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ABSTRACT 

Human immunodeficiency virus (HIV), which isa worldwide public health issue, is commonly 

associated with cardiovascular disorders (CVDs) and rheumatoid arthritis (RA). A smart 

nanosensor was developed for the detection of HIV and its related diseases (CVDs and RA) 

using graphene-based field-effect transistors (FETs). In this study, amine-functionalized 

graphene (afG) was conjugated with antibodies [anti-p24 for HIV, anti-cardiac troponin 1 (anti-

cTn1) for CVDs, and anti-cyclic citrullinated peptide (anti-CCP) for RA] to detect various 

biomarkers. The antibodies were covalently conjugated to afG via carbodiimide activation. The 

bioconjugate (graphene-antibody) was characterized by various biophysical techniques such as 

UV-Vis, Raman spectroscopy, scanning electron microscopy (SEM), and atomic force 

microscopy (AFM). The electrochemical performance of the sensor was evaluated with respect 

to changes in the resistance of the electrode surface due to the interaction of the antigen with its 

specific antibody. The developed sensor was highly sensitive and showed a linear response to 

p24, cTn1, and, CCP from 1 fg/mL to 1 μg/mL. The limit of detection (LOD) was 100 fg/mL for 

p24 and 10 fg/mL for cTn1 and CCP under standard optimized conditions. The graphene-based 

smart nanodevice demonstrated excellent performance; thus, itcouldbe used for the on-site 

detection of HIV, CVD, and RA biomarkers in real samples. 

 

Keywords: Biosensor; Graphene; Immunoassay; Transistor; HIV; Cardiac troponin 1; 

Rheumatoid arthritis 
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1. Introduction 

Human immunodeficiency virus (HIV) has transformed intoa global epidemic and 

emerged as a multisystem disorder, primarily involving the cardiovascular and musculoskeletal 

system (Lipshultz et al., 1989; Nanavati et al., 2004; Winchester et al., 1987). HIV-induced drug 

interactions or manifestations that cause cardiovascular disorders (CVDs) in HIV patients are the 

leading causes of morbidity and mortality. The HIV-CVD association often remains clinically 

undiagnosed or wrongly attributed to other non-cardiac diseases such as chronic obstructive 

pulmonary disease (COPD) and obstructive sleep apnea (OSA) (Ferreira et al., 2015).  

Increased awareness and routine screening for cardiovascular symptoms in HIV patients 

can aid in early diagnosis and contribute to a better treatment regimen. Various observational 

cohort studies have been carried out, the results of which showed an increased risk inacute 

myocardial infarction among HIV-infected patients compared with control individuals (Currier et 

al., 2003; Durand et al., 2011; Triant et al., 2007). Moreover, a systematic review and meta-

analysis conducted by Islam et al. (2012), with theaim to estimate the risk of CVDs for HIV-

infected patients compared with healthy individuals, found that HIV infection could increase the 

risk of CVDs by 61%. Some HIV-associated CVDs include infective endocarditis 

(Rerkpattanapipat et al., 2000), pulmonary hypertension (Almodovar et al., 2011), pericardial 

effusion (Eisenberg et al., 1992 ), and premature atherosclerosis (Calza et al., 2008). HIV-

associated musculoskeletal disorders have been reportedsince the outbreak of this global 

epidemic. Patients with HIV can develop arthritis at any stage of the disease (Kaddu-Mukasa et 

al., 2011). Moreover, serological markers of arthritis can be found in HIV-infected patients (du 

Toit et al., 2011). Articular syndromes are associated with HIV, such as seronegative 

spondyloarthropathy (SPA) (McGonagle et al., 2001), rheumatoid arthritis (RA) (Carroll et 
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al.,2016), and articular syndrome (Plate and Boyle, 2003), which could increase the risk of 

cardiovascular disease among patients with RA (Gonzalez-Juanatey et al., 2003; Nurmohamed, 

2009). 

