker panels that show improved clinical outcomes.  
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Figure 1. Clinical cut-offs of the fourteen cardiac biomarkers discussed in this review. Cardiac 
troponin I (cTnI), Cardiac troponin T (cTnT), B-type natriuretic peptide (BNP), N-terminal 
propeptide B-type natriuretic peptide (NT-proBNP), Mid-regional-fragment of pro-atrial-
natriuretic-peptide (MR-proANP), High-sensitivity c-reactive protein(hs-CRP), Soluble 
suppressor of tumorgenicity 2 (sST2), Galectin-3 (Gal-3), Myoglobin (Myo), Creatine kinase 
muscle/brain (CK-MB), Myeloperoxidase (MPO), Heart-type fatty acid-binding protein (h-
FABP), and Mid-regional-fragment of pro-adrenomedullin-peptide (MR-proADM), acute heart 
failure (AHF), chronic heart failure (CHF). The clinical cut-offs (marked as category a-c) are 
age-dependent, where 0.45, 0.9, and 1.8 ng/mL are recommended for <50 years, 50-75 years, 
and >75 years, respectively. 
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Table 1. A list of cardiac biomarkers discussed in this review. 
♠ USA (AHA/ACC) ♣ Europe (ESC) ♦ Canada (CCS) 

CARDIAC BIOMARKERS BY 
CATEGORY 

BIOMARKER UTILITY 
DIAGNOSTIC MARKER PROGNOSTIC MARKER RISK STRATIFICATION 

Established Cardiac Specific 
Biomarkers  

Cardiac troponin I (cTnI ) 
 

Cardiac troponin T (cTnT) 

MI 
♠ ♣   

ACS 
♠ (Class I, LOE A) 
♣ (Class I, LOE A) 

♦ 

ACS 
♠ (Class I, LOE B) 

 

ACS 
♠ (Class I, LOE A) 

 

 

Acute HF 
♠ (Class I, LOE A) 
♣ (Class I, LOE C) 

♦ (Strong Recommendation, 
High-Quality Evidence) 

Chronic HF (a) 
♠ (Class IIb, LOE B-NR) 

♦  

B-type natriuretic peptide (BNP) 
 

N-terminal propeptide BNP  
(NT-proBNP) 

 ACS 
♣ 

ACS 
♠ (Class IIb, LOE B) 

HF 
♠ (Class I, LOE A) 
♣ (Class I, LOE A) 

♦ (Strong Recommendation, 
High-Quality Evidence) 

HF 
♠ (Class I, LOE A) 

♦ (Strong Recommendation; 
High-Quality Evidence) 

HF 
♠ (Class IIa, LOE B-R) 

♦ 

High-sensitivity c-reactive protein  
(hs-CRP)   

CVDs 
♠ (Class IIa/b, LOE B) 
♣ (Class IIb, LOE B) 
♦ (Class IIa, Level B) 

Mid-regional-fragment of pro-atrial-
natriuretic-peptide 

(MR-proANP ) 

 
ACS 

♣  

Acute HF 
♣ (Class I, LOE A) 

HF (a) 
♠  

Emerging Cardiac Biomarkers  
Soluble suppressor of tumorgenicity 2 

(sST2)  HF (a) 
♠ ♦ 

HF (a) 
♠ (Class IIb, LOE B-NR) 

Galectin-3 (Gal-3)  HF (a) 
♠ (Class IIb, LOE B-NR) 

HF 
♦ 

HF (a) 
♠ (Class IIb, LOE B-NR)  

Copeptin 

MI (a) 
♣   

ACS (a) 
♣   

 Acute HF (a) 
♠  

Add-on Cardiac Biomarkers  
Myoglobin (Myo) MI (a)   

Creatine kinase muscle/brain (CK-MB ) MI (a) 
♣   

Heart-type fatty acid-binding protein  
(h-FABP) 

MI (a) MI (a)  
ACS (a)   

Myeloperoxidase (MPO) 
ACS (a)  ACS (a) 

 Chronic HF (a)  
Mid-regional-fragment of pro-

adrenomedullin-peptide (MR-proADM )  HF  Acute HF (a) 

