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Abstract 

Fatty-acid binding proteins (FABP) and myeloperoxidases (MPO) are associated with many chronic 

conditions in humans and considered to be important biomarkers for diagnosis of cardiac diseases. 
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Here we assemble a new electrical biosensor platform based on graphene-coated interdigitated 

electrode arrays (IDE-arrays) towards ultrafast, label-free screening of heart type-FABP and MPO. 

Arrays of nanoscale (nanoIDE) and microscale (microIDE) electrode-arrays were fabricated on wafer-

scale by combining nanoimprint and photolithography processes. Chemical vapor deposition grown 

multilayer graphene was transferred onto nano/microIDE-arrays and used as a high surface-to-volume 

ratio electrical transducer. Novel biofunctional layers of specially engineered anti-h-FABP and anti-

MPO single-chain fragment variables (scFv) were immobilized onto graphene-coated IDE-array 

sensor platform for electrical detection of h-FABP and MPO in physiological saline. scFv fragments 

show increased sensitivity in comparison to the state-of-the-art competitive ELISA for their higher 

affinity towards target analytes. Deploying FABP and MPO specific scFvs as receptor molecules onto 

our high-sensitivity graphene-coated IDE-arrays with identical sensor characteristics and assays 

covering clinically relevant concentrations in physiological saline, we demonstrate realization of a 

simple and versatile biosensor platform capable of high performance cardiac-bioassays for point-of-

care applications. 

Graphical abstract: 
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1. Introduction 

According to recent surveys, cardiovascular diseases (CVDs) remain a leading cause of mortality in 

human populations worldwide.(Balakumar et al. 2016) With equal shares from coronary problems and 

heart strokes, over 17 million CVD-related deaths account for about 30 percent of the total number of 

deaths. CVD related deaths are more prevalent in populations with low and mid-level incomes across 

the globe making up to three quarters of total CVD-related deaths. By number, CVDs are one of the 

leading causes of deaths in high income groups as well. Overall, CVD-related diseases are significant 

burden on healthcare systems across the globe.(Wilkins et al. 2017) In combating CVDs, risk 

stratification and diagnosis of cardiovascular conditions has evolved significantly and help 

accomplish major therapeutic findings over the last years.(Steg et al. 2012) Even though, prediction 

models for the CVDs and medical interventions remain dependent on demographic study of physical 

symptoms such as diet, smoking, life-style, level of cholesterol and prevalence of diabetes. It should 
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be noted that up to 20 percent of CVD patients may not identify with such prediction models.(Hozawa 

et al. 2007) Addressing the shortcomings of concurrent models, efforts are being concerted towards 

the discovery of molecular biomarkers and their inclusion in disease prediction, stratification models 

for high-risk (with high incidences of traditional risk symptoms) as well as low-risk patients (with 

little or no symptoms before the onset of the disease). As a molecular basis to cardiovascular diseases, 

biomarkers such as C-reactive proteins (CRP), h-type fatty acid binding proteins (FABP),  Growth-

differentiation factor-15, pregnancy-associated plasma protein-A (PAPP-A), highly sensitive troponin 

(hTp), heart-type myeloperoxidase (MPO), B‐ type natriuretic peptide (BNP) and its deriative, N-

terminal natriuretic peptide (NT-proBNP) have been associated to various pathophysiological 

processes.(Wang et al. 2017) Diagnosing a panel of such biomarkers is therefore very interesting for 

health-care, which may allow identification of specific conditions such as myocardial injury, 

inflammation, plaque formation/rupture, myocardial abnormalities, platelets or neuro-hormonal 

activation and serve as a basis to develop future therapeutic strategies and drug-

discoveries.(Chatterjee and Singh 2015; Fang 2015; Savic-Radojevic et al. 2017; Wang et al. 2017) 

Out of numerous CVD biomarkers identified in recent years, studies have shown that detection of h-

FABP alone or along with hTp is far superior for rapid diagnosis of acute myocardial 

infractions.(Azzazy et al. 2006; Kaczynska et al. 2006; Liang et al. 2011; Lippi et al. 2013; Otaki et 

al. 2014) Similarly, increased levels of MPO are closely associated with coronary artery diseases 

(CAD) and are found to be more efficient as biomarker.(Baldus et al. 2003; Nicholls et al. 2011) 

Superior attributes of FABP and MPO as biomarkers make them ideal candidates for realization of 

efficient sensor platform in prognosis of cardiovascular problems. 

