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1. Introduction
“Cardiovascular diseases (CVDs) are  the number one cause of 
death globally, taking an estimated 17.9 million lives each year. 
CVDs are a group of disorders of the heart and blood vessels and 
include coronary heart disease, cerebrovascular disease, rheumatic 
heart disease, and other conditions. Four out of five CVD deaths 
are due to heart attacks and strokes, and one third of these deaths 
occurs prematurely in people under 70 years of age” (cited from 
[1]). In addition, the total economic burden of CVD is enormous; 
the costs are expected to rise from approximately US$ 863 billion 
in 2010 to a staggering US$ 1,044 billion by 2030 worldwide [2].

Acute Myocardial Infarction (AMI), the most life-threatening ver-
sion of acute coronary syndromes, causes severe irreversible tissue 
injury in the myocardium. The analysis of AMI primarily depends 
on electrocardiography (ECG) but only 57% of patients can be 
diagnosed correctly for AMI, and some of these patients can even 
show normal or non-diagnostic ECG when presented to the Emer-
gency Room [3]. What is worse, 25% of AMI have happened with-
out any symptoms like pain in the chest, back, or jaw. Therefore, 

a rapid, sensitive, and cost-efficient platform is needed to meet the 
diagnostic requirements in AMI detection [4].

Over the years, various marker molecules have been proposed 
for AMI diagnostics, among which were Aspartate Transaminase, 
Creatine Kinase, or Myoglobin [5]; although cardiac Troponin T 
(cTnT) or Troponin I (cTnI) have become the golden standards for 
myocardial infarction diagnostics and resulted in the development 
of the first bedside testing method [6]. During these years, there 
have been significant improvements in assays for cTn with regards 
to analytical sensitivity and precision at low concentrations [7]. 
The first-generation assay was not able to detect low plasma con-
centrations of troponin, while the second generation could identify 
injury earlier, but was not sensitive enough for healthy people. Fi-
nally, the third generation are high-sensitivity troponin assays and 
can reliably detect the low troponin levels in healthy individuals, 
as well as can differentiate patients with myocardial ischemia on-
set and early necrosis [8].

The corresponding cut off levels of cTnI in plasma for healthy pa-
tients were in the first generation 0.5 ng mL-1 (500 pg mL-1). With 
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the advances in the development of high sensitivity troponin tests, 
the reference cutoff levels for cTnI in serum used to establish AMI 
has been progressively lowered and is currently in the range of 26 
pg mL-1 [9]. This is about 100-1000 times lower than the cTnI level 
in patients with a clear positive test for AMI, with serum levels 
of cTnI as high as 5-50 ng mL-1 [10]. Upon the occurrence of an 
AMI, the death of cardiac myocytes causes the cTnI concentration 
up to 50 ng mL-1 within 3−6 h, and finally to a level around 550 ng 
mL-1 where it remains elevated for a few days, while that of other 
biomarkers will decline more rapidly [11].

The enormous clinical importance of having reliable methods and 
devices for testing cTnI, the scientific challenge that the low level 
of the marker in the blood of healthy patients means (at a molec-
ular mass of cTnI of 24 kDa, 26 pg mL-1 correspond to 1.08 pM 
concentrations), and the commercial interest in sensitive, specific, 
robust, and affordable sensors spurred an unmatched race among 
biomolecular engineers for the development of new formats and 
examples of sensors that meet these requirements.

In this context, we intend to present in this short summary first a 
rather comprehensive (though probably not complete) list of ex-
amples in the literature of what other groups have reported. We 
will limit the compilation to the type of transduction principle that 
has been applied and the limit of detection (LoD) that has been 
achieved.

Then we use the results of our own studies to reflect on a few is-
sues that one encounters in developing cTnI sensors. In particular, 
we will introduce 3 types of sensing concepts, based on: 

•	 surface-plasmon optics (focusing on the most sensitive 
version offered by surface-plasmon fluorescence spec-
troscopy (SPFS)) [12], 

•	 electrochemical assay, focusing on differential pulse vol-
tammetry (DPV) [13],

•	 graphene FETs (gFET) as electronic sensors [14].          

These sensors all measure in one way or another the surface cov-
erage of the analyte molecules (cTnI in our case) that bind (revers-
ibly) from solution to surface-immobilized receptors.

We present data for two types of receptors:

•	 antibodies [15],

•	 DNA aptamers [16].

Indeed, monoclonal antibody development involves several im-
munizations of a host animal, isolation of antibody-producing 
cells, followed by hybridoma selection and antibody production. 
Each step is time-intensive, with the entire process realistically 
taking four to six months. With aptamer selection being an in vitro 
process that is typically completed within 2-3 months, and togeth-
er with increased shelf life of aptamers over antibodies with com-

parable affinity constants, these surface receptors lately are more 
intensively employed for sensing concepts [17]. 

In our examples, these receptors are immobilized using three types 
of chemistries typically applied by the community for the coupling 
of the receptor:

•	 Formation of self-assembled monolayers (SAMs) via thi-
ol interaction with Au,

•	 π- π stacking interaction between 1-pyrenecarboxylic 
acid (PCA) and graphene followed by amide bond forma-
tion using EDC/NHS chemistry on the activated esters,

•	 Electroreduction of diazonium salts on graphene materi-
als followed by Cu(I) based click-chemistry.

 The substrates themselves represent three different types of sub-
strate materials: 

•	 Au for SPFS,

•	 Nitrogen-doped porous reduced graphene oxide (N-pr-
GO) for the electrochemical studies,

•	 Graphene, prepared by chemical vapor deposition for the 
FETs.