MI : Myocardial Infarction; ACS: Acute Coronary Syndrome; HF: Heart Failure  
(a) – Additive: Biomarkers are recommended in the guideline to be used together with other major markers, not by itself as a single marker, 
therefore providing “additive” effect. The “additive” value could be diagnostic/prognostic/risk stratification depending on the marker.  
In an effort to align patient care with scientific evidence (Jacobs et al., 2013), the recommended classification system as defined by the American 
Heart Association (AHA ), American College of Cardiology (ACC), European Society of Cardiology (ESC) and the Canadian Cardiovascular 
Society (CCS) is categorized by the class of the recommendation (COR) and level of evidence (LOE ) when applied to diagnostic testing for 
patient care. AHA/ACC and ESC identify three classes of recommendation that range from Class I that has a high benefit to risk ratio down to 
Class III that indicate the risks outweigh the benefits. The CCS has a two-tier classification system namely Strong or Weak. Similarly, AHA/ACC 
and ESC have three levels of evidence with slight differences in definition, ranging from Level A-high quality evidence to Level C-consensus of 
opinion of the experts. CCS has four levels of evidence categories that range from High, Moderate, Low, and Very Low.  
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Table 2. Combinations of cardiac biomarkers for improved clinical performance. 

CVD 
Type 

Multi-
Biomarker 

Panel 

Clinical 
Improvement Specific Add-on Values in Clinical Studies 

ACS 
/MI 

cTnI + 
MR-proANP  

Early rule-out of 
NSTE-ACS 

This panel increased the NPV from 97% (MR-proANP alone) and 98.3% (cTnI alone) to 100% in 
patients presenting within 2 hours from their symptom onset. (Tajsic et al., 2018) 

cTnT +  
NT-proBNP 

Prognosis of 
adverse events in 

MI 

This panel showed a higher sensitivity (78.6%) compared to either marker alone (50% for cTnT, and 
69.0% for NT-proBNP) in predicting adverse events, e.g., death, MI and unstable angina etc, that 
occurred within 30 days in patients with suspected ACS. (Cameron et al., 2007) 

cTnT + 
copeptin 

Diagnosis of acute 
MI 

Compared to cTnT alone, this panel provided higher AUC (0.9 vs. 0.77), sensitivity (85.1% vs. 
43%), and NPV (92.4% vs. 82.4%) for acute MI within 3 hours after chest pain onset. (Keller et al., 
2010) 

cTnI or cTnT 
+ copeptin 

Diagnosis of MI 
Early rule-out of 

MI 

The combination of normal levels of cTnI or cTnT together with low levels of copeptin at 
presentation showed NPV of up to 99% for MI, obviating the need for serial testing in selected 
patients (Möckel et al., 2015; Ray et al., 2012; Roffi et al., 2016). Furthermore, copeptin may 
provide additive value even over hs-cTnI/hs-cTnT in the early rule-out of MI. (Roffi et al., 2016) 

cTnT + Myo + 
CK-MB   

Diagnosis of acute 
MI 

Myo is added to the panel for its high sensitivity for acute MI in the early stages (Lindahl et al., 
1995; Ye et al., 2018). CK-MB is added to provide additive value for the timing of the myocardial 
injury and the detection of early reinfarction. (Roffi et al., 2016) 

cTn + CK-MB  Diagnosis of MI 
CK-MB provides additive value for the timing of the myocardial injury and the detection of early 
reinfarction due to its more rapid decline after MI as compared to cTnI/cTnT. (Roffi et al., 2016) 

cTnT + 
h-FABP 

Early rule-out of 
acute MI 

This panel provided a higher sensitivity (85%) compared to h-FABP alone (73%) or cTnT alone 
(55%), and improved NPV (91% combined v.s.74% h-FABP or 81% cTnT).(McCann et al., 2008) 

cTnI +  
h-FABP 

Prognosis of death 
or MI 

h-FABP showed additive value to cTnI in predicting adverse events (death or MI) in low- and 
intermediate-risk patients with suspected ACS. (Viswanathan et al., 2010) 

MPO + 
 h-FABP 

Diagnosis of ACS 
Within the first 2 hours after the onset of chest pain, the specificity of this panel (84.2%) was much 
higher compared to MPO (<75%) or h-FABP(<70%) alone, and the sensitivity of the combination 
(69.2%) was higher than hs-TnT alone (<60%). (Inoue et al., 2011) 

cTnI + MPO Diagnosis of ACS 
This panel showed a higher sensitivity (56%) in diagnosis of ACS compared to cTnI alone (31%) in 
patients with unstable angina. (Sawicki et al., 2011) 

cTnI + BNP + 
MPO 

Risk stratification 
after the onset of 

NSTE-ACS 

This panel showed a better ability for risk stratification of recurrent ischemic events 30 days after the 
onset of NSTE-ACS. (Morrow et al., 2008) 