Uses of such molecular biomarkers for clinical assays demand realization of high-performance sensor 

platforms in biological or physiological media where low concentration levels and varying clinically 

relevant ranges pose significant challenges for reliable screening. Here, state-of-the-art optical 

detection techniques used for screening purposes mostly perform on the borderline and require a 

performance boost. Consequently, alternative strategies towards the development of more efficient 

bioassays are most sought-after. For example, realizations of high-sensitivity micro-/nano-
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electrochemical transducers as miniaturized point-of-care (PoC) platforms are converging with optical 

approaches towards overcoming challenges of future medical diagnostics.(Bellan et al. 2011; 

Connolly 1995; Pickup 1985) In parallel, use of specially engineered bioreceptors such as aptamers, 

single chain fragment variables (scFv) with high specificity and affinity towards target analytes are 

allowing unique solutions to improve the performance of biosensor platforms.(Ayyar et al. 2010; 

Holliger and Hudson 2005; Huston et al. 1988; Ma and O’Kennedy 2017). A scFv consists of variable 

regions of heavy and light-chain immunoglobulin domains joined by a peptide link, considerably 

smaller than their antibody counterparts.(Schroeder et al. 1998) scFv-antibodies have become part of 

the established practices for synthesis of immunotoxins, anticancer intrabodies. Therapeutic gene 

delivery and cancer-treatment are opening up new possibilities for scFv in medical diagnosis and 

control.(Ahmad et al. 2012; Spain et al. 2016) Other than their use for optical bioassays, scFv are 

especially interesting for assembly of label-free electrical biosensors where performances are 

governed by the solid-liquid interface, characterized by low receptor-analyte affinities and formation 

of very thin electrical double layers due to high ionic strengths.(Daniels 2007) Among other solutions, 

use of bioreceptors with smaller molecular sizes and high-affinities e.g. scFv are expected to 

compensate for such performance limitations in electrical biosensors.  

In this work, we present a new electrochemical sensor platform based on the use of graphene as a 

nanomaterial transducer combined with newly designed scFv as the biofunctional layer for efficient 

label-free detection of h-type FABP and MPO. For the assembly of biosensor platform, graphene was 

grown in a chemical vapor deposition process and transferred on to nanoscale interdigitated electrode 

arrays (nanoIDE-arrays) and microscale interdigitated electrode arrays (microIDE-arrays). Graphene 

surfaces were further modified with anti-fatty acid binding protein (anti-FABP) or anti-

myeloperoxidase (anti-MPO) scFv for the detection of h-FABP and MPO, respectively. Superior 

affinity binding of the newly designed anti-MPO and anti-FABP scFv were tested by inhibitory 

concentration (IC50) analysis using competitive enzyme-linked immunosorbent assays (ELISA) and 

showed improved sensor performances compared to similar state-of-the-art assays. The electrical 

biosensors were integrated in a 16 channel, fluidic-chip design to form a miniaturized biosensor 
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platform. With this sensor approach we deploy ‘label-free’ impedimetric detection of biomarker 

analytes (FABP and MPO) in concentration ranges spanning pg.ml
-1

 to µg.ml
-1 

in physiological saline. 

Our scFv-modified, graphene-coated IDE-arrays exhibit sensor dynamic ranges covering clinically 

relevant concentrations of analytes with extremely reliable sensor signals across different sensor 

positions on a chip. The use of high-sensitivity and reliable screening platforms based on scFv 

modified graphene-IDE based transducers such as presented in our work are expected to ideally serve 

as a generic pathway for further development of low-cost, clinical assays for CVD biomarkers. 

