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A B S T R A C T

This study presents a graphene field-effect transistor (gFET) biosensor with dual detection capabilities for SARS- 
CoV-2: one RNA detection assay to confirm viral positivity and the other for nucleocapsid (N-)protein detection 
as a proxy for infectiousness of the patient. This technology can be rapidly adapted to emerging infectious 
diseases, making an essential tool to contain future pandemics. To detect viral RNA, the highly conserved E-gene 
of the virus was targeted, allowing for the determination of SARS-CoV-2 presence or absence using nasopha-
ryngeal swab samples. For N-protein detection, specific antibodies were used. Tested on 213 clinical nasopha-
ryngeal samples, the gFET biosensor showed good correlation with RT-PCR cycle threshold values, proving its 
high sensitivity in detecting SARS-CoV-2 RNA. Specificity was confirmed using 21 pre-pandemic samples positive 
for other respiratory viruses. The gFET biosensor had a limit of detection (LOD) for N-protein of 0.9 pM, 
establishing a foundation for the development of a sensitive tool for monitoring active viral infection. Results of 
gFET based N-protein detection corresponded to the results of virus culture in all 16 available clinical samples 
and thus it also proved its capability to serve as a proxy for infectivity. Overall, these findings support the po-
tential of the gFET biosensor as a point-of-care device for rapid diagnosis of SARS-CoV-2 infection and indirect 
assessment of infectiousness in patients, providing additional information for clinical and public health decision- 
making.
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1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic has accelerated 
advancements in technologies for detecting severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) (Rabiee, 2020; Soler, 2020; 
Mathuria et al., 2020; Karkan et al., 2022). The World Health Organi-
zation (WHO) and health agencies prioritize nucleic acid amplification 
tests (NAAT) like real-time polymerase chain reaction (RT-PCR) as the 
gold standard for detecting SARS-CoV-2 due to their high sensitivity and 
specificity (World Health Organisation WHO, 2021). However, while 
RT-PCR can detect viral RNA, it does not necessarily confirm the pres-
ence of replicative virus, complicating the assessment of infectiousness 
and risk of transmission. Virus propagation in culture is the preferred 
method to test for replicative virus (Lu et al., 2020; Gaspar et al., 2001; 
Compans and Choppin, 1967), but it is labor-intensive and 
time-consuming and therefore not suitable for routine diagnostics. 
Furthermore, it is necessary to propagate infectious virus in a biosafety 
level three (BSL3) containment usually restricted to specialized in-
stitutions. Consequently, semi-quantitative RT-PCR thresholds based on 
virus culture and RT-PCR cycle threshold (Ct) values were implemented 
as proxy for infectivity but these must be interpreted carefully within the 
history of infection, the non-standardizable nature of respiratory sam-
ples and variability of different RT-PCR assays on the market (Arnaout 
et al., 2021; Kirby et al., 2023). Moreover, persistent or intermittent 
positive RT-PCR results pose particular challenges in clinical settings, 
potentially leading to prolonged isolation and strained hospital re-
sources (Mencacci et al., 2021; Avanzato et al., 2020).

This highlights the need for a comprehensive approach with the 
potential to answer the question whether the sample contains replicative 
virus and thus indicating the risk of transmission. We focused on the 
nucleocapsid (N-) protein, highly conserved across SARS-CoV-2 variants 
and abundant in the virus (Muradyan et al., 2024), because the presence 
of non-denatured viral protein/RNA complex is established as a poten-
tially reliable marker for intact infectious virus as opposed to residual 
viral RNA (Wu et al., 2023; Diao et al., 2021).

Biosensor technologies have been pursued for virus detection, uti-
lizing biomarker-specific recognition elements, transducers, and sensor 
read-out systems. Examples include P-FAB for saliva testing, eCovSens 
for spike protein detection in saliva, and surface plasmon resonance 
(SPR) spectroscopy biosensors for detecting SARS-CoV-2 antibodies in 
serum (Murugan et al., 2020; Zhen et al., 2020; Seo, 2020; Mahari, 
2020); these sensors utilizing nanomaterials have shown promise for 
precise viral detection (Djaileb et al., 2020; Qiu, 2020; Roether, 2019; 
Rampazzi, 2016). However, integrating biosensors into diagnostic pro-
cedures faces challenges like device inconsistencies and sample 
complexity.