And finally, we refer to two types of samples:

•	 cardiac Troponin I in PBS buffer, and

•	 clinical saliva samples.

We will discuss very briefly the essential basics of (and differences 
between) the various sensor platforms and compare the obtained 
results, in particular, with respect to the achieved LoDs in the light 
of the clinical requirements (cf. above).

2. Materials & Methods

2.1. Optical sensing

2.1.1.  Surface-Plasmon Fluorescence Spectroscopy

For the direct optical analysis of the interaction between the pro-
tein and its receptors, antibodies in this case, an optical device 
combining surface plasmon resonance (SPR) [18] and surface 
plasmon-enhanced fluorescence spectroscopy (SPFS) [19, 20] in 
the Kretschmann configuration was used. The set-up consisted of 
a high refractive index (LaSF9) prism, optically matched to the 
sensor chip (50nm gold evaporated onto a LaSF9 glasss slide) and 
coupled to a flow cell. A laser beam at a wavelength of  = 633 
nm was directed to the prism base, and the reflected light collected 
by a photo detector in total internal reflection mode. The intensity 
was measured with a lock-in amplifier to observe changes in the 
SPR signal. At the appropriate angle of incidence, the enhanced 
electromagnetic field intensity generated by the resonant excita-
tion of surface plasmons excites the chromophore-labelled analyte 
molecules bound from solution to the receptor units, immobilized 
on the sensor surface [21]. Their fluorescence signal was measured 
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(at  = 670 nm) in this SPFS mode by a photomultiplier (H6240-
01, Hamamatsu, Japan), linked to a photon counter. The beam in-
tensity was reduced to 30-60 µW to avoid the bleaching of the 
employed chromophore Alexa Fluor 647. In order to separate the 
fluorescence light from scattered excitation light @  = 633 nm 
a set of filters (laser notch filter and fluorescence bandpass filter) 
was used.

2.1.2. Sensor Chip Preparation and Assay Development

LaSF9 high refractive index glass slides (Hellma Optics) were 
thermally evaporated-coated with 2 nm chromium and 50 nm 
gold, then incubated overnight in a 1:9 SH-PEG-COOH/ SH-PEG-
OH (Sigma-Aldrich) solution for further surface functionalization. 
The SAM-coated gold slides were placed in the microfluidic flow 
cell with a volume of 4 µl. cTnI proteins were immobilized to the 
(EDC/NHS-) activated ester groups via amine coupling, and ei-
ther monoclonal mouse or polyclonal goat antibodies (Abs) were 
rinsed across the cTnI capture layer. As a secondary antibody, Al-
exaFluor 647 conjugated anti-mouse or anti-goat antibodies were 
used at a concentration of 6 nM to monitor by SPFS the surface 
coverage of the primary ABs.          

2.2. Electrochemical Sensing 

2.2.1. Synthesis of N-prGO: The synthesis of prGO was achieved 
via dispersion of rGO powder (100 mg) in 30% H2O2 (100 mL), 
ultrasonicating for 30 min and heating for 12 h at 60 °C. The ob-
tained solution was filtered and the recovered prGO powder was 
dialyzed to remove H2O2 and to separate from small sized graphene 
quantum dots [22].

The synthesis of N-prGO was carried out by mixing prGO pow-
der and liquid ammonia (1:30 w/v) by ultrasonication before being 
transferred into a 50 mL Teflon coated stainless steel autoclave and 
heated for 24 h at 200 °C. The acquired solution was separated by 
filtration followed by washing with ethanol/water (1:1) mixture 
solution to completely remove the ammonia. The product was kept 
for drying in an oven at 60 °C overnight. 

2.2.2. Preparation of the Electrodes: Glassy carbon electrodes 
(GC) were modified by drop-casting 5 μl of a suspension of 
N-prGO (1 mg ml-1 in water) and drying for 24 h in an oven at 60 
°C. The formed GC/N-prGO electrodes were immersed in 0.1 M 
PBS (pH 7.0) and cycled 30 times between -1.5 V and +1.1 V at a 
scan rate of 0.1 V s-1 to stabilize the interface. Thereafter, to insure 
good reduction of the prGO, the potential was furthermore kept at 
-1.5 V for 3 min. 

The GC/N-prGO electrode was immersed into a mixture of 1-pyr-
enecarboxylic acid (1 mM) and synthesised pyrene-PEG (1 mM) 
[23] with a ratio of 1:20 for 1 h at room temperature. The em-

ployed aptamer with the sequence 5’-NH2-TTT TTT CGT GCA 
GTA CGC CAA CCT TTC TCA TGC GCT GCC CCT CTT A-3’ 
was immobilized by first activating the carboxyl groups of 1-pyr-
enecarboxylic acid via immersion into a solution of EDC (15 
mM)/ NHS (15 mM) in PBS (0.1 M, pH 7.4) for 30 min, followed 
by covalent coupling of the 5’-NH2-modified aptamer (5 µL, 5 µM 
in PBS) by incubation for 40 min and washing (3 times) with PBS. 