Assembly of such miniaturized PoC tools with further optimizations in patient’s samples is highly 

advantageous for accessing reliable information on the prognosis of CVDs to inform timely 

interventions and prevention of fatal conditions in high risk patients.(Damen et al. 2016)  

2. Materials and Methods 

2.1. scFv production: h-FABP and MPO specific receptor scFv proteins were produced after 

extracting specific RNA sequences from the host animals followed by reverse transcription and 

production of scFv protein libraries. The production of these libraries and subsequent steps using 

phase display technology for the selection of highly specific scFv, purification procedure, SDS-PAGE 

analysis and expression is discussed in the supporting information (SI1-SI4).  

2.2. Competitive ELISA: Half-area 96-well plates (Fisher, Ireland) were coated with 30 µL of 2.5 

µg/mL hFABP and 2 µg/mL MPO (AMS Biotechnologies, UK) separately and left overnight at 4°C. 

The plates were then blocked by using 60 µL/well of 5% (w/v) PBSTM at 37°C for one hour, 

followed with a wash using PBS (60 µL/well). To carry out the competitive ELISA, different 

concentrations of hFABP (0-500 ng.ml
-1

) or MPO (0-2,000 ng/mL) were prepared and mixed with a 

fixed concentration of anti-hFABP (0.26 µg/mL) and anti-MPO (0.03 µg/mL) scFv. This mixture 

(30µL/well) was incubated at room temperature for 10 min and served for the competitive ELISA 

measurements. For performance of negative control experiments, 30 µL/well of hFABP-free and 

MPO-free human serum were applied instead of the scFv and antigen mixture. The plates were 

washed using PBS (60 µL/well) followed with addition of HRP-labelled HA antibody (1:1,000 

dilution; 30 µL/well) and incubation at room temperature for 10 min. The plates were washed once 
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again using PBS (60µL/well). TMB in what (0.4 g/L, 30µL/well) was added to the plates and 

incubated at room temperature for 2 min. The reaction was stopped by addition of 30 µL of 1 M HCl 

per well. The absorbance of the wells was read at 450 nm using a Safire 2 plate reader. 

2.3. Wafer-scale nanofabrication of sensor chips and graphene transfer: The sensor chips with 

nanoIDE and microIDE-arrays were fabricated in newly developed top-down lithography on Si/SiO2 

wafers approach with combination of nanoimprint and lithography processes. The process flow of the 

nanofabrication process and further details are given in the supporting information (SI5). The 

graphene layers were grown in a chemical vapor deposition (CVD) process over 2” x 2” copper foils. 

The graphene transfer onto the sensor chips was carried out using a solution-based process with 

polystyrene as a polymer support.(Yu et al. 2014) In brief, graphene covered copper foils were coated 

with polystyrene film and cut into small sizes (approx. 3 x 3 mm) which was sufficient to cover all the 

16 nanoIDE or microIDE-array channels on the sensor chips. To prepare the polymer film, typically a 

polystyrene bead weighing around 0.07 grams was dissolved in 3 ml toluene (procured from Sigma 

Aldrich, Germany) and drop casted on top of the graphene-coated copper foil. The polymer-coated 

graphene foils were baked for 5 minutes in a convection oven at 95 °C. Polystyrene-coated foils were 

carefully transferred to a copper etching bath made up of 2.5 ml H2O2, 7.5 ml HCl (both Sigma 

Aldrich, Germany) and 42 ml deionized water. Foils are left floating on the solution surface for 

copper etching resulting in polystyrene films with graphene layer sticking underneath.  The graphene 

layer with the polystyrene film on top was transferred to a water bath for cleaning and then fished out 

by placing sensor chips under the floating graphene layer in appropriate orientation so as to cover the 

nanoIDE or microIDE-arrays. After immobilizing the polystyrene-coated graphene onto the sensor 

areas, the sensor chips were placed in toluene solution for 2 hours on a shaker to wash off the 

polystyrene layer from the graphene. Before graphene transfer, sensor chips were cleaned using 

ultrasonication in acetone, isopropanol and distilled water (5 min each) and subsequently by plasma 

cleaning in an oxygen plasma chamber (Diener Electronic, Germany) at 0.6 mbar, 140 Watts for 5 

min. After graphene transfer, the sensor chips were annealed at 350°C for 2 h in an argon atmosphere. 
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2.4. Structural, electrical characterization and sensor integration: Topographical characterization of 

the sensor chips was carried out using scanning electron microscopy (Zeiss Supra 40 SEM, Carl Zeiss 