To address these issues, we developed a device using graphene field- 
effect transistor (gFET) biosensor technology with dual target detection 
for SARS-CoV-2 diagnosis. We chose gFET technology over other sensor 
types due to graphene’s unique electronic properties and ease of func-
tionalization (supplemental information [SI] 2.5). Our device includes 
two gFET assays for nasopharyngeal swab specimens: one for detecting 
SARS-CoV-2 RNA by targeting a conserved region in the SARS-CoV-2 
genome (E-gene) (Corman et al., 2020) and monitoring shifts in the 
Dirac point voltage, and another for detecting the nucleocapsid protein 
(N-protein) (Kirby et al., 2023) indicative of infectivity by monitoring 
changes in current from transfer characteristics (IdVg). We improved 
gFET biosensor accuracy and reliability by using NaCl calibration (see SI 
2.3) to standardize responses and reduce device-to-device variability. 
Additionally, a differential biosensing strategy, involving baseline 
establishment with pooled negative samples and subsequent target 
detection, effectively mitigated non-specific binding and environmental 
noise, ensuring robust SARS-CoV-2 detection even in complex biological 
matrices.

2. Material and methods

2.1. Clinical patient samples

We used 242 archived nasopharyngeal swab samples (NaCl or Copan 
UTM) from routine RT-PCR testing between Oct 2020–May 2023 at the 
Division of Clinical Virology. For SARS-CoV-2 E-gene RNA detection, 
213 heat-inactivated samples were tested (heat inactivation see SI 1.1 
(Loveday et al., 2021; Batéjat et al., 2021)), including 32 RT-PCR posi-
tive samples covering the linear range (Ct 12.1 to 39.0) of the 
SARS-CoV-2 RT-PCR (various variants, see detailed in SI section 1) and 
160 RT-PCR negative samples pooled in groups of five. Specificity 
testing of the SARS-CoV-2 E-gene assay on the gFET biosensor device 
was carried out using 21 pre-pandemic samples (pooled), that tested 
RT-PCR positive for respiratory viruses other than SARS-CoV-2 (influ-
enza A, influenza B, respiratory syncytial virus, rhinovirus, meta-
pneumovirus, adenovirus or enterovirus; see SI section 1.1). N-protein 
detection for infectivity was conducted on 29 non-heat-inactivated 
samples from 18 patients (28 positive, 1 negative, Table 1), with a 
focus on Ct values > 30. Virus culture results were available for 16 
samples (12 patients; SI 1.5).

2.2. gFET biosensor

Signal transduction was based on the MOSFET equation. Calibration 
was performed using NaCl solutions of known concentrations (SI 2.3, 
Suppl. Fig. 3) before functionalizing the graphene surface with synthetic 
DNA or anti-N protein antibodies. We used 0.01x PBS buffer and poly-
ethylene glycol (PEG) to address Debye screening and prevent nonspe-
cific binding (for Debye length calculation see SI 2.4). A differential 
biosensing methodology was adopted, involving sequential exposure to 
negative and positive samples to enhance specificity (SI 2.6). 

IDS = μ Cox
W
L

(VG − VT) VDS 

In this equation, W (m) represents the channel width, L (m) stands for 
the channel length, Cox (F/cm2) is the capacitance of the insulating 
layer, μ (cm2/V.s) refers to the charge mobility of the semiconductor, VT 
(V)is the threshold voltage, VG (V) denotes the gate voltage, and VDS (V) 
signifies the drain-source voltage. Any surface event occurring at the 
gate-electrolyte interface is linked to a change in Cox, which in turn 
results in an alteration of IDS (A).

To monitor the bio-interaction, the transfer characteristic of the gFET 
(IdVg) was recorded with a Keysight U2722A modular source/measure 
unit (Keysight Technologies, USA) and a LabView-based software (Na-
tional Instruments, USA) developed by our group. The schematic tran-
sistor architectures for bio-sensing are shown in Fig. 1a. They consist of a 
graphene channel between the drain and source electrode, a liquid gate 
electrode silver wire, coated with silverchloride (SI 2.5, Suppl. Figs. 4 
and 5). The gate electrode is exposed to the liquid ion channel, therefore 
to the analyte (Fig. 1a). A specific range of gate voltages (− 800 mV to 
+800 mV) at a scan rate of 20 mV/s with VDS = 50 mV was used as 
system parameters (Reiner-Rozman et al., 2021; Kissmann et al., 2022; 
Rodrigues et al., 2021; Hasler, 2022). IdVg were recorded and averaged 
for each step. Stability analysis of the gFET was performed by recording 
a set of IdVg every 20 min in running buffer for 3 h (SI 2.6 & 2.7, Suppl. 
Figs. 5 and 7). A time-resolved measurement method was not used in 
this study because a fixed gate voltage during measurements was 
necessary to ensure consistent results. Applying a gate voltage during 
functionalization or exposition of the surface to samples, however, could 
potentially interfere with the immobilization process by altering the 
electrostatic interactions between the graphene surface and the charged 
biomolecules.