2.2.3. Differential Pulse Voltammetry: For the detection of cTnI, 
differential pulse voltammograms (DPV) [24] were recorded in a 
5 mM [Fe(CN)6]

4- solution in 0.1 M PBS pH 7.4 within the poten-
tial range from -0.2 V to +0.5 V at a modulation amplitude of 5 
mV and a step potential of 80 mV, step height of 15 mV and step 
time of 250 ms. Aptamer modified GC/N-prGO-COOH/PEG elec-
trodes were immersed into cTnI standard solution or in samples 
containing cTnI for 30 min. After rinsing with PBS buffer (0.1 M, 
pH 7.4, three times), the electrodes were transferred into a 5 mM 
[Fe(CN)6]

4- solution in 0.1 M PBS pH 7.4 and a DPV signal was 
recorded. Following the measurements, immersion of the sensor 
into NaOH (0.1M, pH 12.0) for 20 min was used to regenerate the 
sensor interface.

2.3. Electronic Sensing Based on Graphene Field-Effect Tran-
sistors

2.3.1. Preparation of Functional Graphene Channels by 
“Click” Chemistry: For cTnI electronic sensing, we used a cova-
lently-modified graphene field-effect transistor for the binding via 
“click” chemistry of a PEG-DNA aptamer mixture in a ratio of 1:2 
[25].  Surface modification starts on a clean CVD-grown graphene 
after transferring it to an interdigitated electrodes device (Figure 
1): first, electro-grafting of 4-((triisopropylsilyl)ethylenyl)ben-
zenediazonium tetrafluoroborate (TIPS-Eth-ArN2

+) (10 mM) in 
0.1 M N-butylhexafluorophosphate (NBu4PF6) in acetonitrile was 
performed using cyclic voltammetry at a scan rate of 50 mV s-1 for 
five cycles between +0.30 V and -0.60 V vs. Ag/AgCl. The elec-
trodes were rinsed with copious amounts of acetonitrile and ace-
tone and gently dried. Before “click” chemistry, the TIPS protect-
ing group was removed by the immersion of the Graphene‑TIPS 
surface into tetrabutylammonium fluoride (TBAF, 0.1 M in THF) 
for 1h. The surface was then left for 15 min in a pure THF solution 
for cleaning. The deprotected surface was then exposed to a 1:2 
mixture of methoxypolyethylene glycol azide (mPEG Azide, aver-
age MW 1000) and the DNA aptamer, using CuSO4 (0.01 M) and 
L-ascorbic acid as reaction catalyst. The interface was treated with 
an aqueous solution of EDTA (10 mM) for 10 min to chelate any 
remaining Cu2+ residues and finally washed copiously with water 
and left to dry. 
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Figure 1: Graphene based field effect transistor surface-modified by anti-fouling PEG chains and aptamers for specific cTnI sensing

2.3.2. Electronic Read-out of cTnI Binding: Graphene transfer 
characteristics were recorded after each modification step using 
a Keithley 2400 source-meter with custom-made LabVIEW soft-
ware. All measurements were performed using a MicruX flow cell 
made of PMMA with fixed flow channel geometry (16 μl), ensur-
ing a defined flow rate of 50 µl min-1 to minimize mass transport 
limitation of the analyte to the sensor surface in all experiments 
[26]. Electrical measurements were performed by applying a 50 
mV source−drain bias VDS and sweeping the gate potential VGS 
while monitoring the current between the drain and the source IDS. 
A silver chloride wire (diameter 1 mm, Sigma-Aldrich) was used 
to operate the graphene-FET device in liquid gate configuration, 
with a constant gate bias of 0.2 V. The general procedure of the 
sensing experiment started with continuously flushing the pure 
buffer (PBS, 0.01x) until a stable baseline of drain current was 
established, followed by injection of the analyte at a constant flow 
rate [27].

3. Results
The long list of papers published on the detection of cTnI is given 
in Table 1, containing a total of 120 references, with the first paper 
published in 2004. 

The spectrum of the applied detection principles is rather wide, 
with a clear focus on optical (including surface-plasmon resonance 
(SPR), fluorescence, colorimetric, fluorescence resonance energy 
transfer (FRET)), as well as electrochemical techniques (e.g., cy-
clic- or differential pulse- voltammetry, impedimetric protocols, 
electro-chemiluminescence, etc.). However, also a few exotic de-
tection formats for the monitoring of cTnI as a marker for AMI 
events have been reported; e.g., surface-enhanced resonance Ra-
man spectroscopy (SERRS), magneto-optics, single-photon detec-
tion, electro-acoustic principles, to mention but a few. In addition, 
several reports appear in the literature on the use of electrical or 
electronic concepts for cardiac marker sensing.

Concerning the transducer functionalization as a means to guaran-
tee the mere specific recognition and binding of the analyte pro-
teins, three receptor systems have been described; i.e., antibodies, 
peptides, and aptamers.

Most remarkable in this long list of references is the incredible 
spread of reported limits of detection (LoD), ranging from 7.7x105 
pg mL-1 to 4.8x10-4 pg mL-1, thus covering 9 orders of magnitude! 

Given the current cut-off level for cTnI in healthy patients of 26 
pg mL-1, one half of the reported tests have only historical value 
and don’t need to be considered further: no clinic would use any of 
these principles and protocols.

