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a b s t r a c t

Reliable point-of-care (POC) rapid tests are crucial to detect infection and contain the spread of Severe 
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). The emergence of several variants of concern 
(VOC) can reduce binding affinity to diagnostic antibodies, limiting the efficacy of the currently adopted 
tests, while showing unaltered or increased affinity for the host receptor, angiotensin converting enzyme 2 
(ACE2). We present a graphene field-effect transistor (gFET) biosensor design, which exploits the Spike- 
ACE2 interaction, the crucial step for SARS-CoV-2 infection. Extensive computational analyses show that a 
chimeric ACE2-Fragment crystallizable (ACE2-Fc) construct mimics the native receptor dimeric con-
formation. ACE2-Fc functionalized gFET allows in vitro detection of the trimeric Spike protein, out-
performing functionalization with a diagnostic antibody or with the soluble ACE2 portion, resulting in a 
sensitivity of 20 pg/mL. Our miniaturized POC biosensor successfully detects B.1.610 (pre-VOC), Alpha, Beta, 
Gamma, Delta, Omicron (i.e., BA.1, BA.2, BA.4, BA.5, BA.2.75 and BQ.1) variants in isolated viruses and pa-
tient’s clinical nasopharyngeal swabs. The biosensor reached a Limit Of Detection (LOD) of 65 cps/mL in 
swab specimens of Omicron BA.5. Our approach paves the way for a new and reusable class of highly 
sensitive, rapid and variant-robust SARS-CoV-2 detection systems.

© 2022 Published by Elsevier Ltd. 

Introduction

The pandemic caused by the highly contagious SARS-CoV-2 has 
greatly impacted human lives and the global economy [1–3]. To 
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monitor the spread of SARS-CoV-2, several diagnostic tests are being 
developed [4], with the most widely employed ones being based on 
viral RNA amplification (i.e., molecular tests) or viral proteins de-
tection via specific antibodies (i.e., antigenic test) [5,6]. The former 
represents the gold standard among SARS-CoV-2 tests, but it re-
quires a few hours of turnaround time and specialized machinery. 
Conversely, most antigen-detecting rapid diagnostic tests (Ag-RDTs) 
are fast, but show some limitations such as poor sensitivity, time- 
dependency (accuracy decreases after 3 days of infection), and viral 
load dependency [7,8]. Furthermore, the recently emerged SARS- 
CoV-2 variants bearing mutations in the standard targets of anti-
genic tests (i.e., viral Spike and Nucleocapsid protein), impact their 
ability to specifically recognize the virus [9–11].

Starting from the first recognized variant D614G (i.e., B.1.610) that 
emerged in March 2020, the virus has rapidly evolved into a series of 
different variants of concern (VOC) that quickly spread all over the 
globe. Some of these variants, e.g., the Alpha or the Delta, were 
shown to be highly transmissible and cause more severe sympto-
matology [12,13]. The more recently appeared Omicron, with its 
sublineages, show many mutations in its genome, seems to be even 
more contagious than the Delta, inducing a faster circulation of the 
virus with a higher probability of infection for the population, with 
an estimated R0 of 3–5 [14–17].

Virus variants [13,18] will keep appearing as long as the pan-
demic is not contained and an incompletely immunized host po-
pulation exits (i.e., due to slow vaccine roll-out, with delays between 
the doses, or because of declining protection a few months after the 
complete vaccination) favouring the selection of antibody-escaping 
virus variants, as already demonstrated for Omicron [19,20]. Con-
sequently, Omicron and other variants had an impact on rapid tests, 
drastically lowering their sensitivity [19,21]. Thus, alternative var-
iant-robust biosensors, capable of rapidly detecting SARS-CoV-2, 
have vital importance in monitoring the COVID-19 outbreaks.

Thanks to their sensitivity and rapidity, graphene field-effect 
transistor (gFET) [22], recently proposed also for virus detection 
[23–29], represent a promising biosensing approach. In a gFET, a 
graphene monolayer connects the source and drain electrodes of a 
transistor and the graphene is functionalized with a bioreceptor able 
to specifically bind target molecules. The bioreceptor-target inter-
action alters graphene’s electronic properties resulting in a readily 
detectable signal [30]. Thus, gFETs are attractive in POC diagnosis 
due to their miniaturization, the potential for large-scale manu-
facture, operability by non-specialized personnel and reusa-
bility [31–33].