To functionalize the surface of rGO, a non-covalent approach was 
used with 1-pyrenebutyric acid (PBA) and Pyrene-PEG-alcohol (PyPEG) 
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Table 1 
Nucleocapsid-protein detection for infectivity determination - in context with viral cell culture, RT-PCR, patient medical history, and sampling timepoints.

Patient 
no

SARS-CoV-2 
variant

Sex Age Vaccinations Comorbidities/risk factors Initial 
symptoms

Peak viral load 
PCR Ct

Symptoms Days before/after peak 
viral load

Sampling day after 
diagnosis

PCR Ct Cell 
culture

gFET

Patients with virus culture tested samples
1 WT f 88 0 Cor, DM 0 15.04 0 − 3 d0 31.96 – negative

9 0 d3 15.04 positive positive
8,9,11 10 d13 25.43 negative negative

2 Alpha f 56 0 Ca 2,6 18.99 1,2,8 0 d4 18.99 positive positive
0 10 d14 30.83 negative negative

3 Alpha m 71 0 Ad, Cor, Vasc 1,2,7 17.83 1,2,6,7 0 d2 18.73 positive positive
1,2,7,8,9 9 d11 27.66 negative negative

4 WT m 51 0 Cor, DM, Ren, Hema 1,2,4,7 19.21 1,2,4,9 − 2 d2 29.9/ 
33.6

– negative

2,9,11 3 d7 21.12 positive positive
9 11 d15 34.42 negative negative

7 Alpha f 82 0 Cor 1,5,6,8,9 15.18 1,6,8,9 2 d4 16.7 positive positive
8 WT m 66 0 SOT (kidney), Vasc 11 15.24 2,7,9,11 26 d4 19.45 positive positive
9 Alpha m 80 0 Cor, Hema, Vasc, Pulm 1,3,4,6,7 16.87 0 15 d17 neg. negative negative
10 WT m 89 0 Cor, Vasc, Uro 1,4,6,7 28.64a 1 unknowna d79 32.82 negative negative
11 Alpha m 52 0 Ad, DM, Ca 1,4,9,11 16.20 1 19 d20 35.07 negative negative
12 Alpha m 22 0 none 1,2,4,6,7,9 22.01 9 7 d15 33.38 negative negative
13 Alpha f 81 2 Cor, Hema, Vasc, GI 1,9,11 14.57 1 15 d15 31.92 negative negative
14 Alpha f 71 0 none 1,2,4,6,7,9,11 23.87 1,2,6,7,9 10 d20 33.88 negative negative
Patients without virus culture tested samples
5 WT f 60 0 DM, COPD, Hema 8,9,10,11 18.28 8,10,11 − 1 d4 34 – positive

6,8,10,11 0 d5 18.28 – positive
6,8,10,11 1 d6 19.05 – positive
6,8,10,11 9 d14 34.63 – negative
8,10,11 11 d16 39.3 – negative

6 WT m 85 0 DM, Ren, Neur, GI 5,9 15.33 5,9 0 d7 15.33 – positive
1 12 d19 33.98 – negative

15 WT f 47 0 Cor, Uro, Ca, Ren, Neur, 
Gyn, Pulm

1,7 15.99 1,7 − 8 d1 27.7 – positive

16 Omicron 
(BA.4/5)

m 86 3 Ad, Ren, Vasc, septic HTEP 2 18.45 2 − 2 d0 39.5 – positive

17 Omicron 
(BA.2)

f 78 4 Ca, Hema, GI 6,8,9,11b unknownb 6,9,11 unknownb d34 23.45 – positive

18 Omicron (XBB 
1.5)

f 52 unknx Cor, SOT (heart), Ren 1,2,4,6,9 12.21 1,2 15 d16 16.2 – negative

Abbreviations: Clinical symptoms and treatments: O2 given 1, pneumonia (X-ray) 2, emphysema (X-ray) 3, fever 4, subfebrile 5, cough 6, dyspnea 7, pain 8, fatigue 9, anosmia/ageusia 10, gastrointestinal symptoms 11, 
asymptomatic 0.
Comorbidities and risk factors: adipositas Ad, cancer Ca, coronary Cor, Diabetes mellitus type II DM, gastrointestinal GI, gynecological Gyn, total hip endoprosthesis HTEP, hematological Hema, neurological Neur, renal 
Ren, solid organ transplant SOT, pulmonary Pulm, urological Uro, vascular Vasc.
xPatient 18: Vaccination status of patient not disclosed in medical histor