At the other end of the spectrum, extreme sensitivities seem to be 
offered with spectacular LoDs – but not for free: in all cases, the 
reported values are the result of extreme complexities with multi-
ple amplification steps – totally useless for practical applications: 
doctors need simple and easy to apply tests and recipes. And not 
even from a scientific point of view any of these reports on “ultra-
sensitive” sensors is helpful: none of the authors dares about try-
ing to understand the basic physical principles that might operate 
in their experiment! The simple question: what is the molecular 
mechanism and/or a theoretical model by which one could under-
stand that the sensor response changes by a factor of 3-5 (!) upon 
varying the cTnI concentration by 5-7 orders of magnitude [28-
32] (Calling this “linear” is another story…). All reports refer to 
a bimolecular reaction between the ligand, cTnI, and its antibody 
or specific aptamer. A description of this reaction by a Langmuir 
model might be too simple; however, it would be a good starting 
point: it would explain that there might be a truly linear regime at 
concentrations well below the half-saturation concentration, i.e., 
the dissociation constant, Kd, for the specific receptor-ligand pair! 
And it would suggest that there should be a saturation behavior 
for analyte concentrations in the sample solution well-above this 
Kd-value. 

In order to explain why it is so important to generate this mod-
el-based understanding of the molecular interactions on the sensor 
surface, we refer to our own work and summarize in the following 
experimental binding data that were collected by i) surface plas-
mon fluorescence spectroscopy, by ii) an electrochemical tech-
nique, i.e., differential pulse voltammetry, and by the most recent 
methodological developed in our laboratories, i.e., iii) an elec-
tronic read-out concept based on graphene field-effect transistors 
(gFETs).
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3.1 Optical cTnI Sensing Based on Surface-Plasmon Fluores-
cence Spectroscopy

Because a direct detection format with mere SPR readout provided 
insufficient sensitivity, the first example that we present is an ap-
proach based on surface-plasmon fluorescence spectroscopy with 
a special inhibition immune assay [33]. As shown in Figure 2, this 
assay consisted of three steps: firstly, samples with known con-
centrations of cTnI were spiked in the bulk solution with mouse 
monoclonal anti-cTnI antibodies, each at a concentration of 2 nM, 
and incubated for 20 min (Figure 2(a)). Theses samples were then 
flowed for 20 min over the surface of a sensor chip that was pre-
pared with cTnI proteins immobilized onto a mixed thiol SAM 
with active ester groups coupled to the amine moieties of the pro-

teins (Figure 2(b)). And finally, after rinsing for 5 min, a 6 nM 
solution of a secondary Alexa Fluor 647-conjugated anti-mouse 
antibody was allowed to react with the affinity bound primary anti-
body (Figure 2(c)). After another 5 min of rinsing, the fluorescence 
sensor response ΔF was determined. Due to the competitive bind-
ing in the reaction vessel, the sensor response shows an increase 
with decreasing analyte concentration, as seen in Figure 2(d). In a 
solution with low concentration of cTnI analyte, most binding sites 
of the a-TNNI3 antibody are available and attach to the sensor sur-
face with the immobilized cTnI. This way, a high fluorescence sig-
nal is seen after the reaction with the labelled secondary antibody. 
At a high concentration of the cTnI target analyte present in the 
bulk solution, the binding sites of the a-TNNI3 antibody are oc-
cupied, thus leading to low fluorescence signal on the sensor chip.

Figure 2: Schematics of the competitive assay, consisting of (a) mixing of the analyte (of known concentrations for the calibration curve) with a known 
concentration of a primary antibody; (b) flowing the mixture across the chip surface of the sensor which was functionalized by a monolayer of immo-
bilized cTnI; (c) rinsing the flow-cell with the fluorescently labelled secondary antibodies, and (d) recording the fluorescence signal of the binding of 
the secondary antibody. (e) fluorescence signal, taken from (d) as a function of the cTnI concentration in the bulk mixture.

The 3 σ-limit of detection (LoD) derived from the response of the 
fluorescence signals plotted as a function of the cTnI concentrations 
(Figure 2(e)) was 450 pg mL-1, below the most recently clinically 
defined threshold for diagnostically relevant levels of cardiac tro-
ponins. 

3.2. Electrochemical Determination of cTnI Levels by Differen-
tial Pulse Voltammetry

Carbon-based materials [34] are promising candidates for the sen-
sitive detection of medically relevant markers like cTnI by electro-
chemical means [35]. We added lately to this field by proposing the 
use of nitrogen-doped porous reduced graphene oxide (N-prGO) 
[36] for detection and quantification of cTnI (Figure 3a). The good 
electrochemical conductivity (Figure 3b) of N-prGO, formed by a 
two-step process from reduced graphene oxide by first treatment 

with hydrogen peroxide (H2O2) and subsequent hydrolysis of the 
formed epoxy groups to hydroxyl groups, accompanied by C-C 
bond breaking to produce a rGO porous structure, is one important 
element in this sensor. Coupling of an aptamer, known for its high 
selectivity towards cTnI [37], via 1-pyrenecarboxylic acid and the 
presence of an antifouling element such as PEG-based pyrene li-
gand, are other important elements in this approach. 

Addition of cTnI of different concentrations to these interfaces re-
sults in a decrease of the maximum current as recorded by differ-
ential pulse voltammetry with [Fe(CN)6]

4‑ as redox probe (Figure 
4a). This change is proportional to the cTnI concentration between 
1 pg mL-1 and 100 ng mL-1 with a detection limit of about 0.88 pg 
mL-1 (Figure 4b).

Interestingly, this sensor concept allows also for sensing of cTnI in 
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saliva samples of patients who reported chest pain. The sensitivity 
of the sensor changes when working in saliva due to the presence 
of a large variety of proteins and salts (Figure 4c), but a compara-
ble LoD of 1 pg mL-1 could still be reached.  The electrochemical 
response of a saliva sample of a healthy and an AMI diagnosed 

patient could be differentiated (Figure 4d). cTnI concentrations of 
below 1 pg mL-1 were determined for the healthy patients, while a 
cTnI level of 675 pg mL-1 was determined for the AMI diagnosed 
patients. In the case of the healthy patients, the quantitation limit 
of the sensor was just good enough to indicate that the concentra-
tion is below 1 pg mL-1. 