Here, integrating molecular simulations, nanobiotechnology and 
electronic engineering we developed a POC device that uses ACE2 as 
bioreceptor (i.e., the same receptor that SARS-CoV-2 uses to enter in 
cells), aiming to mimic the viral mechanism of host cell access [34]
(Fig. 1A). ACE2 is a widely expressed transmembrane-bound car-
boxypeptidase dimer composed of a collectrin-like domain (CLD) 
that ends with a single transmembrane (TM) α-helix and by a pep-
tidase domain (PD) [35] (Fig. 1B). In order to use the dimeric 
membrane receptor (i.e., ACE2) as a functional bioreceptor on the 
gFET graphene surface, we used a computer-aided protein design 
approach to generate a stable dimeric structure of ACE2 in the ab-
sence of the cellular membrane. To do that, an ACE2-Fragment 
crystallizable (ACE2-Fc) chimera was generated by linking the ex-
tracellular portion of the ACE2 receptor to the immunoglobulins Fc 
domain. The ACE2-Fc dimer maintains a high capacity to recognize 
the SARS-CoV-2 Spike protein. The Spike is a trimeric transmem-
brane protein whose monomers are composed of two subunits, S1 
and S2, with S1 containing the receptor-binding domain, RBD 
(Fig. 1C) [36]. Contrarily to antibodies (Ab) elicited by a former virus 
variant, which can be eluded by newly appearing variants (immune 
escape) [37], the key contact point established by the virus Spike and 
the host ACE2 conditions the host cell infection, indeed showing 

increased affinity in some of the most rapidly spreading var-
iants [38–41].

We show that our POC device successfully detects B.1.610 (pre- 
VOC), Alpha, Beta, Gamma, Delta, Omicron (i.e., BA.1, BA.2, BA.4 and 
BA.5), Omicron BA.2.75 (i.e., Centaurus) and Omicron BQ.1 (i.e., 
Cerberus) variants in isolated viruses and patient’s clinical samples 
(i.e., nasopharyngeal swabs), making this ACE2-Fc/Spike pair a very 
promising approach to variant-robust SARS-CoV-2 sensing.

Materials and methods

Structural clustering of RBD binding modes in experimental complexes

The structural comparison among all available complexes of RBD 
with Antibody or ACE2 (see Supplementary Materials) revealed 3 
different binding modes, shown in Figure S1. We chose a re-
presentative structure of each group to simulate (PDB ID: 7BEK, 
7MF1 and 6YLA) and compared the steered molecular dynamics 
(SMD) forces necessary to obtain a complete unbinding.

Steered molecular dynamics simulations

Structures were first equilibrated with a multistage equilibration 
protocol adapted from [42] (details in Supplementary Materials). 
The SMD simulations were performed by harmonically restraining 
the x component of the distance between the center of mass of the 
backbone of the two proteins with a force constant of 10 kJ mol-1 Å-2. 
Two different simulations for each system were performed with a 
constant velocity of 0.005 nm ns-1 or 0.002 nm ns-1. See Supple-
mentary Materials for details.

Simulation of dimeric ACE2

The three systems (ACE2-Membrane, soluble ACE2 and ACE2-Fc) 
were built starting from the structure 6M17 [35]. Systems were 
properly equilibrated with a multistage equilibration protocol [43]
(see Supplementary Materials) and then simulated in absence of 
restraints. The first 30 ns of each simulation were discarded as a 
further equilibration stage, and the subsequent 500 ns were ana-
lyzed.

Correlation matrices were obtained using a modified version of 
g_covar, available at the GROMACS [44] user contribution page, 
which computes the matrix of atomic correlation coefficients. The 
calculation was performed on Cα atoms of PD and CLD domains of 
ACE2 for all the three dimeric systems, sampling the frames every 
100 ps.

Non-reducing SDS-PAGE

The ACE2-Fc dimerization was assessed through SDS-PAGE [45]
and carried out under non-reducing and reducing conditions. Briefly, 
2 µg of ACE2-Fc or ACE2 samples were placed 10 min at 100 °C under 
denaturing conditions with Laemmli sample buffer reduced by β- 
mercaptoethanol or under non-reducing condition using a sample 
buffer without β-mercaptoethanol. 8% gel was used to correctly se-
parate ACE2-Fc or ACE2 monomers from the dimers.