AG), atomic force microscopy (Nanoscope Dimension 3100 AFM, Veeco probes, USA) and Raman 

microscopy (Horiba LabRam spectrometer). Field-effect characterization of sensor chips was carried 

out on a semiconductor parameter analyzer (Keithley 4200-SCS, Tektronix, USA), while 

impedimetric measurements for transconductance measurements and determination of cut-off 

frequency were carried out using a home built, 16 channel portable amplifier for dc and ac 

measurements. For the realization of biosensor platform and measurements, sensor chips were wire-

bonded onto PCBs and encapsulated using a borosilicate glass ring (borosilicate glass 3.3, do: 9 mm, 

di: 7 mm, wall thickness: 1 mm, h: 2 mm, from Becker Glas, Germany) and using a PDMS (Sylgard 

184, Dow Corning USA) layer. This glass ring is glued onto the sensor chip surrounding the sensor 

arrays while a larger glass ring (borosilicate glass 3.3, do: 20 mm, wall thickness: 1.2 mm, di: 17.6 

mm, h: 3 mm, Becker Glass, Germany) was placed concentrically and covered the wire-bonds 

connecting the sensor chip with the electrical contact pads of the PCB. The space between the glass 

rings, which also protected the wire-bonds was filled with PDMS and cured in an oven at 120 °C. 

With this encapsulation procedure, the gold bonds were completely passivated by PDMS and a small 

reservoir on top of the sensor area was assembled for easy placement of analyte solutions during 

analytical measurements. Encapsulated sensor chips were placed onto a plastic-lead chip carrier 

(PLCC 68 1.27 mm pitch T+B IC51, Yamaichi electronics, Japan) equipped with wire connections 

addressing channels on the sensor chip, individually. 

2.5. Realization of biofunctional layers and sensor measurements: For bioimmobilization of anti-

FABP and anti-MPO scFv recombinant antibody fragments on graphene-coated nanoIDE and 

microIDE-arrays, sensor chips were treated with 95% 3-mercaptopropyltrimethoxysilane (MPTMS) 

from Sigma Aldrich, Germany in propanol (1:100 ratio). 40 microliter (µl) MPTMS solution was 

placed on the sensor chip for 2 hours, cleaned with propanol-2, and blow-dried with N2 gas. Forty 

microliter solutions of anti-FABP scFv and anti-MPO scFv at 1µg/ml concentrations were placed on 

the sensor surface and incubated for ~12 hours. After incubation, the immobilization solution was 
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discarded and the sensor surface was rinsed twice with PBS, pH 7.4. Detection of FABP and MPO 

was carried out with concentration ranges of 1 pg.ml
-1

 – 1 µg.ml
-1

 and 1 pg.ml
-1

 – 3 µg.ml
-1

, 

respectively with an incubation of 10 min for each concentration using a sample volume of 400 µl. 

For label-free detection of h-type FABP and MPO in physiological saline, non-faradaic 

electrochemical impedance spectroscopy (EIS) measurements were carried out. (Daniels 2007) An 

electrochemical workstation Zahner Zennium from Zahner-elektrik GmbH & Co. KG, Germany was 

used for performing EIS. The operation of sensor platform using EIS is similar to as discussed in a 

previous report by our group.(Lanche et al. 2015)   
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3. Results and Discussion 

The assembly of the graphene-based sensor platform is illustrated in figure 1. The IDE-arrays 

working as source and drain electrodes were fabricated on 4-inch Si/SiO2 wafers using a top-down 

lithography approach combining nanoimprint lithography and photolithography methods. Figures 1a 

and 1b show scanning electron microscopy (SEM) images of the typical nanoIDE-arrays and 

microIDE-arrays on the sensor chips. NanoIDE-arrays and microIDE-arrays with finger width of 