A number of immunological and electrochemical assays have been developed for the 

detection of HIV and its associated diseases (CVDs and RA)(Biancotto et al., 2009; Fonseca et 

al., 2011; Hashida et al., 1998; Li et al., 2009). The diagnosis of HIV (primarily associated with 

the detection of p24 antigen), RA, and CVDs is mainly performed using immunological assays 

such as enzyme-linked immunosorbent assay, western blot assay, and immunofluorescence assay 

(Cho et al., 2009; Hayes et al., 2009; Ishikawa et al., 1998; Tabushi et al., 2008). Immunosensors 

provide a promising alternative approach for the detection of various biomolecules such as those 

of pesticides, narcotic drugs, cancer, pre-eclampsia, HIV, CVDs, and RA (Suri et al., 2008,2009; 

Sharma et al., 2010; Thakur et al., 2011; Gandhi et al., 2008,2009, 2015, 2016, 2018; Tey et al., 

2010; Singh et al., 2018; Suman et al., 2017; Gan et al., 2013; Munje et al., 2015; Zhao et al., 

2018). 

Advancements in electrochemical immunosensing have allowed better detection methods 

to be developed with a simple design at a low cost with high selectivity, sensitivity, and field 

applicability (Wijaya et al., 2009,2010; Talan et al., 2018).Moraes et al. (2014) developed 

electrochemical immunosensors based on the biorecognition between anti-p24 antibody and its 

antigenic peptide p24-3 (from HIV-1 p24 protein). The antigenic peptide was incorporated inside 

liposomes to build layer-by-layer films with polyethyleneimine with a limit of detection (LOD) 

up to 1 μg/mL. Munje et al. (2015) developed label-free, electrochemical sensors using zinc 

oxide (ZnO) nanowires for the detection of cardiac troponin T or cardiac troponin 1 (cTnTor 

cTn1). Electrochemical impedance spectroscopy (EIS) and fluorescence quantification analysis 
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were performed to determine the linear detection range of cTnT or cTn1 in the human blood. The 

detection limit, which was found to be 10 fg/mL, has potential utility in point-of-care (POC) 

diagnostics for cardiovascular diseases. In another study, a novel, label-free, electro-generated 

chemiluminescence immunosensor for the early diagnosis of RA was developed with a LOD of 

0.2 pg/mL using heterogeneous polyaniline-gold nanomaterial (Zhao et al., 2018). A real-time 

label-free assay was developed for the detection of cTn1 up to 2 ng/mL using selectively 

functionalized SnO2 field-effect transistors (FETs) (Cheng et al., 2011).  

Nevertheless, most of the known methods require sophisticated instrumentation and a 

high analytical time and may not be suitable for real-time, on-site applications. In contrast, 

charge sensitive sensors using two-dimensional graphene offer several key advantages, such as 

ultra-high sensitivity, ease of operation, and a short response time, and can be easily integrated 

into a chip for point-of-care testing (POCT). 

In the present study, we  have developed a smart FET-based nanodevice for the detection 

of HIV, CVD, and RA biomarkers using amine-functionalized graphene (afG) conjugated with 

specific antibodies. The FETs were fabricated from both single and multilayer graphene 

(Novoselovet al., 2004), which work at very low noise levels (Karnatak et al., 2016, 2017; Pal et 

al., 2009a,2009b,2011), and were obtained using the scotch tape exfoliation techniqueon 285 nm 

SiO2/Si substrate followed by standard electron beam lithography and metallizationusing 5/40 

nm Cr/Au. 

The specific antibodies [anti-p24 for HIV, anti-cardiac troponin 1 (anti-cTn1) for CVDs, 

and anti-cyclic citrullinated peptide (anti-CCP) for RA] were covalently conjugated to afG via 

carbodiimide activation. The interaction of the target antigen, bound to the graphene surface, 

with it’s specific antibody leads to a redistribution of the local doping, which manisfests as 
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change in the resistance of the graphene channel, which can be used to determine the 

concentration of the analyte. The results demonstrate that the developed smart nanodevice could 

potentially be used for the rapid, on-site detection of not only HIV, CVD, and RA biomarkers 

but also other disease markers. 