Purification of Trimeric Spike protein from FreeStyle HEK293-F cells

The plasmid for expression of the SARS-CoV-2 prefusion-stabi-
lized Spike ectodomain in HEK293-F cells (Thermo Fisher) was a 
generous gift from the McLellan laboratory at the University of Texas 
at Austin [46]. 350 μg of plasmid and 1.05 mg Polyethylenimine (PEI) 
(Polysciences Inc.) were used to transfect cells at 1.2 × 106 cells/mL 
[47]. After five days in suspension culture, the cell supernatant was 
collected and filtered using a 0.22 µm filter. Protein in the 
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supernatant was bound to Nickel-NTA agarose (Qiagen) while under 
rotation in buffer composed of 2 mM Tris, 150 mM NaCl and 10 mM 
imidazole for two hours at 4 °C. The resin was then washed in Tris- 
NaCl buffer, pH 8, with 20 mM imidazole and protein was eluted in 
200 mM imidazole. Following overnight dialysis against PBS, the 
protein was filtered and stored as 0.2 mg/mL aliquots at − 80 °C.

Pull-down assay

The pull-down assay to validate the interaction between Spike 
and ACE2 or anti-Spike antibody Ab-CR3022 or ACE2-Fc was per-
formed using a strep-tactin Sepharose resin as previously described 
[48], with some modifications. Briefly, 80 µL of indicated strep-tactin 
resin were washed with phosphate-buffered saline (PBS) pH 7.4 
(173 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4) and 
incubated with 5 μg of recombinant trimeric Spike protein with a C- 
terminus strep-tag (Spike-strep) next to a his-tag at room tem-
perature for 1 h. After incubation, Spike-bound beads were washed 
three times with 500 µL of PBST buffer (PBS and 0.05% Tween-20) 
and then were aliquoted into different tubes. 5 μg of ACE2 in PBS or 
5 μg of anti-Spike or 5 μg of ACE2-Fc in PBS were mixed with spike- 
bound beads in three different 1.5 mL tubes and incubated at room 
temperature for 1 h separately. After a 1-hour incubation, beads 
were washed three times with 500 µL PBST buffer and the bound 
proteins were eluted using 50 µL of elution buffer (2.5 mM biotin in 
PBS (Sigma)). The samples were then subjected to SDS–PAGE and 
analysed by western blotting using an anti-histidine antibody 
(Thermo Scientific) to detect Spike and ACE2, an anti-rabbit antibody 
(Santa Cruz Biotechnology) to detect Ab-CR3022 and an anti-ACE2 

antibody (EMP Millipore Corp) to detect ACE2-Fc by chemilumi-
nescent revelation [49]. The same protocol, using empty beads 
(without Spike), was performed as a negative control for each 
system.

gFET functionalization protocol

Anti-Spike antibody, ACE2, and ACE2-Fc were immobilized over 
the fabricated gFET chip (Graphenea gFET-S20) through 1-pyr-
enebutanoic acid succinimidyl ester (PBASE).

PBASE is an heterobifunctional linker whose pyrene group is 
stably immobilized with graphene by π-π stacking, while the N-hy-
droxysuccinimide (NHS) ester reacts with primary amines located in 
several biomolecules such as antibodies, thus establishing covalent 
bond with them [50].

20 µL of 5 mM PBASE (Thermo Fisher Scientific, Waltham, MA) in 
dimethylformamide (DMF) was placed on the chip for 2 h at room 
temperature before being rinsed three times with DMF, deionized 
water (DI) and dried with N2. Finally, the PBASE-functionalized de-
vices were exposed to 20 µL of 250 μg/mL of anti-Spike (40150-R007; 
Sino Biological, Inc., China), ACE2 (10108-H08B-100; Sino Biological, 
Inc., China) or ACE2-Fc (Z03484–1; GenScript Biotech) separately 
and left overnight in a humidified environment at 4 °C. The sensor 
was then sequentially rinsed ten times with PBS (pH 7.4, 1X), three 
times with DI water and dried under N2 flow. The chip was subse-
quently treated with 20 µL of 100 mM glycine in PBS (pH 8.4, 1X) for 
30 min for the termination of excess PBASE NHS groups at room 
temperature. After glycine treatment, samples were rinsed ten times 
with PBS (pH 7.4, 1X), three times with DI water and dried with N2. 