Figure 3: (a) Concept of the electrochemical cTnI sensor based on drop casting N-prGO onto the carbon working electrode followed by modification 
with 1-pyrenecarboxylic acid and poly (ethylene glycol) (PEG) modified pyrene ligand and covalent integration of an aptamer onto the1-pyrenecar-
boxylic acid functions. (b) Cyclic voltammograms recorded on GC (black), and GC coated with N-prGO (blue) using [Fe(CN)6]

4‑ (5 mM)/PBS (0.1M)) 
as redox mediator, scan rate = 100 mV s−1.

Figure 4: (a) Differential pulse voltammograms at various cTnI concentrations (0, 0.001, 0.01, 0.1, 1 and 10 ng mL-1) in PBS ×1 (pH 7.4). (b) Calibra-
tion curve in PBS ×1 (pH 7.4). (c) Calibration curve for cTnI in human saliva samples spiked with different concentrations of cTnI. (d)  DPV curves in 
saliva of patient samples with chest pain and diagnosed AMI and healthy ones as controls.

3.3. Electronic Sensing Based on Graphene Field-Effect Tran-
sistors

FET-based biosensors, properly functionalized by a selective re-
ceptor layer, will directly convert any biological interaction into 
an electrical signal [38], allowing also for real-time detection of 
cTnI with high sensitivity and selectivity. This measured current 
signal is due to the accumulation of charge carriers in the chan-
nel caused by a modulation of the gate potential, which in turn is 
influenced by the presence of the analyte bound to its receptor. In 
particular, graphene as a channel material in FETs has many inter-
esting properties that make it attractive for biosensing including, 
high sensitivity to near surface charges and electric fields, excel-

lent electrical characteristics (high mobility, high transfer kinet-
ics, high conductivity, among others), as well as good mechanical 
properties and biocompatibility [39, 40].

After coupling the 2:1 aptamer: PEG layer by “click” chemistry to 
the graphene channel of the transistor (cf. section 2.c1), the trans-
fer characteristics of the modified-graphene FET during exposure 
to cTnI solutions with concentrations ranging from 3 to 1000 pg 
mL-1 were recorded after stabilization with each concentration 
(Figure 5a). At different cTnI concentrations, an increase of the 
FET source-drain current is observed in the holes’ regime and a de-
crease in the electrons’ regime. This comes as a consequence of the 
positively charged molecules adsorbed onto the channel – since 
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cTnI has the isoelectric point at pH 9.87, it is positive in PBS at pH 
7.4. This will induce a negative charge in the graphene channel, 
generating more electrons, leading them to become the majority 
carriers; the IDVG curve shifts to the left side due to graphene’s 
n-doping, leading to a decrease of the central neutrality point 
(CNP) also known as Dirac point. This suggests that the decrease 
of the Dirac point value is attributed to the charge gating effect of 
the attached linker molecules and cTnI. The sensor response was 
analyzed at a gate voltage of 350 mV – at this value, the current 

for each cTnI concentration and for the PBS 0.01x baseline was 
extracted from the IDVG curve. By calculating ∆IDS = IDS ([cTnI]

n) – IDS (PBS0.01x), for each given concentration, n, in pg mL-1, a 
calibration curve was obtained (Figure 5b). The fit of these data 
to a Langmuir model (black curve in (Figure 5(b)) gave a disso-
ciation constant of Kd = 55 pg mL-1. As judged from the minimal 
difference of the source-drain-current at VG = 350 mV (cf. Figure 
5a) between pure buffer and the 3 pg mL-1 solution we estimate a 
LoD = 1 pg mL-1.

Figure 5: (a) Graphene transfer characteristics (∆IDS-vs-VG curves) after stabilization with each cTnI concentration (0, 3, 6, 60, 120, 240, 480, 650, 820 
and 1000 pg mL-1) in 0.01x PBS (pH 7.4) without washing steps. (b) ∆IDS, converted according to the Langmuir model to the corresponding surface 
coverage, Ф, as a function of the analyte concentration of the solution running through the flow cell.

4. Discussion

We start the discussion with a few fundamental remarks concern-
ing the use of biosensors as analytical tools for monitoring the con-
centration of clinically relevant markers in body liquids like whole 
blood, plasma, urine, saliva, or others. For any one of the concepts 
developed for monitoring the cardiac marker cTnI that were re-
ported in the literature (cf. Table 1) the optical, electrochemical 
or electronic transducers were all functionalized, each with a lay-
er of specific receptor molecules. For cTnI, these receptors were 
either specific antibodies, peptides (derived from phage-display 
approaches), or aptamers. These functional coatings are optimized 
to serve a double purpose for the transducer that will be exposed 
to the analyte solution: on the one side, it offers specific sites with 
a typically high binding affinity for the analyte molecule of in-
terest; and on the other side, it passivates the sensor surface by 
an anti-fouling coating which prevents all other molecules in the 
cocktail of the analyte solution from binding as well, thus prevent-
ing a possibly strong background sensor signal from non-specific 
binding events.