 

2.Material and methods 

2.1. Reagents 

For exfoliation, single crystals of Kish graphite purchased from the Covalent Materials 

Corp. (Tokyo, Japan) were used. In addition, 285 nm Si/SiO2 substrate was purchased from Nova 

Electronic Materials (Flower Mound, TX, USA). For thermal evaporation, 99.99% pure gold 

wire and chromium pellets were obtained from Kurt J. Lesker Co. (Clairton,PA, USA). Scotch 

tape (3M)  was used for exfoliating graphene. PMMA 495 and 950 were obtained from 

MicroChem Corp. (Newton, MA, USA). 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC) and N-hydroxysulfosuccinimide (sulfo-NHS) were purchased from Sigma-

Aldrich (Delhi, India). Polyclonal antibodies and antigens (for p24, cTn1, and CCP) were 

purchased from Abcam (Cambridge, UK). All other reagents used were of high-quality analytical 

grade unless otherwise stated. All solutions were prepared using double-distilled water. 

 

2.2. Apparatus 

The UV-Vis spectrum was acquired using Analytikjena SPECORD S-600 (Noida, India) 

witha range of 200–1020 nm. A Raman spectrometer (Thermo-Nicolet 6700; Bangalore, India) 

was used to obtain Raman spectra. Fourier transform infrared (FT-IR) spectroscopy was 

performed using the Shimadzu 8700 FT-IR spectrophotometer (Noida, India). The synthesized 
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bioconjugate was characterized by scanning electron microscopy (SEM)(Zeiss EVO 18 

448;Noida, India). Surface morphology was examined by optical microscopy (Olympus BX51; 

Bangalore, India) and atomic force microscopy (AFM) (Veeco CP-II;SBK, Bangalore, India). 

All electrical measurements were performed using the SR 830 lock-in amplifier at a carrier 

frequency of 227.9 Hz. The gate voltage for obtaining the transfer characteristics was applied 

using Keithley 2400 Source Meter. All experiments were performed at room temperature 

(RT)(25 ± 1 °C). 

 

2.3. Functionalization and labeling of graphene with antibodies 

Antibody binding (for p24, cTn1, CCP) was performed via 1-ethyl-3-(3-dimethyl 

aminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) 

carbodiimide chemistry. Graphene (0.5 mg) was allowed to react with 75 μM EDC and 75 μM 

NHS (total volume 1 mL) for 2 h under gentle stirring at RT. The activated complex of graphene 

was centrifuged at 10,000 rpm for 15 min at 4 °C followed by the resuspension of the pellet in 1 

mL phosphate buffer (PB; 50 mM,pH 7.4). The antibodies (100 μg each for p24, cTn1, and CCP) 

were separately added dropwise to the activated graphene for 30 min at RT followed by 

overnight incubation at 4 °C. The pellet (graphene-antibody) was centrifuged, resuspended in 0.5 

mL PB (pH 7.4), and further characterized by spectroscopic and microscopic techniques to 

confirm antibody binding. Binding of antibody to nanocomplex was determined indirectly using 

a Bradford assay to measure protein with rabbit IgG as the standard. Briefly, the nanocomplex 

(0.1 µg/mL) was conjugated with different concentrations of antibody (0.1, 0.5, and 1 mg/mL) 

followed by centrifugation (10,000 rpm; 10 min) to remove any unbound antibodies. The 

washing procedure was repeated three times using 500 µL of 0.1 M phosphate buffer and the 
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wash solution was collectively measured to determine the concentration of unbound antibodies. 

A standard curve of absorbance versus rabbit IgG concentration was generated by measuring the 

absorbance at various concentrations. 