HF 

BNP +  
MR-proANP  

Diagnosis of acute 
HF 

This panel showed higher accuracy (76.6%) in the diagnosis of acute HF compared to BNP (73.6%) 
and MR-proANP (72.7%) each alone. (Maisel et al., 2010) 

NT-proBNP + 
sST2 

Risk stratification 
in HF 

This panel improved risk stratification and provided a better prediction of later mortality and HF 
events in long-term follow-up of stable ischemic heart disease. (Richards et al., 2015)  

NT-proBNP + 
Gal-3 

Prognosis in acute 
HF 

This panel improved ability in predicting short-term mortality in patients with acute HF. Specifically, 
within 60 days, the subjects with elevation in both Gal-3 and NT-proBNP showed higher rates of 
death than either of the two biomarkers alone. (van Kimmenade et al., 2006) 

CRP+ sST2 
Risk stratification 

in acute HF 
This panel improved risk stratification of patients with acute HF to predict 30-day and one-year 
mortality. (Lassus et al., 2013) 

NT-proBNP + 
MR-proADM  

Prognosis of HF 
This panel yielded a stronger prognostic value than individual biomarkers, for predicting death or 
HF after onset of acute MI. (Khan et al., 2007) 

CRP + MR-
proADM  

Risk stratification 
in acute HF 

This panel improved risk stratification in patients with acute HF by predicting 30-day and one-year 
mortality. (Lassus et al., 2013)  

BNP + MPO 
prognosis of 
chronic HF 

This panel showed higher AUC (0.70) compared to BNP alone (0.66) for the prognosis of future 
events in patients with chronic HF. (Tang et al., 2007) 

cTnT +ST2 + 
MPO 

Prognosis of death 
or HF 

This panel showed good prognosis performance in predicting short-term (30 days) cardiovascular 
death or HF in patients with acute MI. (O’Donoghue et al., 2016) 

Future 
CVDs 

cTnI + BNP + 
CRP 

Prognosis of major 
adverse cardiac 
events (MI/HF) 

This panel showed better prediction of major adverse cardiac events after cardiac surgery when 
compared with each biomarker alone. (Fellahi et al., 2009) 

AUC: Area under the curve, referring to the area under receiver operating characteristics (ROC). AUC can be interpreted as a probability of 
correct classification or prediction. NPV: Negative predictive value, referring to the percentage of patients with a negative test who do not have 
the disease. PPV: Positive predictive value, referring to the percentage of patients with a positive test who actually have the disease. Sensitivity: 
Referring to the percentage of persons with the disease who are correctly identified by the test. Specificity: Referring the percentage of persons 
without the disease who are correctly excluded by the test. Accuracy: Referring to the percentage that the positive/negative tests correctly 
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indicate people with/without the disease. The AUC, NPV, PPV, sensitivity, and specificity in the clinical studies shown in the table were with 95% 
confidence interval (CI).   
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Table 3a. FDA/CE certification of commercial IVD products for clinical testing of single cardiac biomarkers.  
a. Handheld device; b. Benchtop device; c. Lab-system; d. Qualitative test without the need of a reader; � Available products; ● FDA; ○ CE 

Product Name Company Type 
No. of 
single 

markers 

Guideline recommended cardiac biomarkers Cardiac biomarkers with add-on value Emerging cardiac biomarkers 