Upon exposure of such a functionalized transducer surface to the 
analyte solution (some of) the empty binding sites will be occupied 
by the association (binding) of the analyte molecules from the bulk. 
If the binding is reversible, i.e., if the analyte can also dissociate 
again, the surface coverage, i.e., the fraction of occupied binding 

sites of the receptor (mono-)layer establishes an equilibrium with 
the corresponding bulk concentration – which is the level of the 
marker of interest in the test sample. This one-to-one correlation 
between the bulk concentration of the marker and its surface densi-
ty on the sensor surface is the basis for the quantitative evaluation 
of the marker concentration in the test solution from a measure-
ment of its surface coverage on the transducer device used. 

The sensitivity of any sensor depends critically on two factors: 
the first is the binding affinity of the analyte molecule to the re-
ceptor molecule. This receptor affinity can be quantified by an 
inhibition constant or Kd value, which indicates the bulk con-
centration required to occupy 50% of the receptor molecules on 
the transducer surface; hence, it is also called half-saturation 
constant. Obviously, the lower this constant, the lower the bulk 
concentration can be to reach half-saturation on the sensor. This 
is the motivation for the race towards high-affinity receptors, 
e.g., by the SELEX process for the development of high-affinity 
aptamers [41], or the search for high affinity antibodies [42].

The second factor that is crucial is a feature of the transducer 
itself and depends on its principle of operation: it reduces to the 
simple question: how low in coverage, well below half-satura-
tion, can one still see a sensor signal upon the binding of only 
a few ligands to the receptor molecules. Given the broad di-
versity of transducer principles developed for biosensors, there 
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is no general answer to this question and depends heavily on 
the physics behind the transduction concept implemented. The 
only common feature frequently observed is the use of labels 
that are introduced with the sole purpose, i.e., to enhance the 
signal contribution of each analyte molecule to the overall sen-
sor response. The well-established enzyme-linked immunosor-
bent assay (ELISA) is a classic example for that concept and was 
developed to enhance via enzymatic amplification the signal from 
each binding event. 

For the examples for cTnI detection from our own group presented 
above, the fluorescence-labeling of the antibodies used in our sur-
face-plasmon optical detection approach falls into this category: 
the binding of an antibody to the ligand cTnI is further enhanced 
by recording the fluorescence emission originating from a second-
ary chromophore-labeled (detection) antibody binding to the first 
one. The multiple cycling between the ground and the excited state 
of the chromophore with the emission of up to 2000 photons per 
second per dye molecule [43] represents an enhancement factor 
of the detection scheme that increases the sensitivity significantly. 
It should be pointed out that it is not the analyte that needs to be 
labelled, but the secondary antibody. Hence, this is not a serious 
limitation of this and similar techniques; however, it means an 
additional processing step. Similarly, the example given for the 
category of electrochemical sensors based on the modification of 
the differential pulse voltammetric signal upon the binding of cTnI 
to an aptamer binding layer depends on the surface coverage and 
thus generates a sensor signal that is strictly correlated with the 
binding events of interest. In this example, the mechanism for en-
hancement is the redox cycling of the mediator [Fe(CN)6]

4‑. Only 
the electronic sensing platform discussed as the third example 
monitors the binding of cTnI from a solution sample to the aptam-
er receptor layer by the direct impact of analyte molecules (and 
possibly the resulting impact on the receptor, e.g., a change in the 
charge distribution by a reorganization in the structure of the ap-
tamer)  on the source-drain current of a field-effect transistor tuned 
to an appropriate gate voltage (VG = 350 mV in this case).

With this in mind, we are now turning to the surface-plasmon 
optical sensor data. The concept that we focus on is based on a 
particular format, an inhibition immuno-assay: the first step is 
the mixing of the sample solution of the appropriate antibody, 
the receptor R, of known concentration, cR, with the marker 
molecules, the ligands L, at concentration, cL. According to the 
reaction ([44], cf. also Figure 2(a)): 

the concentration of the ligand-receptor complex, cRL, is deter-
mined by the equilibrium constant, KA, (the inverse of the disso-
ciation constant (half-saturation constant), Kd = kd / ka,) given by 
the mass action law

KA = cRL / cR⋅cL.                                       Eqn. (1)

The unreacted, still empty receptor molecules together with the 

formed complexes are then rinsed through the flow cell across the 
transducer surface of the SPFS spectrometer (Figure 2(b)), bind 
to the surface-immobilized cTnI ligands, and are detected via a 
secondary chromophore- labeled antibody (Figure 2(c)), the fluo-
rescence of which is monitored. For very low concentrations of the 
ligand in the reaction vessel, only a small fraction of the receptor 
molecules is occupied; hence, leads to a high fluorescence signal 
(cf. Figure 2(d)). Increasing successively the ligand concentration 
in the reaction vessel, occupies more and more of the receptors; 
hence, the fluorescence signal decreases (Figure 2(d)). The result 
is a titration curve of the receptor in the bulk solution of the re-
action vessel (Figure 2(e)), the fit of which according to eqn. (1) 
yields the dissociation constant Kd = 840 pg mL-1 (corresponding 
to Kd = 35 pM). The 3σ- criterion for the limit of detection leads 
to LoD = 450 pg mL-1. For the first generation of troponin assays 
in the clinic, this result was good enough; however, despite repre-
senting a very attractive high affinity constant for an antigen-an-
tibody interaction, the progress in high-sensitivity troponin tests 
with their progressively lowered cut-off level for healthy patients 
nowadays asks for better performance assays. It should be pointed 
out, although, that it was not so much the affinity of the employed 
antibody that limits the applicability of the assay, it was the mod-
erate LoD, compared to the Kd-value of the interaction that acts 
as the show stopper: because of the inversion of the signal gen-
eration – a low level of ligands in the bulk solution means a high 
fluorescence signal on the sensor and vice-versa - a relatively high 
background fluorescence at low analyte concentrations leads to a 
difference between Kd and LoD of only a factor of 2, very different 
from the best cases of an SPFS-based biosensor assay reported 
in the literature [45] where for the detection of a (fluorescently 
labelled) 196bp PCR amplicon by a PNA capture probe on the 
sensor surface, a LoD = 100 fM was achieved at a Kd value of 2.7 
nM, i.e., a ratio of LoD / Kd = 1 / 30000!