600 nm and 6 µm were separated with 600 nm and 6 micron interdigital gaps, respectively. Each 

sensor chip contained 16 of these source-drain pairs containing well defined nanoIDE-arrays and 

microIDE-arrays with regular interdigital source-drain gaps working eventually as an ‘electrical 

channel’ or ‘transducers’ after graphene transfer. The source-drain pairs were surface passivated with 

a 450 nm thick passivation layer (SiO2-Si3N4-SiO2) in the contact-line regions in order to minimize 

interactions with the analytes as well as to define the transducer area, as can be clearly seen in the 

SEM scan images 1a and 1b. The solution-mediated CVD graphene transfer process is illustrated in 

figure 1C, which employed polystyrene as a support for graphene. In order to ascertain the detailed 

topographical features of the graphene-coated nanoIDE-array and microIDE-array sensor platforms, 

the sensor chips were characterized by atomic force microscopy (AFM) and Raman microscopy 

techniques.  Figure 2 shows the surface characterization of typical sensor chips and subsequently, the 

surface modified, graphene-coated IDE-arrays with anti-MPO and anti-FAB scFv as biofunctional 

layers. Figure 2a shows an AFM image of a typical nanoIDE-array coated with graphene. The 

graphene layer can be clearly seen to completely cover the nanoIDE-array while extending onto the 

passivation layer. Graphene transfer on the passivated electrode array therefore limits the transducer 

area to the passivation window and consequently helps to minimize device-to-device variation in 

sensor characteristics. A zoomed in AFM scan image on the right side shows the transducer area and 

the nanoIDE-array covered with graphene. A further illustration on surface characterization of 

graphene-coated sensor platform is shown in supporting information SI6. The thickness of the 

graphene layer was determined after transferring them onto flat silicon substrates as shown in 

supporting information (SI7) and measured to be around 8 to 10 nm corresponding to 10 to 15 
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layers.(Shearer et al. 2016) The thickness of the graphene layers was measured. Figure 2b shows the 

Raman microscopic characterization of the graphene layer directly on the sensor platform (inset 

image). The graph shown in the image represents a typical Raman spectrum for multilayered 

graphene.(Ferrari and Basko 2013) The higher G-band intensities (1565 cm
-1

), presence of a faint D 

peak (1132 cm
-1

) and a low intensity 2D peak (2670 cm
-1

) can be attributed to a disordered lattice, 

defects and folding of multilayers during the growth or transfer process.(Cong and Yu 2014; Das et al. 

2008; Ferrari and Basko 2013; Park and Ryu 2015)  G-peak intensity for the multilayer Graphene 

transferred onto the nanoIDE-array is shown in the optical image as figure 2b. The inhomogeneous 

spatial distribution of the intensity may be due to the folding of graphene multilayers. The graphene-

coated IDE-arrays were then functionalized with either anti-MPO or anti-FABP scFv as receptor 

molecules. The schematics shown in figure 2c and 2d illustrate realization of the biofunctional layers. 

The immobilization process details are given in the methods section. Figure 2e shows the AFM image 

of a sample device after biofunctionalization. As compared to the graphene-coated IDE-arrays in 

shown in figure 2a, the antibody fragment scan be clearly seen in the AFM image, distributed over the 

graphene layer forming granular and agglomerated structures. A comparison of typical sensor position 

before and after carrying out the bioimmobilization procedure is shown in supporting information 

(SI9). The assembled sensor platform was mounted on a specially designed polymer circuit board 

(PCB) and integrated with a fluidic reservoir on top to carry out the electrical bioassays. 

It is worth take a note of the significant surge in label-free electrical biosensor concepts based on one-

dimensional (1D) and two-dimensional (2D) transducers exhibiting superlative sensor 

performances.(Balasubramanian and Kern 2014; Pachauri 2016; Rani et al. 2016) Implementation of 

such nanoscale sensor platform for real applications; however, requires overcoming several 

technological and economic thresholds. Here, inabilities to mass produce identical nanomaterial 

transducers, biomaterials for sensor integration and challenges in detection of clinically relevant 

analyte concentrations in highly concentrated buffers remain major concerns.(Biju 2014; Hinchet and 