cTnI cTnT BNP 
NT-

proBNP hs-CRP 
MR-

proANP Myo CK-MB  h-FABP MPO 
MR-

proADM  Gal-3 Copeptin sST2 

Cobas h 232 Roche 

a 

4  �○  �   � �       

i-STAT Abbott 3 �●○  �●     �●       

Minicare I-20 Philips 1 �○              

PATHFAST Mitsubishi Chemical 

b 

5 �●○   �● �●  �●○ �●○       

AFIAS Boditech 5 �○   �○ �○  �○ �○       

Ichroma II Boditech 5 �○   �○ �○  �○ �○       

Mini VIDAS BioMerieux 5 �●○   �●○   � �●    �○   

DZ-Lite c270 Diazyme 5 �○    �●○  �●○  �○ �○     

RAMP Response Biomedical 4 �●○   �●   �●○ �●○       

AQT90 Flex Radiometer 6 � �  � �  �● �●       

QuickSens Ω100 8sens.biognostic 3 �○    �○    �○      

Triage MeterPro Quidel 3 �○  �○ �○           

SMART/CUBE EuroLyser 2 �○    �○          

Fluoro-Checker TRF  Nano-Ditech 2 �   �           

ASPECT-PLUS Critical Diagnostics 1              �○ 

Dimension Vista Siemens 

c 

6 �  � � �  � �       

ARCHITECT Abbott 5 �●○  �●    �● �●    �●○   

Stratus CS Acute Care Siemens 5 �●○   �● �●  �● �●       

ADVIA Centaur Siemens 5 �●○  �●○ �    �●○ �●○       

RX series Randox 4     �  �● �● �○      

Lumipulse G Fujirebio 4 �○  �○    �○ �○       

Access 2 Beckman Coulter 3 �●○      � �       
B·R·A·H·M·S 

KRYPTOR compact PLUS 
Thermo Scientific 3      �     �  �○  

Cobas e analyzer Roche 2  �●  �●○           

RapiCard InstaTest Cortez Diagnostics 

d 

3 �○      �○ �○       

Nano-Check Nano-Ditech 3 �●   �○ �○          

LifeSign Princeton BioMeditech 3 �      � �       

CardioDetect Renesa 2 �        �○      

Roche CARDIAC Roche 1  �             

Total No. of devices developed for the single marker 23 4 6 14 11 1 17 17 4 1 1 2 1 1 

Both (a) handheld and (b) benchtop devices are portable systems with quantitative readout, while (c) are lab-systems that are typically bulky and not compatible with POC settings. Type (a) - (c) are equipped with 
readers developed by the vendor; while products in (d) are qualitative tests that are read by eye without the need of a reader.  
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Table 3b. Performance of the POC (handheld or benchtop) commercial IVD products for single cardiac biomarker detection. 
 

Device  
Type Commercial devices Technology 

Sample 
Volume 

(μL) 
Sample Type 

Assay 
Time 
(min) 

Detection Range (ng/mL) 

cTnI cTnT BNP 
NT-

proBNP hs-CRP Myo CK-MB  h-FABP MPO Gal-3 sST2 

Handheld 

Cobas h 232 
chromatographic based 

on gold particle 
150 whole blood 8-12  0.04-2  0.06-9  30-700 1-40    

 

i-STAT 
electrochemical two site 
ELISA in microchannels 

17-95 
whole blood/ 

plasma 
5-10 0.02-50  0.015-5    0.6-150    

 

Minicare I-20 magnetic particle 30 
whole blood/ 

plasma 
10 

0.018-
6.1 

         
 

Benchtop 

PATHFAST 
chemiluminescence 
enzyme magnetic 

particle 
100 

whole blood/ 
plasma 

<17 0.019-50   0.015-30 
8×103- 
3×107 

5-1000 1-250    
 

AFIAS fluorescent  10-50 
whole blood/ 
plasma/ serum 

3-15 0.01-15   0.01-30 
5×103- 
2×105 

2-500 3-100    
 

Ichroma II 
chromatographic 

fluorescent  
- 

whole blood/ 
plasma/ serum 

3-12 0.1-50   0.01-30 
2.5×103-
3×105 

5-500 3-100     

Mini VIDAS 
enzyme-linked 

fluorescent  
150-250 plasma/ serum 17-30 0.01-30   0.02-25  5-1000 0.8-300   3.3-100  

DZ-Lite c270 
latex enhanced 

immunoturbidimetric 
4-25 plasma/ serum 10 0.4-10.0    

200-
2×104 

13.2-
615.9 

 0.74-120 12-1000   

RAMP 
chromatographic 

fluorescent  
75 whole blood 15-19 0.03-32   0.027-22  2.36-400 0.32-80     

AQT90 Flex 
time-resolved 
fluorimetric  

- 
whole blood/ 

plasma 
11-19 0.01-25 0.01-25  0.012-35 

5×103- 
5×105 

20-900 1.5-300     

QuickSens Ω100 
chromatographic based 

on gold particle 
120 

whole blood/ 
plasma/ serum 

15 *1    *500   0.6-75    

Triage MeterPro 
fluorescent in 

microcapillaries 
175 

whole blood/ 
plasma 

15-20 0.01-10  0.005-5 0.02-35        

SMART/CUBE 
latex enhanced 

immunoturbidimetric  
20-50 serum 3-10 1-10    

250- 
2×104 

      