The next example that we presented was based on differential 
pulse voltammetry with [Fe(CN)6]

4- as the redox mediator, and us-
ing a specific aptamer, taken from the literature [37] as the receptor 
system for cTnI binding to this sensor surface from the analyte 
solution. A key concept in electrochemical systems is the fact that 
the kinetics of the heterogeneous electron transfer is modulated 
upon ligand-analyte interactions. Using the negatively charged fer-
rocyanide redox couple [Fe(CN)6]

4- revealed that electron transfer 
is increasingly hindered upon interaction of the positively charged 
cTnI analyte (theoretical isoelectric point 9.87) with the surface 
linked aptamer most likely due to restricting the diffusion. With a 
LoD of 0.88 pg mL-1 in PBS and 1 pg mL-1 in saliva, this concept 
is a very attractive alternative to other techniques described in the 
literature. The simplicity of the method and the portable character 
of the sensor format makes, this approach appealing as point-of-
care testing (POCT) device.
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Table 1: Compilation of publications reporting on the detection of cTnI. Given are the  LoD (all values scaled in units of pg mL-1, with 24 pg mL-1 = 1 
pM) and year of publication, together with the analytical technique applied: SPR, surface-plasmon resonance; CL, chemiluminescence; FRET, fluores-
cence recovery after photobleaching; SPFS, surface-plasmon fluorescence spectroscopy; ECL, electro-chemiluminescence; FET, field-effect transistor; 
SE(R)RS, surface-enhanced (resonance) Raman spectroscopy; SAW, surface acoustic wave.
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Applied Technique                                                                  LoD pg ml-1    Year Ref. 
Fluorescence QD 770000 2008 [46]
Electrochemical Peptides  340000 2010 [47]
Electrochemical   16000 2017 [48]
SPR Au nanorod 10000 2009 [49]
SPR   6800 2011 [50]
CL ELISA  5600 2007 [51]

Fluorescence Aptamers 5000 2015 [52]
SPR   5000 2016 [53]
SPR   1400 2004 [54]
SPR   1250 2017 [55]
Electrochemical Aptamers 1190 2014 [56]
Electrochemical AuNPs 1000  2011 [57]
Electrochemical  Conducting paper 1000  2012 [58]
Chemiresistor ZnO NP 1000 2016 [59]
Electrochemical Antibody 800 2021 [60]
FRET   700 2009 [61]
Electrochemical MIP  650 2016 [62]
Paramagnetic Magnetic NPs  500 2007 [63]
SPFS Antibody 450 2020 [64]
Electrochemical AuNPs 250 2013 [65]
Impedimetric   200 2010 [66]
Electrochemical AuNPs 200 2012 [67]
Colorimetric Peptides/AuNP 200 2016 [68]
Electrochemical microchip   148 2007 [69]
ECL   110 2018 [70]
Fluorescence Fluoro-microbead  100 2011 [71]
Electrochemical Au and Ag 100 2013 [72]
Fluorescence AMPPD-ALP 100 2014 [73]
Photonic Xtal Antibodies 100 2014 [74]
FRET Antibody 97 2020 75]
FET Silicon nanowire 92 2012 [76]
Paramagnetic Magnetic NPs 72 2009 [77]
Electrochemical   70 2016 [78]
Fluorescence Aptamer 70 2018 [79]
SPR Peptides 68 2011 [80]
ECL AuNPs 60 2013 [81]

Electrochemical Nanocomposites of AuNPs 50 2016 [82]

Electrochemical Antibody 50 2020 [83]
Cyclic voltammetry   40 2018 [84]
Paramagnetic Magnetic NPs 30 2010 [85]
Colorimetric HRP 27 2009 [86]
Electrochemical   25 2015 [87]
Electrochemical Antibody/Aptamer 24 2015 [37]
Electrochemical Aptamer 24 2017 [88]
Electrochemical DNA 24 2019 [89]
Electrochemical Aptamer 23 2018 [90]
Fluorescence   16 2018 [91]
Electrochemical Aptamer  1 16 2019 [92]
SERRS AuNP 16 2020 [93]
SPR/electric Antibody 15 2018 [94]
Electro-acoustic Antibody 14 2020 [95]
Optomagnetic   11.7 2009 [96]
ELISA   10 2009 [97]
Colorimetric AuNP 10 2010 [98]
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Colorimetric AuNPs 10 2010 [99]
Chemiresistor SWCNT/ AuNP 10 2013 [100]
Potentiometric   10 2014 [101]
Electrochemical   10 2018 [102]
Electrochemical Array of Au NPS Aptamers 8 2017 [103]

CMOS Transistor Antibody 7.7 2014 [104]

Chemiresistor Nanowire, Antibody 7.7 2015 [105]

Electrochemical Aptamer 7.5 2019 [106]