a Patient 10: Ct value on day 2 of hospital admission; initial SARS-CoV-2 diagnosis 66 days before hospital admission (no information before and on previous PCR Ct values as patient was treated elsewhere).
b Patient 17: Initial symptoms from day of hospital admission from home with (Post-)COVID-19, day 33 (symptoms persistent since diagnosis according to patient; no information on previous PCR Cts, as patient was 

treated elsewhere), patient transferred to other hospital on day 37.
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which relies on π-π stacking (Fig. 1b; for description of electrode surface 
preparation and graphene oxide deposition and reduction see SI 2.1&2.2 
and Suppl. Figs. 1 and 2). The PBA and PyPEG mixture was prepared at 
1 mM at a 1:9 ratio respectively in anhydrous DMSO and then applied to 
rGO-coated chips overnight. The chips were thoroughly rinsed with 
EtOH before activation. The first step in biofunctionalizing graphene on 
the gFET is to modify it with pyrene-carboxylic acid. The linker, PBA, 
forms a non-covalent bond (π-π stacking) with the pyrene anchor to rGO. 
The carboxylic-acid (-COOH) can then form an amide bond to bio- 
recognition elements after an activation step with 1-ethyl-3-(3-dime-
thylaminopropyl)carbodiimide/N-hydroxysuccinimide (EDC/NHS, see 
Fig. 2a and Suppl. Fig. 6) and PyPEG contains hydroxyl (-OH) groups 
that remain non-reactive but provide an antifouling effect by creating a 
hydrophilic barrier. These changes enable the gFET to detect 
bioreceptor-analyte binding events, due to two main effects: graphene 
doping, which involves direct charge transfer between the bioreceptor- 
analyte complex and the graphene channel, and electrostatic gating, 
which involves the accumulation of charges on the graphene surface 
upon binding.

3. Results

3.1. Semi-quantitative nucleic acid detection - SARS-CoV-2 E-gene RNA

To activate -COOH groups, chips were incubated for 15 min in a 
freshly prepared solution of 75 mg/mL EDC and 21 mg/mL NHS in 500 
μL dH2O, then rinsed with dH2O. NH2-conjugated ssDNA probes (500 
nM, TibMolBiol, SI Suppl. Table 1) were immobilized on the sensor 
surface for 1 h. Complementary ssDNA (TibMolBiol) was introduced via 
a peristaltic pump (40 μL/min) for 20 min at concentrations of 0.1, 1, 10, 
and 50 nM (See SI section 3). The sensor surface was washed with 
0.01xPBS for 10 min after each step. The same strategy was used for 
patient samples (Fig. 2a). To evaluate the gFET device for the detection 
of SARS-CoV-2 RNA, 213 nasopharyngeal leftover samples with existing 
semiquantitative RT-PCR results from past routine testing were used. 
Specificity testing was performed on 21 pre-pandemic samples that 
tested positive for respiratory viruses other than SARS-CoV-2 (see SI 
section 1.1).

Following the functionalization of the sensor device with affinity 
binders for the target analyte, a sample volume of 400 μl was flowed 
over its surface for each test. FET transfer characteristics of the sensor 
device were recorded after a 20-min stabilization period (Fig. 2b, c and 
Suppl. Fig. 10). The binding event to the graphene channel was moni-
tored from induced local electric field changes that are ascribed to 
surface charge density variations modulating the output current of the 
FET system. Transfer characteristics were obtained by sweeping the gate 
voltage (VG) from − 0.8V to 0.8V. To determine nucleic acid detection 
sensitivity, residual clinical patient samples were tested on the gFET 

biosensor setup functionalized with synthetic single-stranded DNA 
(ssDNA) complementary to the SARS-CoV-2 E-gene RNA (Corman et al., 
2020). Higher voltages were not tested to avoid damaging biological 
components. For each step, time was kept constant at 20 min. Shifts 
corresponding to ΔVDirac (Fig. 2b and c) are caused by changes in the 
overall charge neutrality point due to doping effects from DNA/viral 
RNA hybridization (Szunerits et al., 2023).