 

2.4. Characterization of the bioconjugate 

The developed bioconjugate with all three antibodies (p24, cTn1, and CCP) was 

characterized separately by various microscopic and spectroscopic techniques such as SEM, 

AFM, UV-Vis, FT-IR, and Raman spectroscopy. The obtained spectra of graphene and the 

graphene-antibody bioconjugate were compared. SEM was performed to confirm the labeling of 

graphene with the respective antibodies. The UV-Vis absorption spectra of the afG-antibody 

bioconjugate were obtained in the range of 200–500 nm. Raman spectra were acquired in the 

range of 1300–3000 cm
-1

 to examine the change in the characteristics of graphene before and 

after antibody labeling. FT-IR was performed in the range of 500–4000 cm
-1

. 

 

2.5. Fabrication of FETs 

To fabricate the FETs, graphene was first exfoliated from a single crystal of graphite using the 

scotch tape technique on 285 nm SiO2/Si substrate with SiO2 as the back-gate dielectric 

(Novoselov etal., 2004). Suitable graphene flakes, both single and multi-layers, were identified 

witha high-resolution optical microscope (Olympus BX 51;Bangalore, India) at 200–1000× 

magnification in reflection mode after exfoliation. The substrates were then coated with one 

layer each of PMMA 495 and PMMA 950, which formed the positive resist for electron beam 

lithography (Raith Pioneer;Bangalore, India). After lithography, the samples were developed in a 

solution of isopropyl alcohol (IPA) and methyl isobutyl ketone (MIBK) with a ratio of 3:1, 
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followed by the thermal evaporation of Cr and Au (thickness of 5nm and 50 nm, respectively), 

which formed the source-drain contacts. The samples were then mounted on a ceramic chip 

carrier and ball-bonded using a TPT wirebonder. 

 

2.6. Electrochemical characterization of  the developed nanodevice 

The antibodies (p24, cTn1,and CCP) were immobilized separately on the surface of the 

FET, pre-activated with EDC/NHS, and allowed to bind with graphene for 30 min. Following 

antibody addition, the antibodies were immobilized with 50 mM PB (pH 7.4). PB washes were 

performed at each step to remove excess and unbound material. Blocking was performed with 

1% BSA in 50 mM PB (pH 7.4), and the device was used for analyte detection. Antigen 

concentrations were prepared in the range of 1 fg/mL to 1 μg/mL (in 50 mM PB; pH 7.4) 

separately for electrochemical sensing. Liquid state measurements were performed,and the 

change in the resistance was recorded at different stages using a constant current circuit by 

passing 100 nA of current through the FET. The reproducibility of the graphene-based FET 

immunosensor was evaluated with three different electrodes by adding antigens (p24, cTn1, and 

CCP) at fixed concentrations and monitoring the resistance. Furthermore, cross-reactivity 

analysis was performed to determine the specificity of the developed device for p24, cTn1, and 

CCP.  

 

3. Results and discussion 

3.1.Characterization and confirmation of antibody-labeled graphene (bioconjugate) 

Scheme 1 shows the bioconjugation of antibodies with graphene. Surface morphology 

analysis was performed by SEM to confirm the labeling of graphene with antibodies (p24, cTn1, 
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and CCP). Graphene was clearly visible as shown in Fig.1A. In the case of the graphene-

antibody bioconjugate, a white proteinaceous material (indicating bounded antibodies) was 

observed on the surface of graphene as shown in Fig.1B. UV-Vis spectra (Fig.S1) revealed are 

the shift of 5 nm with a peak at 230 nm for graphene (green line) and at 235 nm for graphene-

antibody (red line). Similarly, the Raman spectra in Fig.1C demonstrated antibody binding. In 

Fig.1D , the FT-IR spectra revealed peaks at 1116 and 1635 cm
-1 

for C=O and C-C, respectively. 