SAW AuNPs 6.2 2013 [107]
AlGaN/GaN transistor   6 2018 [108]
Electrochemical   6 2018 [109]
Electrochemical Aptamer 5.7 2019 [110]
Optical Antibody 5.7 2020 [111]
Fluorescence Antibody 5.6 2020 [112]
Fluorescence FITC 5 2011 [113]
SERS Graphene-Au NP 5 2019 [114]
Electrical Silicon nanowire 5 2016 [115]
Electrochemical Aptamer 4.3 2019 [116]
Electrochemical Pt nanoparticles 4.2 2014 [117]
 Electrochemical QD 4 2010 [118]
Electrochemical Au NPs 3.4 2016 [119]
FET ZnO NPs 3.24 2017 [120]
Electrochemical   2.4 2016 [121]
ELISA   2 2010 [122]
ECL AuNPs 2 2011 [123]
 Fluorescence Europium(III) 2 2012 [124]
Chemiresistor Antibody 1 2014 [125]
Chemiresistor Antibody 1 2014 [126]
Impedimetric    1 2016 [127]
Impedimetric   1 2017 [128]
Electrochemical Aptamer 1 2018 [129]
Electrochemical Aptamer  1 2018 [36]
Electrochemical Graphene-multi walled carbon 0.94 2015 [130]
CL Antibody 0.84 2020 [131]
ECL Au NPs 0.5 2015 [132]
ECL Aptamer 0.48 2019 [133]
Electrochemical Au NPs Ru-peptide 0.4 2014 [134]
Chemiresistor Nanowire, Antibody 0.25 2012 [135] 
Paramagnetic Antibody    0.2 2007 [136]
Electrochemical   0.17 2018 [137]
SPR Antibody 0.12 2020 [138]
Fluorescence TiO2 nanotube array AM700 0.1 2012 [139]
Electrochemical Aptamer 0.05 2020 [140]
Electrochemical   0.033 2019 [141]
ECL   0.016 2015 [142]
ECL AuNPs 0.012 2017 [143]
Electrochemical   0.01 2011 [144]
Photoelectrochemical   0.0067 2018 [28]
ECL Antibody 0.004 2019 [29]
Electrical Aptamer 0.0024 2020 [30]
Fluorescence Antibody 0.00084 2013 [31]
ECL Antibody 0.00048 2019 [32]
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The last example from the set of techniques that we applied for the 
development of a sensitive cTnI test assay was based on a transis-
tor device using graphene as the channel material that connects 
source and drain electrodes. The functionalization of this chan-
nel by a diazonium-based coupling strategy with the attachment 
of the cTnI-specific aptamer [37] by click chemistry leads to a 
very promising IDVG behavior (cf. Figure 5(a)), indicating excel-
lent mobilities in the device structure. Even more important is 
the very reproducible (and reversible [44]) shift of the individual 
IDVG-curves upon rinsing analyte solution through the flow cell. 
The observed behavior is given only by a shift of the Dirac point 
to lower positive voltages, in line with the understanding that the 
binding of the analyte protein leads to an aptamer/cTnI complex 
at the sensor surface that results in a gradual change of the surface 
potential at the channel/analyte solution interface that adds to the 
gate voltage. 

By plotting the change of the source-drain current, IDS, taken at a 
constant gate voltage of VG = 350 mV as a function of the cTnI 
concentration, we observed a behavior that suggested an analy-
sis in terms of a classic binding behavior: for low concentrations, 
the current increased linearly with the cTnI concentration, to then 
merge into a saturation behavior at higher concentrations (Figure 
5(b)). Assuming a Langmuir binding model these data can be fitted 
with the dissociation constant as the only parameter, resulting in 
Kd = 55 pg mL-1 (corresponding to about 2.5 pM). This is a re-
markably high affinity for an aptamer as receptor for a bio-affinity 
reaction and a good starting point for a very sensitive assay for 
clinical applications. The obtainable LoD is certainly better than 
1 pg mL-1, as judged from the clear difference of the IDVG-curves 
measured in bare PBS-buffer and after injecting a cTnI-solution 
with a concentration of only 3 pg mL-1. With these limits, the ap-
proach falls definitely into the regime of assays with a clinically 
relevant resolution: the cut-off level of assays of even the third 
generation is defined as 26 pg mL-1 for healthy individuals.

5. Conclusion

In recent years, the cardiac marker, cTnI, obviously became a 
reference system heavily used by the community of biosensor 
developers to calibrate their broad range of transducer concepts 
and experimental setups. The result is a long list of publications 
dealing with just this one marker, quantifying its LoD as the clin-
ically relevant parameter. As mentioned before, the range of LoD 
values reported in the literature is covering 9 orders of magnitude! 
However, a relatively large number of papers is only (at best) of 
historical value because todays cut-off requirements for clinical 
applications are at the level of 26 pg mL-1 (to be able to monitor 
also healthy patients), although one has to admit that the cut-off 
level was constantly decreasing over the years: what used to be 
a good technique for the detection of the cTnI level in patients’ 
blood a few years ago is not acceptable any more today. Still, the 

list of reports with LoDs in line with the current clinical levels 
is impressive. Hence, a practitioner looking for a good detection 
concept for cTnI needs to take into consideration other factors of 
the test kit like the ease of operation, the robustness of the test kit, 
the costs, etc. Hence, it can be expected that even in the foresee-
able future there will be new proposals for and reports about better 
devices that may eventually also be marketable and will find their 
way into the clinic of doctor’s office. We, too, continue to work on 
that target.
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