Fig. 1. Probing the interactions of ACE2 and Antibodies with SARS-CoV-2 Spike. A) Schematic representation of ACE2-mediated host cell entry mechanism. B) Cryo-EM structure 
of dimeric ACE2 receptor (the two monomers are colored differently). The two subunits of a monomer are reported: Peptidase domain (PD) and Collectrin-like domain (CLD) that 
is composed of neck domain (ND) and transmembrane α-helix (TM α-helix). C) Cryo-EM structure of soluble trimeric Spike protein (the three monomers have different colors). A 
zoomed-in view of the RBD is shown. D) Peptidase Domain of the ACE2 receptor bound to the RBD of the SARS-CoV-2 Spike protein. E) Antibody Anti-Spike CR3022 (Ab-CR3022), 
bound to the SARS-CoV-2 Spike protein RBD. F) Force profiles from the Steered Molecular Dynamics (SMD) simulations of RBD unbinding from the ACE2 receptor (orange) and Ab- 
CR3022 (green). G) Pull-down assay of Spike and ACE2 (upper), and Spike and Ab-CR3022 (lower). Control is represented by the same experiment excluding the Spike protein 
(bait) from the system. The binding of Spike with ACE2 or Ab-CR3022 were monitored by western blot analysis.
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The reusability of GFETs was performed following manufacturer’s 
protocol (2021_Measurement Protocols GFET-S2X_v2), with some 
modifications. Briefly, we washed the chips for 30 min with water, 
then overnight with 100% acetone. After that, the regenerated chip 
was properly dried with N2 gun. The same chip was used at least 5 
times to avoid the doping-reduction.

gFET characterization using Raman and AFM

Atomic Force Microscopy (AFM) measurements were performed 
with a SOLVER PRO from NT-MDT, RMS was evaluated by using Nova 
Px software. A Horiba Jobin-Yvon XploRA Raman microspectrometer, 
equipped with a 532-nm diode laser (∼50 mW laser power at the 
sample) was used. All measurements were acquired by using a × 100 
long working distance objective (LMPLFLN, N.A. 0.8, Olympus). The 
spectrometer was calibrated to the 520.7 cm-1 line of silicon prior to 
spectral acquisition. A 2400 lines per mm grating was chosen. The 
spectra were dispersed onto a 16-bit dynamic range Peltier cooled 
CCD detector. The spectral range from 1100 to 3000 cm-1 was chosen 
and spectra were acquired for 3 × 10 s at each measurement spot. 
Chips were measured before and after PBASE functionalization. For 
each sample, 10 point/spectra were acquired, and a Raman map was 
acquired with the same parameters on squared areas 
(20 µm × 20 µm), with a step size of ∼3 µm, for a total number of 36 
spectra. On each Raman map, the following values were calculated: 
intensity of the band centred at 2690 cm-1 (the 2D band), the in-
tensity of the band at 1592 cm-1 (the G band), and the ratio between 
these two bands (I2D/IG). False colour images were built by using the 
I2D/IG ratio.

Electrochemical measurements

Sensing performances of gFETs were evaluated by using a 
Wentworth probe station equipped with a Bausch & Lomb 
MicroZoom optical microscope and by using an HP4145B semi-
conductor parameter analyzer (for recombinant proteins) and POC 
device (for isolated viruses and nasopharyngeal swabs). Current- 
voltage curves (Ids-Vds) were acquired (i) by applying a Vds between 
− 0.1–0.1 V, (ii) by operating in liquid gating condition with PBS so-
lution pH 7.4, and (iii) by using a Vg of 0 V. Transfer curves (Ids-Vg) 
were obtained (i) by using Vds 0.050 V, (ii) by operating in liquid 
gating condition with PBS solution at pH 7.4, (iii) by applying Vg 

swept from 0 to 1.5 V, (iv) by carrying out a relaxation step to obtain 
a constant equilibrium of ions on the surface of graphene [23]. 
During this step, Vds and Vg were both applied on the gFET until no 
variations on the I-V curves were observed; in this way, the same 
ions screening effect was maintained during the measurements, and 
the I-V curves, taken on the same gFET at different times, were 
completely superimposable. After this brief equilibration stage of the 
ions on the surface of graphene, the blank was recorded by operating 
in liquid gating condition with PBS solution at pH 7.4. Then, gFET was 
incubated for 30 min at room temperature with different con-
centrations of 20 µL of sample (recombinant proteins, viruses or 
swabs) in PBS pH 7.4 to allow the binding with the attached bior-
eceptors. To avoid aspecific signals due to adsorption of molecules 
on the graphene channel, a wash step, using 10 mL of PBS, was 
performed. Only then, the electrical signal of the sample is recorded, 
representing the effect of the specific interaction between the 
bioreceptors and the ligand (Figure S2).

mPRO recombinant protein was kindly provided by Prof. Paolo 
Mariani from Polytechnic University of Marche [51]. Recombinant 
MERS-CoV Spike protein was purchased from Sino Biological 
(40069-V08B).