The peak at 1372 cm
-1

 for C-N confirmed the binding between graphene and the antibodies 

(Saleem et al., 2016; Yang et al., 2009). Table S1 showed the binding affinity of antibody with 

graphene nanocomplex prior to antigen reaction. As the enhanced binding efficiency will be 

directly concerned with increased antigen-antibody reaction. The affinity of antibodies against 

specific antigens (HIV, cTn1, and RA) in the presence of graphene before immobilization on the 

surface of FET is upto 90% at 1 mg/ml antibody concentration.  

 

3.2. Electrochemical characterization of the developed graphene-based FETs 

Scheme 1 shows the fabrication process of the FET device with graphene and 

immobilization of antibodies on its surface via carbodiimide activation. Fig. 1E shows the optical 

image of a typical graphene FET fabricated using the exfoliation method. The morphological 

characteristics of the graphene FET device shows the presence of antibodies (p24, cTn1, and 

CCP) on the graphene FET surface. The AFM image of bare graphene in Fig. 1F (i)  and 1F(ii) 

confirmed the presence of antibodies (white dots) with a change of 5 nm in the height profile, 

which confirmed the binding of the antibodies to the graphene surface (Yuri et al., 2014). 
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3.3.Analytical performance of the developed FET nanodevice for detecting HIV, CVD, and RA 

biomarkers 

The first step infabricating the biosensor wasto functionalize the graphene channel with 

antibodies. Antibodies were drop-casted on the carboxylated graphene FET, which bound to its 

surface by covalent bonding and π-π interactions (Kuila et al., 2011). Each biosensor had two 

parts (the receptor and the transducer). Here, the antibodies act as specific sites for the antigens 

to bind and form the receptor, whereas the graphene layer acts as the transducer, which converts 

a chemical signal from antibody-antigen interactions into a readable electrical signal (Shao et al., 

2009; Pumeraet al., 2011). 

The resistance vs. gate voltage (Vg) of the graphene FET demonstrated ambipolar 

behavior with a charge neutrality point at -1 V (Fig. S1B), 8 V (Fig. S1C), and -1 V (Fig. S1D),-, 

indicating different intrinsic doping levels in these devices. The change in the intrinsic doping 

profile of graphene was determined based onthe change in the position of the Dirac point before 

and after the measurement cycle as demonstrated in Fig. 2A. The change in the charge neutrality 

point voltage was        V. The resultant doping of graphene can be calculated with     

      , where    is the change in the carrier nuumber of graphene, e is the electronic 

charge,        is the change in the Dirac point of the graphene channel before and after 

measurements., and             F is the capacitance of 285 nm SiO2. The change in number 

density was calculated as            m
-2 

for cTn1 antibodies, thus confirming the binding 

between the graphene channel and the biomolecules. For further confirmation of antibody 

binding on the graphene surface, 0.01 μg/mL of antibodies were drop-casted directly on a gold 

FET device (Fig. 2B). The absence of measurable changes confirmed that the signal originated 

from antibodies bound with graphene (Fig. S1D). For field applicability, the stability of the 
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device functionalized with antibodies was monitored up to three weeks. The graphene FET 

device was stored at RT, and the resistance was monitored from time to time. The device 

characteristics were stable for  four weeks with a negligible change in the resistance (Fig. 2C). 

To quantify the response of the graphene conjugated with specific biomarkers (as a 

biomolecule sensor), the antigens were drop-cast on multiple graphene-based FETs, and kinetic 

measurements were performed (Fig. 3). Antibody-antigen interactions led to a change in the 

doping profile of the graphene channel with a change in the resistance, which was monitored 

continuously at Vg = 0 V for HIV antigen concentrations ranging from 1 fg/mL to 1 μg/mL. The 

response was linear as shown in Fig. 3B. For a more quantitative understanding of the biosensing 

capabilities of the sensors, the percentage change in channel resistance was calculated by taking 

the resistance in the buffer solution as the baseline. The change was almost 21% for an antigen 

concentration of 1 μg/mL, beyond which it showed saturation (Fig. 3). This may be attributed to 

the utilization of all active sites; thus, the further addition of antibodies wouldnot lead to 

additional binding due to the absence of active sites. The limit of detection for HIV antibodies 

with different detection methods is shown in Fig. S2A (Nakatsumaet al., 2011). The limit of 

detection for HIV using functionalized graphene was 100 fg/mL, making it one of the most 

sensitive detectors available for HIV antigens (Table 1). As the electrical response to the added 

antigens was almost instantaneous, the analytical time of the device was extremely short. 