The SARS-CoV-2 RT-PCR results and corresponding E-gene gFET 
read-outs were categorized by RT-PCR Ct values (Fig. 2d). Samples with 
Ct values of 12–19 (n = 13) showed mean gFET read-outs of 0.21 V with 
a standard deviation (SD) of 0.04 V. Samples with Ct values of 20–29 (n 
= 10) and of 30–39 (n = 9) had respective mean gFET read-outs of 0.18 
V (SD ± 0.06 V) and 0.06 V (SD ± 0.03 V). For 160 SARS-CoV-2 RNA- 
negative samples tested in pools of 5, the mean gFET read-out was 0.03 
V (SD ± 0.01 V). Even at higher Ct values, such as 38.9, the positive 
samples continued to elicit higher gFET responses (0.06) than the 
negative samples (0.04). Statistical analysis for assay sensitivity and 
specificity was performed by applying ROC curve analysis. Calculations 
for all samples, and excluding the RT-PCR positive samples with Ct 
values > 35 (n = 7), showed a sensitivity of 81.25% and 96.00% and 
specificity of 96.87% and 100.00% (AUC 0.908 and 0.974), respectively 
(p < 0.001; See SI section 7, Suppl. Fig. 14b). Linearity of RT-PCR 
positive samples against gFET readout (n = 32) was tested by rank 
correlation, revealing a Spearman’s coefficient of rank correlation (rho) 
of − 0.914 (95% confidence interval − 0.958 to − 0.830; p < 0.0001; 
Suppl. Fig. 14a). By testing samples containing respiratory viruses other 
than SARS-CoV-2 (see SI section1.1), the gFET assay demonstrated 
remarkable SARS-CoV-2 specificity, as indicated by the uniform read- 
outs of 0.02 V (±0.01 V) across the three pools, aligning with the 
voltage range established for SARS-CoV-2 negative samples (Fig. 2e). 
This consistency in results underscores the assay’s ability to accurately 
discriminate the presence of SARS-CoV-2 amidst a background of other 
respiratory pathogens.

3.2. Biosensor measurements in context with virus culture, RT-PCR, 
patient medical history and sampling timepoints

Anti-SARS-CoV-2 nucleocapsid protein antibody (Abcam) was 
immobilized using EDC-NHS chemistry (Fig. 3a, Suppl. Fig. 6). A 
PyPEG/PyCOOH ratio (1:9) was used for functionalization. Affinity 
interaction with recombinantly expressed N-protein was tested (Fig. 3a; 
SI 3.2). From the measured transfer characteristics data (Fig. 3b), the 
calibration curve was established (Fig. 3c) and the respective limit of 
detection (LOD) was determined. The alteration in the current response 
ΔI on the anti-N Ab functionalized graphene surface was plotted against 
the analyte concentrations of 0.1 pM, 1 pM, 10 pM, 100 pM, 1 nM, 10 
nM, and 100 nM in log scale and fitted by a linear function with a slope S 
= 6 μA/pM. The LOD was determined from the intersection of the fitted 

Fig. 1. Schematic representation of the used surface structure with functional groups a) gFET based biosensor measurement system, custom produced flowcell 
by Micrux; interdigitated electrodes with a 5 μm gap between the electrodes, coated with a reduced graphene oxide (rGO). b) functionalization utilizing π-π stacking 
on the rGO layer with Pyrene butyric acid and Pyrene-PEG-alcohol (chemical structures were drawn with ACD/ChemSketch).
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calibration curve with 3.3 times the standard deviation of the back-

ground divided by the slope of the curve; 3.3 x 
(

σ(I)
S

)