Statistical analysis

Dirac Point values for Blank and sample are compared using 
paired t-test implemented in Python. Significance was expressed as 
reported on the relative figures.

To plot comparative response the values were normalized for 
each gFET as follows: Normalized Vd =

VdA
n VdB

n1

.

where VdA is the individual value of the Dirac point for (i) Blank 
or (ii) Sample: after the addition of: SARS-CoV-2 Spike protein, 
SARS-CoV-2 mPRO, MERS Spike protein, isolated SARS-CoV-2, HVS-1 
and nasopharyngeal swabs. VdB are the Dirac point values of the 
blanks on each gFET with n = 6 technical replicates (i.e., number of 
independent graphene pads on each gFET). The limit of detection 
(LOD) of ACE2-Fc_gFET was calculated by measuring progressively 
decreasing concentrations of the Spike protein (i.e., Range of 
Detection: 2 µg/mL-0.002 ng/mL) and indicates the lowest con-
centration at which the analyte is detected [22,52]. All experiments, 
including the LOD calculation, with recombinant proteins (i.e., SARS- 
CoV-2 Spike protein, SARS-CoV-2 mPRO, MERS Spike protein) were 
performed in triplicates (i.e., 3 biological samples).

SARS-CoV-2 isolation and virus stocks

Different lineages of SARS-CoV-2 were isolated from RT-PCR 
positive nasopharyngeal swabs collected at Ospedali Riuniti, Ancona 
(Italy) using Vero E6 cells (ATCC n° CRL-1586), as described by 
Alessandrini et al., 2020 [53]. Vero E6 cells, seeded in 75 cm2 flasks, 
were subsequently infected with 2 mL of the virus from the isolation 
to a final volume of 12 mL to obtain a larger stock. Supernatants of 
the infected cells were harvested after 72 h, centrifuged at 3000 rpm 
for 10 min, filtered using a 0.2 µm filter, aliquoted and stored at 
− 80 °C. Six virus stocks were sequenced and used for the present 
study: B.1.610 (EPI_ISL_417491), Alpha (EPI_ISL_778869), Gamma 
(EPI_ISL_1118260), Beta (EPI_ISL_1118258), Delta (EPI_ISL_2975994) 
and Omicron BA.1 (EPI_ISL_7897869).

RT-qPCR of patient samples

Clinical Samples used in this study were provided by the U.O.C. of 
Clinical Pathology from the hospital of Urbino (Italy) “Santa Maria 
della Misericordia” and from Virology Unit from Ospedali Riuniti, 
Ancona (Italy). Nasopharyngeal swabs from COVID-19 positive pa-
tients and COVID-19 negative were stored in PBS 1X and used. The 
positivity or negativity of these samples were determined by real- 
time RT-qPCR following manufacturer's specifications (ALLPLEX 
SARS-CoV-2 ASSAY and MDS methodologies). From the RT-qPCR a 
Cycle Threshold (Ct) value is obtained. It indicates the viral load, 
therefore the number of cycles after which the virus can be detected.

Ethics approval

All subjects provided written consent to be used for research 
purposes. The Ethics Committee of Region Marche (C.E.R.M.) ap-
proved the study on 17/12/20.

Components of C.E.R.M. are listed here:
https://www.ospedaliriuniti.marche.it/portale/in-

dex.php?id_sezione= 132&id_doc= 446&sottosezione= 37.

RT-PCR SARS-CoV-2 and Variants Detection

Viral RNA was extracted from nasopharyngeal swabs using the 
Kit QIAsymphony DSP Virus/Pathogen Midi kit on the QIAsymphony 
automated platform (QIAGEN, Hilden, Germany) according to man-
ufacturer’s instructions. Multiplex real-time RT-PCR assay was per-
formed using qPCRBIO Probe 1-Step Go No-Rox (PCRBIOSYSTEMS, 
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London, UK) on the Applied Biosystems 7500 Fast Dx Real-Time PCR 
Instrument (Thermo Fisher Scientific). The oligonucleotide primers 
and probes were designed to detect 69/70 deletion and N501Y 
mutation from virus Spike gene to discriminate alpha and gamma 
lineage respectively. Variant lineage was confirmed by sequence 
analysis of Spike gene using ABI Prism 3100 Genetic Analyzer 
(Applied Biosystems-HITACHI).