Fluoro-Checker TRF  
chromatographic 

fluorescent 
80 

whole blood/ 
plasma/ serum 

15 0.03-30   
0.02-
12.8 

       

ASPECT-PLUS 
chromatographic 

fluorescent  
35 plasma 20           12.5-257 

The devices investigated in this table are the same as those included in the type a and b of Table 3a, company information can be found in Table 3a.   
* Value indicates the concentration above which a positive test line appears.  
  

Jo
urn

al 
Pre-

pro
of



25 

 

Table 4. Performance of multiplex commercial IVD products for clinical testing of panels of cardiac biomarkers. 
1. Qualitative rapid test without reader; 2. Quantitative readout with a reader   

Commercial Devices Company Readout Target 
CVDs Certification  Technology Sample 

Volume (μL) Sample Type Assay Time 
(min) 

Multi-
Biomarker 

Panel 

Detection Range 
(ng/mL) 

CardioDetect Renesa 1/2 AMI - chromatographic assay 100-120 whole blood 15 
cTnI 

h-FABP 
- 

Nano-Check AMI 2 IN 1, 
ND-CD201S 

Nano-Ditech 1 AMI FDA 
chromatographic based on gold 

particle 
200-250 plasma/serum 15 

cTnI 
Myo 

0.5  
80  

Nano-Check AMI 3 IN 1, 
ND-CD301S 

Nano-Ditech 1 AMI FDA 
chromatographic based on gold 

particle 
200-250 plasma/serum 15 

cTnI 
CK-MB 

Myo 

0.5  
5  
80  

RapiCard InstaTest 
Cortez 

Diagnostics 
1 AMI CE 

chromatographic assay based on 
particle 

500-800 (whole 
blood) or 300-
500 (serum) 

whole blood/serum 15 
cTnI 

CK-MB  
Myo 

1.5  
7.0  
100  

Ichroma II Cardiac Triple  Boditech 2 AMI CE chromatographic fluorescent assay 75 
whole blood/plasma/ 

serum 
12 

cTnI 
CK-MB 

Myo 

0.01-15  
3-100 5-500  

Fluoro-Check AMI 3 in 1 Nano-Ditech 2 AMI - 
chromatographic based on time 

resolved fluorescence 
80 

whole blood/plasma/ 
serum 

15 
cTnI 

CK-MB 
Myo 

0.03 - 30  
2 - 200  
10 - 500  

Nano-Check AMI 2 IN 1, 
ND-CD202P 

Nano-Ditech 1/2 AMI - 
chromatographic based on gold 

particle 
100-120 plasma/serum 15 

cTnI 
Myo 

0.1 - 30  
20 - 1,000  

Nano-Check AMI 3 IN 1, 
ND-CD302P 

Nano-Ditech 1/2 AMI - 
chromatographic based on gold 

particle 
100-120 

whole blood/plasma/ 
serum 

15 
cTnI 

CK-MB 
Myo 

0.1 - 30  
2 - 200  

20 - 1,000  

Nano-Check AMI 4 IN 1, 
ND-CD402P 

Nano-Ditech 1/2 AMI - 
chromatographic based on gold 

particle 
100-120 

whole blood/plasma/ 
serum 

15 

cTnI 
NT-proBNP 

CK-MB 
Myo  

0.1 - 30  
0.03 - 15  
2 - 200  

20 - 1,000  

LifeSign 2-in-1 
Princeton 

BioMeditech 
1/2 AMI 

FDA 
(qualitative) 

chromatographic  120 
whole blood/plasma/ 

serum 
15 

cTnI 
Myo 

1.5  
50  

LifeSign 3-in-1 
Princeton 

BioMeditech 
1/2 AMI - chromatographic  120 

whole blood/plasma/ 
serum 

15 
cTnI 

CK-MB 
Myo 

1.5  
5  
50  

Triage Cardiac Panel Quidel 2 AMI FDA/CE fluorescence in microcapillaries - whole blood/plasma 20 
cTnI 