, where σ(I) =

1,8272 μA. The achieved (average) LOD was 0.9 pM and the LOQ was 
2.8 pM. For measurements in complex media (Fig. 3d), we tracked 
changes in source-drain current (IDS) instead of Dirac point shifts, 
reflecting local variations in mobility and carrier density (Fig. 3e & f). 
This method demonstrated infectivity changes at different infection 
stages more reliably using the change in output current at a constant 
output voltage of − 400 mV (Suppl. Fig. 13). Biosensor measurements of 
patient samples with negative readouts from virus culture resulted in a 
change of 4.45 ± 1.9 μA in the current. Therefore 7 μA was determined 

as the experimental cut-off value for a positive gFET N-protein result 
indicating infectivity—a threshold that, when applied, revealed that all 
gFET results align with the results from the virus culture (Table 1, 
Fig. 3h, Suppl. Fig. 13). Fig. 3g presents biosensor measurement data 
from patients 1–6 across consecutive sampling periods, and corre-
sponding demographic and medical history data are presented in 
Table 1. Specifically, for patient 1, the measured current on day 3 was 
23.29 μA (infectious in cell culture), which significantly decreased to 
2.17 μA (non-infectious in cell culture) by day 13. For patient 3, we 
measured a high initial current response of 50.6 μA (infectious in cell 
culture) on day 2, decreasing to 6.11 μA by day 11 (non-infectious in cell 
culture). While our results align with those from the virus culture, these 

Fig. 2. Detailed analysis of a graphene-coated sensor designed for DNA/RNA hybridization in the detection of SARS-CoV-2. a) Schematic of the sensor 
functionalization process: starting with a bare rGO sensor, attaching phenolic hydroxyl groups (step 1), activation with EDC/NHS and anchoring specific bio-
recognition elements for DNA/RNA hybridization (e.g. ssDNA; step 2), and exposing the sensor to a complex sample, leading to specific binding of target RNA to 
capture ssDNA (step 3). b) Averaged transfer characteristic curves for a SARS-CoV-2 positive patient sample (Ct 34.6) from 10 IdVg measurements, showing 
consistent sensor response and reduced signal drift. c) Averaged transfer characteristic curves for a SARS-CoV-2 positive patient sample (Ct 19.07) and specificity 
tests with pooled patient samples, demonstrating the sensor’s sensitivity and specificity. d) Correlation between biosensor signal change (ΔVDirac) and RT-PCR Ct 
values, with a high R2 value, indicating reliable detection of viral load. e) Box plot comparing biosensor responses to negative and positive samples, demonstrating 
clear segregation and validating the sensor’s discriminative power with significant p-values (p < 0.001).
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patients would have been categorized as infectious at both time points 
when applying the RT-PCR Ct 30 threshold. The opposite would be true 
for patient 5 and 16 who showed typical COVID-19 symptoms but Ct 
values > 30 on the day of admission. Declining Ct values in subsequent 
RT-PCR analysis reinforced the hypothesis that the patients were in the 
initial stages of their illness or within the incubation period, which was 
confirmed by the gFET result, indicating the presence of replicative 
virus. Patient 4 displayed conflicting results, as our initial measurement 
of 3.9 μA (non-infectious) on day 2 contrasted with clinical presentation 
and the onset of typical COVID-19 symptoms 2 days before RT-PCR 
testing, definitively indicating infectiousness. We consequently retes-
ted the sample with RT-PCR and noted a Ct shift of 3.7 in comparison to 
the initial result (initial Ct 29.9; repeated measurement 33.6). As our 
follow-up gFET results were consistent with the clinical course and the 
virus culture results, we concluded that this sample was likely damaged 
through storage conditions.

Three patients (patients 10, 17, 18; for patient history of 17 and 18 
see SI section 6) with comorbidities were included, as discrimination of 
infectiousness is most difficult in immunocompromised and/or 

immunosuppressed patients with prolonged SARS-CoV-2 RNA detec-
tion. Patient 10, a multimorbid male presenting with a urinary tract 
infection, was diagnosed with SARS-CoV-2 infection 66 days before 
hospital admission. He showed intermittent low positive (nadir Ct 28.64 
on day 2; mean Ct 35.56 SD ± 1.65) or negative RT-PCR results. Virus 
culture and gFET assay results were negative, indicating prolonged 
SARS-CoV-2 RNA shedding.

4. Discussion

Detecting SARS-CoV-2 and assessing infectivity requires not only 
measuring viral load but also determining the presence of replication- 
competent virus, which cannot be achieved through RNA detection 
alone. The integration of graphene-based field-effect transistor (gFET) 
biosensors in clinical diagnostics has been limited by persistent chal-
lenges that impede their transition from basic science laboratories into 
clinical settings. Among these challenges are device-to-device variability 
(Reiner-Rozman et al., 2021), batch heterogeneity (Widodo et al., 2018; 
Kotlowski et al., 2018), intricacies of bioreceptor anchoring (Kissmann 