Calibration curve was obtained from 10-fold dilutions (105 to 102 

cps/rct) of the WHO International Standard for SARS-CoV-2 RNA 
(cat#20/146), purchased from the National Institute for Biological 
Standards and Control (NIBSC) to quantify the number of copies of 
SARS-CoV-2 RNA per milliliter of nasopharyngeal swab (Tables 1 
and 2).

Results

Soluble ACE2 and Ab binding with SARS-CoV-2 Spike protein

As a first step in exploring the possibility of using ACE2 as a 
bioreceptor, we characterized in silico the force profiles of the ACE2- 
RBD interaction (Fig. 1D), in comparison to an Antibody-RBD (Ab- 
RBD) complex (Fig. 1E), by performing a series of constant velocity 
Steered Molecular Dynamics (SMD) simulations. Since it is the in-
teraction domain [35], RBD was used as a proxy for Spike in our 
simulations. To account for the various known RBD binding sites 
(Table S1) we used as initial starting points for SMD three re-
presentative structures of clusters obtained by structural compar-
ison of over thirty different complexes (Figure S1). Although they 
show different patterns of interaction, the force needed to dissociate 

the RBD from ACE2 or from the most stable Ab-RBD complex (group 
3) is comparable (Fig. 1F) at both velocities tested (Figure S3). A 
detailed description of the ACE2-RBD unbinding mechanism is 
shown in Figure S4. The other two structural groups exhibited lower 
binding forces and were thus less relevant in the comparison.

The interaction of ACE2, in its soluble truncated form, with the 
trimeric Spike protein was also probed with pull-down assays and 
western blot (Fig. 1G). Spike-decorated sepharose beads were used 
to pull down ACE2, and both were recovered in the eluted fractions, 
confirming its ability in recognizing the Spike protein. Similar pull- 
down results were obtained for the anti-Spike Antibody (Ab- 
CR3022). No Spike leakage was observed in the unbound fractions on 
each pull-down assay (Fig. 1G, unbound lanes). Taken together, our 
computational and biochemical results suggest that ACE2 receptor 
can be used as a bioreceptor for gFETs functionalization.

SARS-CoV-2 Spike protein detection by ACE2_gFET and Ab-CR3022_gFET

Spike detection was performed using a gFET provided by 
Graphenea (San Sebastian, Spain) consisting of 12 separated single- 
layer graphene channels connected to source and drain gold elec-
trodes. A non-encapsulated electrode at the center of the chip allows 
liquid gating through PBS solution (Fig. 2A). The bifunctional PBASE 
was used as a linker between graphene and bioreceptor proteins (i.e., 
ACE2 and Ab-CR3022) (Fig. 2 A). PBASE pyrene group stacks via π-π 
interactions on the aromatic graphene lattice, while the succinimide 
covalently binds amino groups of proteins [54]. To obtain efficient 
coverage, avoiding the formation of multiple layers of pyrene [55], 
we treated the gate electrode with a 5 mM PBASE in di-
methylformamide (DMF) solution. We then characterized the bare 
and functionalized gFET by AFM (Figure S5) and Raman spectroscopy 
(Fig. 2B). Electrical characterization of pristine and activated gFET 
and Raman maps further confirmed the PBASE attachment to gra-
phene (Figure S6).

Next, we investigated the sensing performances of the gFET 
functionalized with the soluble portion of the ACE2 receptor (re-
sidues 1–740) (Fig. 2C and F) and with the antibody Ab-CR3022 
(Fig. 2G and J). Experiments were conducted fixing the drain-source 
voltage to Vds= 50 mV and varying the gate voltage Vg from 0 to 1.5 V. 
In order to detect the binding between the Spike and bioreceptors, 
we measured the shift in the charge neutrality point (CNP) value, i.e., 
the gate voltage associated with the minimum of the transfer curve, 
also called Dirac point, that represents the most widely used elec-
trical metric in gFET sensing [22]. The Dirac point position is altered 
when the electronic structure of graphene is perturbed (i.e., by target 
binding with its associated charges) [30]; in principle the negatively- 
charged molecules induce p-doping of graphene, resulting to a more 
positive voltage (i.e., shift to the right); oppositely, positively- 
charged targets prompt to n-doping and the Dirac point shifts to 
more negative voltages (i.e., shift to the left). However, this basic 
scenario is valid for simple systems tested like ions, while in the case 
of bigger molecules like glucose [31,56], nucleic acids [57,58], or 
proteins [59,60], this model shows some inconsistencies. Indeed, the 
direction of the CNP change may be affected by several factors, such 
as Debye length, pH of the solution, environment, and spatial-dy-
namical complexity of the bioreceptor-target interaction, which in-
volves several characteristics such as the orientation of the 
bioreceptor and bioreceptor-target binding mode [22,61]. Never-
theless, the shift of the CNP, before and after the addition of the 
analyte, is a reporter of binding [22].