Using a similar technique, we also investigated the sensing capabilities of graphene for 

cTn1(CVD) and CCP (rheumatic arthritis) antibodies, which are diseases associated with HIV, 

by monitoring the resistance change for analyte concentrations ranging from 1 fg/mL to 1 

μg/mL. The response of the deviceas a function of antigen concentration for cTn1 and CCP is 

shown in Fig. 3C and 3E, respectively. The percentage change in the resistanceis shown in Fig. 
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3D and Fig. 3E. The graphene channel demonstrated an excellent response in both cases with a 

linear range from 1 fg/mL to 1 μg/mL. The LOD for cTn1 and RA was 10 fg/mL, which is one 

of the highest (Fig. S2B) reported in the literature thus far (Table 1). As shown in Fig. 4, the 

developed device exhibited reproducible behavior at fixed concentrations of antigens [4A: p24 

(100 fg/mL), 4B: cTn1 (10 μg/mL), 4C: CCP (10 μg/mL)]. Cross-reactivity analysis revealed the 

specific nature of the graphene FET device fabricated with specific antibodies, which didnot 

show any cross-reactivity to non-specific antigens as shown in Fig. 4 [4E(i&ii):p24, 4F(i&ii): 

cTn1, 4G(i&ii):CCP]. The detection method using the functionalized graphene FET 

outperformed most other known methods (calorimetric, fluorescence, or electrochemical) for 

cTn1 detection in key parameters such as the LOD and analytical time (Ha et al., 2016). 

 

4. Conclusion 

Our study has revealed that graphene can be an extremely sensitive platform for the detection of 

HIV and related cardiovascular diseases and arthritis. The developed sensor was highly sensitive 

and showed a linear response to p24, cTn1, and, CCP from 1 fg/mL to 1 μg/mL with a LOD of 

100 fg/mL for p24 and 10 fg/mL for cTn1 and CCP under standard conditions. The detection 

technique of the developed graphene-based FET immunosensor exhibited a clear advantage over 

conventional techniques because of its quick response time and increased selectivity and 

sensitivity. Therefore, the graphene-based smart nanodevice demonstrated excellent performance 

with a high POCT potential for the on-site detection of HIV, CVD, and RA biomarkers in real 

samples. However, the miniaturization of the device for field applicability would be 

costly/expensive. We are currently pursuing the development of a cost-effective graphene-based 
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sensor by using alternate fabrication procedures, which could be used as a diagnostic platform to 

detect potential disease markers. 
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Figure legends 

Scheme 1. (i) Fabrication of the graphene immunosensor. (A) Graphene wasfirst exfoliated on 

285 nm SiO2/Si substrate with SiO2 as the back-gate dielectric. (B) After exfoliation, the source-

drain contact pads were defined by electronbeam lithography, followed by the thermal 

evaporation of 5/50 nm Cr/Au. (C) After the fabrication of the field-effect transistor (FET), 

graphene was functionalized with antibodies by drop-casting them on the graphene channel, and 

non-specific sites were blocked by a blocking agent. (D) Biosensing was performed by adding 

specific antigens to the functionalized graphene. The resistance of the graphene channel was 

monitored continuously using a lock-in amplifier with various antigen concentrations, which 

could give a quantitative estimate of the detection capabilities of the graphene biosensor. (ii) 

Activation procedure for antibody (Ab) conjugation to the graphene nanomaterial using the 

carbodiimide method. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) 

and N-hydroxysulfosuccinimide (NHS) were used for the activation of carboxylic groups on the 

surface of graphene,enhancing the formation of activated graphene-antibody complexes via 

amino groups. 