Fig. 3. Comprehensive Analysis of gFET Biosensor for Nucleocapsid Protein Detection a) Schematic of gFET biosensor with Anti-N Ab immobilized on gra-
phene, showing the interaction with the N-protein. b) Transfer characteristic curves demonstrating the biosensor’s electrical response to N-protein concentrations 
ranging from 0.1 pM to 100 nM. c) Calibration curve detailing the biosensor’s response to incremental N-protein concentrations, indicating the limit of detection 
(LOD) and limit of quantification (LOQ). d) Illustration of N-protein binding to adjacent N-proteins via viral RNA. e), f) Transfer characteristic measurements for cell 
culture controls (negative and positive) and patient samples, showing the sensor’s response to N-protein presence. g) Longitudinal study of 6 patients with samples 
taken over consecutive days, indicating biosensor response with a 7 μA cut-off for detection. h) Box plot comparing current changes in known positive and negative 
cell culture samples, illustrating the biosensor’s diagnostic efficacy and ability to discriminate between positive and negative samples.
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et al., 2022; Rodrigues et al., 2021), and extending the Debye length in 
biosensors (Nakatsuka et al., 2018). Our research underscores the crit-
ical need for detailed characterization of gFET sensors, encompassing 
both active and control measurement systems, to ensure accurate cali-
bration and validation of these sensors (See SI Figs. 3 and 7). This 
calibration, in conjunction with the statistical analysis of gFET ensem-
bles, ensures that our results are robust and can withstand the rigors of 
clinical application. Additionally, the choice of different evaluation 
parameters ΔVDirac vs IDS for SARS-CoV-2 RNA and N protein detection 
is rooted in the fundamental differences in the biophysical nature of 
these molecules (heat inactivation disrupts the viral structure, leaving 
RNA in smaller, more isolated pieces. Non-heat-inactivated samples 
retain the N protein-RNA complex, which is larger and more structured 
(Batéjat et al., 2021)). The N protein-RNA complex significantly alters 
the electrostatic environment by compressing the Electrical Double 
Layer (EDL), leading to an increase in capacitance C and stronger elec-
trostatic interactions. As a result, the current change (ΔIDS) is a more 
reliable measure for detecting this complex, as it captures the combined 
effects of capacitance changes, Schottky-barrier modulation, and carrier 
mobility (Heller et al., 2008; Bard et al., 2022). This nuanced approach 
to selecting evaluation parameters ensures that the sensor’s response is 
tailored to the specific molecular characteristics and emphasizing the 
importance and the novelty of the dual target detection.

Despite these challenges, our study demonstrates that with careful 
calibration and characterization, gFET biosensors can effectively over-
come these hurdles. This is evident in our initial results, where the gFET 
system successfully matched RT-PCR in SARS-CoV-2 E-gene RNA 
detection. Here, gFET biosensor readouts correlated with semi-
quantitative RT-PCR results and displayed good sensitivity and speci-
ficity, particularly in samples with RT-PCR Ct values lower than 35 
(sensitivity 96%; specificity 100%) (See SI section 7). Biosensors based 
on different transduction mechanisms have already proven their sensi-
tivity for the detection of SARS-CoV-2 RNA. However, for the toehold 
RNA scaffolds biosensor, a simple color assay described by Chakravarthy 
et al. (2021), clinical patient samples underwent an RNA extraction and 
an amplification step before detection (35 min), while our assay uses 
native clinical patient samples. RNA extraction was also necessary for 
the plasmonic nanoparticle biosensor for N-gene RNA (testing time of 
10 min) described by Moitra et al. (2020). Similar to the work of 
Kashefi-Kheyrabadi et al. (2022) and Peng et al. (2021), our study em-
ploys biosensing systems based on modifications in the Dirac voltage for 
the detection of SARS-CoV-2 RNA. Both studies demonstrated the 
capability of biosensors to effectively differentiate between positive and 
negative samples. Our system extends these findings by providing not 
only discrimination between sample statuses but also semi-quantitative 
data, showing a linear correlation between the sensor response and the 
Ct values derived from PCR within 20 min without prior steps.