Kim 2015) While discovery of highly-sensitive, versatile nanomaterial transducers and developments 

in top-down nanofabrication approaches are mitigating reproducibility issues, realization of high-
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performance biofunctional layers has often been overlooked. Optimal design and function of receptor 

biomolecules is a critical aspect in deploying direct label-free sensor concepts and demand special 

attention towards developing real applications.(Baker 2015; Daniels 2007; Oliveira Jr. et al. 2014) 

Engineering of high-affinity biomolecular interfaces here becomes crucial to develop highly efficient 

biomolecular assays.(Lee et al. 2008; Luo and Davis 2013; O'Sullivan 2002) 

In order to ascertain the analyte binding performance of scFv anti-MPO and anti-FABP, a standard 

half maximal inhibitory concentration analysis (IC50) was carried out using an ELISA protocol. IC50 

measurements were carried out by competing immobilised anti-FABP and anti-MPO scFv with 

solution-phase FABP and MPO are shown in figures 3a and 3b. The binding activity was evaluated by 

the IC50: the concentration at which half-maximum inhibition of antibody-antigen interactions by the 

competing antigen is achieved. With the indirect competition ELISA, the obtained values of IC50 for 

anti-hFABP and anti-MPO scFv were approximately 16 and 500 ng/mL, respectively. The limit of 

detection (LoD) for anti-hFABP and the anti-MPO scFv were approximately 2 and 31 ng.ml
-1

, 

respectively. The results suggested that although the ELISA with scFv give better sensitivities than 

their regular counterparts (80 and 50 ng.ml
-1

 for FABP and MPO, respectively), LoD remain within or 

just below the healthy ranges of FABP (1-30 ng.ml
-1

) and MPO (40-80 ng.ml
-1

).(Esporcatte et al. 

2007; Goiffon et al. 2015; Ishimura et al. 2013; Mocatta et al. 2007; Otaki et al. 2014; Wodzigl et al. 

1997)  

After the ELISA-based analysis of scFv recombinant proteins, electrical bioassays were carried out 

using the graphene-coated nanoIDE-arrays. Figure 4 shows the assembled sensor platform and 

measurements carried out for ‘label-free’ sensing of FABP and MPO in a buffer solution with 

physiological salt concentrations (phosphate buffer with an ionic strength of 154 mM). Figure 4a and 

4b show photographs of the complete sensor system, where the sensor chip is mounted on to a PCB, 

encapsulated with a fluidic reservoir, and connected to external electrical contacts. For sensing 

experiments, an alternating current (AC) bias was applied between the source and drain electrodes 

against a reference which is provided by an Ag/AgCl reference electrode mounted at a fixed position 

in the center of the fluidic reservoir. Source and Drain IDEs are connected by the transducer graphene 
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layer causing an electrical resistance (RG). Total impedance (Z) of devices is recorded in order to 

carry out impedimetric sensing of FABP and MPO. Six different concentrations of FABP (1 pg.ml
-1

, 

500 pg.ml
-1

, 1 ng.ml-1, 10 ng.ml-1, 100 ng.ml
-1

 and 1 µg/ml
-1

) and 7 different concentrations of MPO 

(1 pg.ml
-1

, 1 ng.ml
-1

, 10 ng.ml
-1

, 100 ng.ml
-1

, 500 ng.ml
-1

, 1 µg/ml
-1

 and 3 µg/ml
-1

) were prepared in 

the high ionic strength phosphate buffer to use as sample solutions. Impedance of the scFv-modified 

graphene-coated IDE-array chips was measured after pipetting 400 µl sample solution for each of the 

concentrations and after incubation for 10 minutes. Figure 4c and 4d show the impedance behavior of 

anti-FABP scFv-modified graphene-coated nanoIDEs-based and microIDEs-based sensor chips, 

respectively. Measurements were performed by applying a sinusoidal perturbation potential of 100 

mV rms vs. the open circuit potential in a frequency range from 1 Hz-10 kHz between the source and 

drain IDE-array contacts lines. The impedance behavior of the sensor chips clearly shows a consistent 

increase of impedance with increasing concentration of MPO. It is interesting to note that the 

impedance behavior of the graphene-nanoIDE-arrays was significantly different towards the higher 

frequencies (> 3 kHz) as compared to graphene-microIDE-arrays, which may be due to higher 

capacitive load in the nanoscale sensors. Differential transfer function measurements of graphene-

coated nanoIDE-arrays and microIDE-arrays against a frequency modulated electrochemical bias 

carried out in different ionic strengths also showed higher frequency cut-offs for graphene-coated 

nanoIDE-arrays (supporting information SI10).  The impedance behavior of the anti-MPO-modified 

graphene-coated nanoIDE-arrays and microIDE-arrays upon introducing different concentrations of 