Fig. 1. Characterization of antibody-labeled graphene. (A) Scanning electron microscopy (SEM) 

analysis of the surface morphology of graphene showed that graphene was clearly visible. (B) 

SEM analysis of the graphene-antibody bioconjugate revealed a white proteinaceous material on 

the surface of graphene, indicating antibody binding. (C) Optical micrograph of a typical 

graphene field-effect transistor (FET) before measurement. (D) (i) AFM image showed the bare 

graphene without antibody binding; (ii) The brighter spots in Atomic force microscopy (AFM) 
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indicated antibody-antigen binding on the graphene surface. (E) Raman spectra confirmed 

antibody bindingon the graphene surface. (F) Fourier transform infrared (FT-IR) peaks were 

found at 1116 and 1635 cm
-1 

for C=O and C-C, respectively. 

Fig. 2. (A) The current vs. time plot of the graphene field-effect transistor (FET) monitored over 

four weeks. The negligible change in the current demonstrated the stability of the devices. (B) 

The current response on the gold surface indicated no antibody binding, thus demonstrating the 

role of graphene in binding. (C) Device measurements performed before (-15mV) and after (-

5mV) treatment with antibodies revealed a significant change in the gate voltage (Vg). 

Fig. 3. Kinetic response of the graphene biosensor atvariousconcentrations of antigens for (A-i) 

p24, (B-i) cTn1, and (C-i) CCP. Percentage change in the resistance of the biosensor at different 

concentrations of antigens for p24, cTn1, and CCP (A-ii, B-ii, and C-ii, respectively). The device 

showed a linear response from 1fg/mL to 1 μg/mL with a limit of detection (LOD) of 100 fg/mL. 

Fig. 4. Reproducibility studies of fabricated graphene FET immunosensor at fixed concentration 

of antigen (A- HIV; B- cTn1; C- RA).  The resistance was measured on the three individual 

graFET sensor. Cross-reactivity experiments were performed for three different antigen (D-i- 

HIV; E-i- cTn1; F-i- RA); inset shows the enlarged view of the same as in case of (D-ii- HIV; E-

ii- cTn1; F-ii- RA).  
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Table 1. Comparison of various electrochemical immunosensors based on field effect 

transistors (FETs) with its linear range, and limit of detection. 

Name of the disease 

and associated 

biomarkers 

Nanomaterial Linear range 

Limit of 

detection 

(LOD) 

Reference 

Myocardial infarction 

(cTn1) 

SnO2 nanowire - 2 ng/mL 

Cheng et al., 

2011 

Acute myocardial 

infarction (cTn1) 

Silicon nanowire 

0.092– 46 

ng/mL 

0.092 ng/mL 

Kong et al., 

2012 

Cardiac disease 

(cTn1) 

Silicon nanowire 

5 pg/mL–5 

ng/mL 

5 pg/mL Kim et al., 2016 

HIV Graphene 1 pM to 10 nM 1 pM 

Kwon et al., 

2013 

HIV, cTn1, RA Graphene 

1 fg/mL to 1 

μg/mL 

100 fg/mL 

(HIV); 10 

fg/mL (cTn1, 

and CCP) 

Present work 
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Highlights- 

 

 Graphene is highly stable with low environmental impact, such gra-FET devices can be easily 

integrated into electronic chip for on-site applications of HIV (p24), cardiac marker (cTn1), and, 

anti- Cyclic Citrullinated Peptide  (CCP) antibodies but other analyte also. 

 

 Gra-FET immunosensor showed ultra low detection of HIV (p24), and cTn1, CCP antibodies upto 

100 fg/mL, and 10 fg/mL with linear response range from 1 fg/mL to 1 μg/mL.  

 

 Gra-FET based immunosensor is charge sensitive, highly specific, cost effective, require very less 

sample volume and provide rapid detection in less than 5 min. 
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