CK-MB 
Myo 

0.05 - 30  
1 - 80  
5 - 500  

Triage Cardio2 Panel Quidel 2 ACS/MI/HF CE fluorescence in microcapillaries - whole blood/plasma 20 
cTnI 
BNP 

0.01 - 10  
0.005-5  

Triage Cardio3 Panel Quidel 2 ACS/MI/HF CE fluorescence in microcapillaries - whole blood/plasma 20 
cTnI  
BNP  

CK-MB 

0.01 - 10  
0.005-5  
1 - 80  

Randox Biochip Cardiac 
Array 

Randox 2 ACS - chemiluminescent  - serum - 

cTnI 
CK-MB 

Myo  
h-FABP 

0.18-50  
0.4-100  
1.8-700  
0.15-100  
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Table 5. Recent research platforms for the detection of cardiac biomarkers in complex biofluids. 
Analytical performance of the platform was evaluated using: 1 spiked or clinical sample from patients/healthy donor; 2 buffer. 

Target 
CVDs/ 

Reference 
Labeling Recognition 

Element Platform Readout Complex 
Biofluids 

Sample 
Volume 

(µl) 

Assay 
Time 
(min) 

Multiplex  Marker 
Panel LOD Detection Range Cross- 

Reactivity 
POC Feature or 

Highlights 

N/A 
(Ceylan et 
al., 2018) 

label-free antibody 
circular 

interdigitated 
capacitive array 

capacitance 10× diluted 
clinical serum 

2-5  30 
6-plex 
spatial 

1cTnI 
BNP 

TNF-α  
SAA 
IL-6 

Fibrinogen  

10 pg/mL 
50 pg/mL 
0.3 pg/mL 
1 µg/mL 

2.5 pg/mL 
50 mg/dL 

0.01-0.2 ng/mL 
0.05-0.5 ng/mL 
0.3-50 pg/mL 
1-50 µg/mL 

2.5-20 pg/mL 
50-500 mg/dL 

- 
hand-held device 

with cartridge 

CVD risks  
(Sinha et al., 

2019) 
label-free aptamer 

field-effect-
transistor 

current gain  
clinical 

serum/plasma  
4 5 

4-plex, 
spatial 

2cTnI 
NT-proBNP 

CRP 
Fibrinogen 

0.394 pg/mL 
0.832 pg/mL 
0.14 mg/L 
20.2 mg/dL 

0.001-10 ng/mL 
0.05-10 ng/mL 
0.1-50 µg/mL 
0.1-5 mg/mL 

- 
portable system to 

automate the 
detection process  

AMI 
(Zhang et 
al., 2018) 

encoded SERS 
nanotag 

antibody 
paper-based lateral 

flow assay 
Raman intensity clinical serum  100 17 

3-plex 
single test 

line 

2cTnl, 
Myo  

CK-MB 

0.89 pg/mL 
4.2 pg/mL 
0.93 pg/mL 

0.01-50 ng/mL 
0.01-500 ng/mL 
0.02-90 ng/mL 

cTnl, Myo,  
CK-MB 

multiplex on single 
test line  

CRS 
(Su et al., 

2019) 
Ag-Au nanostars antibody 

Au-Ag-Au 
plasmonic array 

plasmon near-field 
coupling enhanced 
Raman intensity  

clinical plasma 20 ~80 
3-plex 
spatial 

2cTnl 
NT-proBNP 

NGAL 

0.76 fg/mL 
0.53 fg/mL 
0.41 fg/mL 

1 fg/mL-1 µg/mL 
cTnl, NGAL, 
NT-proBNP 

low LODs  

AMI 
(Li et al., 

2020) 

Co(II)-antibody-
luminol-AuNPs 

antibody 
paper-based 

vertical flow assay 
chemiluminescence 

diluted clinical 
serum  

2.5 ~30 
3-plex, 
spatial 

2cTnI 
h-FABP 
Copeptin 

0.3 pg/mL 
0.06 pg/mL 
0.4 pg/mL 

0.5 pg/mL-1 μg/mL 
0.1 pg/mL-1 μg/mL 
1 pg/mL-1 mg/mL  

cTnI,  
h-FABP, 
Copeptin 

20-fold signal 
enhancement, wide 

detection range  
MI 

(Xu et al., 
2020) 