The second aim of this study was to tackle infectivity diagnostics. 
The nucleocapsid (N-) protein is the most abundant protein in SARS- 
CoV-2 and packages viral RNA into structures necessary for replication 
and infectivity (Mencacci et al., 2021; Jack et al., 2021; Bai et al., 2021). 
It is a key antigen for detecting antibodies against SARS-CoV-2, enabling 
the identification of individuals who have previously been infected 
(Klausberger et al., 2021). Our study presents strong evidence to utilize 
the N-protein as a reliable marker for infectious viruses, as it aligns 
exceptionally well (100%) with virus culture results, thereby empha-
sizing its role in indicating potential infectivity. As corroborated by our 
gFET data, shedding of infectious virus can last over 20 days in virus 
culture, especially in immunosuppressed patients, and viral RNA has 
been detected months after first diagnosis of SARS-CoV-2 with Ct values 
sometimes below 20 (Aydillo et al., 2020; Raglow et al., 2024). While 
virus cultures are generally considered useful proxies for infectivity 
(Puhach et al., 2023; Jefferson et al., 2023), these techniques have 
important limitations, including a minimum viral load in the original 
sample (5.4 log10 genome copies/ml (Huang et al., 2020); Ct ≤ 32 
(Raglow et al., 2024)). Respiratory swab samples tested at or near 

COVID-19 diagnosis are mostly, but not always, found to be positive via 
virus culture (Aydillo et al., 2020). This was consistent with our gFET 
data from samples early in infection. In contrast to virus culture, which 
remains the gold standard for infectivity determination, our gFET sensor 
is much faster, can be used in more frequently accessible BSL-2 labo-
ratories, and requires no special media. Other biosensors for N-protein 
were reported with similar testing time (Aptamer functionalized gFET, 
20min; Nanobody functionalized accumulation-mode OECT, 15min and 
sensitivity, but have been tested only in samples spiked with commer-
cially available N-protein (Ban et al., 2022) or in very few patient 
samples (Guo et al., 2021), respectively.

Limiting factors of this study were the retrospective design including 
the uncertain consequences of sample storage conditions as well as the 
fact that virus propagation in culture required the use of special media 
and consequently separate swabs were needed. Another limitation was 
that our data did not allow separate analyses of SARS-CoV-2 variants, 
particularly given that Frediani et al. (2024) () highlighted that peak 
viral load time points differ between SARS-CoV-2 variants. Therefore, 
future studies should explore comparative analyses between different 
SARS-CoV-2 variants to decipher the dynamics of N-protein positivity. 
To the best of our knowledge, this is the first study to combine gFET 
biosensing data with the medical history of clinical patient samples and 
known time points during COVID-19 infection and implementing dual 
target detection. These results demonstrate that gFET biosensor detec-
tion shows comparable sensitivity to RT-PCR and provides additional 
information on the presence of viral antigens. This could benefit clini-
cians in discriminating whether a patient is shedding infectious virus or 
just residual viral RNA. Crucial clinical decisions, including whether a 
patient can receive immunotherapy or can be moved to a specialized 
unit like oncology or a care facility, need to be based on patient infec-
tiousness. Long-term isolation can impact patient care and psychological 
health, as well as hospital resources. Our technology offers insights into 
the progression of viral infectivity, with potential applications in viro-
logical basic science and clinical diagnostics. Future prospective 
research should aim to validate the performance of biosensors against 
these clinical outcomes to further ensure their efficacy in real-world 
settings. Beyond that, the assay type can readily be adapted to rapidly 
detect other nucleic acids or proteins, for applications in any molecular 
biology field.

5. Conclusion

This study reports successful development of a gFET biosensor 
capable of dual target detection for SARS-CoV-2 markers with high 
sensitivity and specificity. The biosensor demonstrated dual detection 
capabilities: identifying SARS-CoV-2 RNA for diagnosing positivity and 
detecting nucleocapsid (N-) protein to assess patient infectiousness. The 
sensor’s performance showed a strong correlation with RT-PCR cycle 
threshold (Ct) values (Spearman’s rho = − 0.914, p < 0.0001), and it 
exhibited a sensitivity of 96% and specificity of 100% for samples with 
Ct values below 35. Additionally, the gFET results were consistent with 
virus culture outcomes, particularly in distinguishing between infectious 
and non-infectious samples, further validated by an average limit of 
detection (LOD) of 0.9 pM for the N-protein. Importantly, the study 
overcame challenges related to batch-to-batch variability, ensuring 
consistent and reliable sensor performance across different production 
batches. While the biosensor has shown strong clinical utility, future 
work should validate its effectiveness across various SARS-CoV-2 vari-
ants and explore its application to other pathogens. Further research 
should also focus on integrating this technology into routine clinical 
diagnostics to enhance rapid decision-making in patient care.
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