MPO is shown in figures 4e and 4f. The impedance behavior was recorded for frequencies ranging 

from 1Hz to 10kHz, showing consistent increase in the impedance with increase of MPO 

concentrations. It is to be noticed that although the device-to-device variation in impedance values on 

a sensor chip were near-identical (figure 5), the graphs in the figure 4 show measurements of devices 

from different chips resulting in variations in impedance values may be coming from slight 

differences in the graphene transfer and cleaning processes during the assembly of sensor platform.  

Figure 5 summarizes the biosensor response of graphene-coated nanoIDE-arrays and microIDE-arrays 

and compares the performance of our electrical bioassays with the classical ELISA-based approaches. 
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All the graphs from 5a to 5d show average impedance values from 16 individual channels on a sensor 

chip recorded at 30 Hz (red dots connected with red dashed line). The pink background represents 

tentative FABP and MPO biomarker concentrations of clinical relevance in humans on the x-axis, 

while the red and blue dash-dot vertical lines show LoD values for conventional ELISA based 

protocols reported in literature and ELISA screening with scFV, respectively. The graphene-coated 

IDE sensors showed a wide dynamic range from pg.ml
-1

 to µg.ml
-1

 concentrations, with a sigmoidal 

dose response curve for both MPO and FABP biomarkers. The limit-of-detection for graphene-coated 

nanoIDE-array and microIDE-array platforms for FABP, MPO was calculated using linear regression 

analysis in low concentration ranges, respectively at 300 pg.ml
-1

, 112 pg.ml
-1

 and 158 ng.ml
-1

 and 350 

pg.ml
-1

. As it can be seen from the graphs shown in figure 5, the sensors showed promising 

performance with the FABP assay demonstrating an almost linear response in the clinically-relevant 

concentration range for the micro-IDE sensors. A comparison with other sensor platform reported in 

literature so far shows superlative performance of our sensor platform yielding one of the shortest 

assay-time of approximately 10 min. and able to detect most wide spread of FABP, MPO 

concentrations (Supporting information SI12). For real clinical applications however, a further 

improvement of our sensor platform is needed. Especially, the relatively small clinically relevant 

concentration range for MPO requires an optimized resolution in this range, where the nanoIDE 

sensor might have the best potential to meet this demand (see figure 5c). Graphene-coated nanoIDE-

arrays without biofunctionalization were used for negative control of the bioassays developed here for 

the detection of FABP and MPO in physiological saline which is shown in the supporting information 

(SI11). 

Conclusion 

In this manuscript, we present a new electrical biosensor platform provided by fabrication of 

nanoscale and microscale IDE-arrays using top-down nanoimprint lithography and photolithography 

methods and, subsequently, transferring graphene as a 2D transducer material. The graphene-coated 

nanoIDE and microIDE-array-based devices were surface factionalized with scFv recombinant 

antibody fragments for efficient binding of FABP and MPO, important cardiovascular disease 
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biomarkers. The assembled sensor platform showed high-performance sensor characteristics with very 

low device-to-device variations. Most importantly, sensors were deployable in physiological buffers 

for ‘label-free’ screening of large protein molecules such as FABP and MPO. Limitations of optical 

and other sensing approaches in detection of very low concertation of such biomarkers in complex 

media is a significant challenge to overcome in order to realize ‘point-of-care’ platforms for clinical 

diagnostics. Wide sensor dynamic ranges beyond clinically relevant concentration ranges 

demonstrated by our sensor platform together with low LoD at pg.ml
-1

 concentrations of FABP and 

MPO in physiological buffers are expected to provide a significant thrust in the development of 

electrical assays for clinical applications. Our sensor approach is expected to aid in the development 

of further healthcare diagnostic solutions in high-risk patients suffering from cardiovascular patients 

as well as enable the realization of personalized diagnostics platforms for regular health monitoring 
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Figures: 