fluorescence  antibody 
plasmonic gold 

nano-island 

near-infrared 
enhanced 

fluorescence 

10× diluted 
clinical serum 

10 
150/ 
60/30 

2-plex 
spatial 

2cTnl, 
CK-MB 

10 pg/mL 
0.272 ng/mL 

0.01-1.2 ng/mL 
0.25-64 ng/mL 

cTnI,  
CK-MB 

130-fold signal 
enhancement  

HF 
(You et al., 

2017) 

dual-color core–
shell NPs 

antibody 
paper-based lateral 

flow assay 
fluorescence 

10× diluted 
spiked/clinical 

serum 
10 ~20 

2-plex, 2 
test lines 

1BNP 
ST2 

17.46 pg/mL 
29.92 ng/mL 

0.05-1 ng/mL 
10-250 ng/mL 

cTnI, 
NT-proBNP 
CRP, Myo 

household use, 
smartphone based 

portable reader 

(Ballard et 
al., 2020) 

AuNPs  antibody 
paper-based 

vertical flow assay 
colorimetric 

intensity 
10× diluted 

clinical serum 
5 12 spatial 1CRP - 0-10 µg/mL - 

machine learning, 
hand-held reader 

(Zong et al., 
2017) 

DNAzyme 
/antibody-

AgNPs 
antibody glass-chip array 

chemiluminescence 
brightness 

clinical serum 8 65 - 2cTnT 84 ag/mL 0.003-270 pg/mL 
CK-MB 

CRP 

high throughput 
imaging (48 spots 

per chip)  

(Li et al., 
2019) 

label-free antibody 
carbon-nanotube 

thin film 

electrochemical 
impedance 

spectroscopy 
clinical plasma 50 20 - 1BNP 16 pg/mL 0.016-4 ng/mL - 

wash-free, 
disposable test strip, 

miniature reader 

(Boonyasit 
et al., 2019) 

label-free phosphocholine 
paper-based 

screen-printed 
electrodes 

electrochemical 
impedance 

spectroscopy 
clinical plasma  30 ~10 - 2CRP 1 ng/mL 0.005-500 µg/mL 

HSA, IgG, 
fibrinogen 

simple folding steps, 
low reagent cost 

(Ouyang 
and Di 

Carlo, 2019) 
AuNPs antibody  

single AuNPs 
immobilized on 

glass 
hue  spiked serum 10 45 - 2CRP 1 ng/mL 0.001-10 µg/mL - 

differentiation of 3-
tier clinical cut-offs 

in serum  

(Primo et 
al., 2018) 

label-free antibody 
thiol-modified Au 

substrate 
surface plasmon 

resonance 
3× diluted 

spiked serum 
60 ~60 - 2Gal-3 2 ng/mL 10-50 ng/mL 

HSA, Hb, 
IgG, Tf 

2-tier clinical cut-
offs within linear 

range 

(Wen et al., 
2018) 

label-free antibody 
CuPdPt NWs 

modified glassy 
carbon electrode 

amperometric/ 
electrochemical  

spiked serum  10 120 - 2MPO 33 fg/mL 
100 fg/mL-50  

ng/mL 
- 

wide detection 
range, low LOD 

CRS: Cardiorenal syndrome; HSA: Human serum albumin; Au: gold; Ag: silver; Co(II) : Cobalt(II); NPs: nanoparticles; NW: nanowire; SERS: Surface-enhanced Raman spectroscopy; BSA: bovine serum albumin; 
SAA: serum amyloid A; IL-6 : interleukin-6; NGAL : neutrophil gelatinase-associated lipocalin; IgG: Immunoglobulin G; Hb: hemoglobin; Tf : transferrin.
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Highlights 
 
• Comprehensive insights including clinical aspects and commercial devices related to 

facilitating multi-marker panel selection for the development of biosensors targeting cardiac 
biomarkers.  

• Extensive review on both gold-standard and emerging cardiac biomarkers used in ACS, MI, 
and HF based on authoritative guidelines for clinical practice and recent clinical studies. 

• Detailed discussion on multi-marker panels and how the combination of markers may lead to 
improved diagnosis, prognosis, and risk stratification of ACS/MI or HF. 

• Focused survey on commercial in vitro diagnostic devices for the detection of both single 
cardiac biomarkers and multi-marker panels within various settings including centralized labs 
and at the point-of-care. 

• Identification of recent biosensor technologies, their sensing modalities, and the strengths 
and weaknesses of these approaches in addressing gaps in the commercial approaches. 
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