 

Figure 1: Preparation of graphene-coated nanoIDE and microIDE-array sensor chips. (a) SEM image of a nanoIDE-array 

chip showing 16 nanoelectrodes with a passivation layer protecting the electrode contacts. (b) SEM scan image of the 

microIDE-arrays chip showing 8 microelectrodes with a passivation layer. (c) Schematic illustration of the solution-based 

graphene transfer process from the copper substrate onto the sensor chips using polystyrene support.  
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Figure 2: Characterization of the graphene-coated IDE-arrays and assembly of the sensor platform. (a) Atomic force 

microscopy image of a nanoIDE-array after positioning graphene on top showing a complete coverage of the nanoelectrodes 

with the graphene layer. (b) The graph shows a typical Raman spectrum of the graphene layer positions on top of nanoIDE-

array. The image in the inset represents a characteristic Raman map taken over the sensor-area, whereas the green overlay -

represents the G-peak intensities of the graphene layer. (c, d) Schematic illustration of the bioimmobilization of multilayer 

graphene-coated IDE-arrays chips with anti-MPO and anti-FABP scFv recombinant antibodies, respectively. (e) AFM image 

of a typical sensor surface after the bioimmobilization process.  
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Figure 3: Competitive ELISA showing the limit of detection using (a) anti h-FABP and (b) anti-MPO scFv antibody 

fragments proteins. Absorbance with no h-FABP or MPO competition is referred to as A0. The absorbance with h-FABP 

and MPO competition are referred to as A. For the negative control, the absorbance with h-FABP-free and MPO-free sera 

was used instead of A/A0. The results are shown as the mean ± S.D. (n=3).  
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Figure 4: Label-free screening of cardiac disease biomarkers on graphene-coated IDE-arrays. (a, b) The encapsulated sensor 

chip and the measurement set-up is shown in the photograph, where a sensor-chip is assembled on top of a chip-carrier, 

encapsulated with a fluidic chamber and connected to external electrical contacts for measurements. An individual sensor 

chip is shown in the inset. (c, d) In-line impedance spectra of the sensor chips (graphene-coated nanoIDE and microIDE-

arrays, respectively) biofunctionalized with anti h-FABP scFv when subjected to different concentrations of h-type FABP in 

physiological buffer. (e, f) In-line impedance spectra measured for different concentrations of MPO in physiological buffer 

on the anti-MPO scFv-modified sensor chips.  
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Figure 5: Performances of graphene-coated IDE-arrays sensor platform vis-à-vis ELISA methods for the detection of h-type 

FABP and MPO. (a) The graph showing a nearly sigmoidal increase in the impedance values (extracted at 30 Hz) of the 

graphene-coated nanoIDE-array sensors as a function of h-type FABP concentration in the buffer shown as red dots and a 

dashed line extrapolated in red color. The purple box shows the normal concentration of h-type FABP in humans while the 

red and blue vertical dash-dot lines show the LoD  using state-of-the-art ELISA methods and ELISA procedure using scFv 

recombinant antibody fragments as used in this study, respectively. (b) Dose-response curve obtained for different h-type 

FABP concentrations in buffer using graphene-coated microIDE-array sensors and comparison to LoD values from ELISA 

methods. (c, d) Dose response obtained for different concentrations of MPO using graphene-coated nanoIDE-arrays and 

microIDE-arrays, respectively, and comparison of their performance with the ELISA-based approaches. 16 different devices 

were measured for each graph shown here.  
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Highlights: 

1. First report on the high-performance label-free electrical bioassay for fatty-acid binding 

protein and myeloperoxidase (cardiac biomarkers) in physiological saline using specially 

engineered single-chain fragment variable (scFv) antibodies as receptors 

2. Electrical bioassay widely covering the clinically relevant ranges. 

3. Highly reproducible sensor characteristics emanating from the novel design of electrical 

transducer platform of graphene-coated interdigitated electrode arrays. 

4. Impressive performance of the sensor platform expected to go further for clinical validation 

studies. 