Decreasing concentrations of purified Spike protein were tested. 
For ACE2_gFET (Fig. 2C and F), after the addition of the Spike solution 
at 2 μg/mL we observed a shift of transfer curves (Fig. 2D) while the 
use of a Spike concentration of 0.2 μg/mL instead resulted in no 
significant differences (Figure S7). When we tested the Ab_gFET 
(Fig. 2G and J), a shift was observed both at 2 (Fig. 2H) and 0.2 μg/mL 

Table 1 
Table showing samples type, and relative Ct and cps/mL of all the patients tested and 
reported in Fig. 5 C. 

No. Patient Sample type Ct Average cps/mL

1 RV/EV 33,2/31,48 /
2 HPIV 3 31,2 /
3 H3N2 28,7 /
4 Negative / /
5 Negative / /
6 Negative / /
7 Negative / /
8 B.1.610 16.23 7.45E+ 07
9 Alpha 18.12 9.86E+ 06
10 Delta 23.4 1.08E+ 06
11 Delta 14.5 2.17E+ 08
12 Delta 18.43 6.07E+ 06
13 Omicron (BA.1) 20.24 4.46E+ 06
14 Omicron (BA.2) 19.22 9.13E+ 06
15 Omicron (BA.2) 15.17 1.57E+ 08
16 Omicron (BA.2) 15.39 1.34E+ 08
17 Omicron (BA.4) 15.68 1.10E+ 08
18 Omicron (BA.5) 15.4 1.35E+ 08
19 Omicron (BA.5) 17.54 2.97E+ 07
20 Omicron (BA.5) 21.5 1.84E+ 06
21 Omicron (BA.5) 20 5.28E+ 06
22 Omicron (BA.5) 19 1.07E+ 07
23 Omicron (BA.5) 15.26 1.47E+ 08
24 Omicron (BQ.1) 23.08 6.07E+ 02
25 Omicron (BQ.1) 14.75 2.11E+ 05

Table 2 
Table showing Ct and cps/mL of all dilutions of the 
BA.5 swab tested and reported in Fig. 5D. 

Ct Average cps/mL

15.38 1.35E+ 08
21.84 1.45E+ 06
28.64 1.22E+ 04
32.65 7.32E+ 02
36.1 6.5E+ 01
40.05 4
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(Figure S7). Subsequent dilution (0.02 μg/mL) did not elicit a de-
tectable Dirac point shift (Figure S7). The specificity of the bior-
eceptor-target binding is supported by the absence of significant 
shifts observed when using mPRO, the main protease of the same 
virus (Figs. 2E, I and S7).

ACE2-Fc chimera mimics the transmembrane ACE2 dimer

Although Ab and ACE2 bind Spike RBD with similar strength their 
impact on the performance of gFETs is different. To overcome the 
lower sensitivity of soluble truncated ACE2_gFET as compared to 
Ab_gFET, we modeled a chimeric version of ACE2 fused with an Fc- 
tag at its C-terminus (ACE2-Fc). We expected that the disulfide 
bridges present in the Fc-tag [62] would enforce the formation and 
stability of dimeric ACE2 complex in solution, mimicking what oc-
curs in physiological conditions on the cell membrane [35].

To test this hypothesis, we computationally characterized via 
Molecular Dynamics (MD) simulations three systems: i) a complete 
ACE2 system with transmembrane (TM) helices embedded in a 
POPC:CHOL (90:10) bilayer (Fig. 3A and B); ii) the soluble truncated 
form of ACE2 (Fig. 3 C); and iii) a chimeric system composed of the 
soluble portion (PD, CLD, ND) of ACE2 linked to Fc (Fig. 3D, ACE2-Fc). 
In the ACE2-Fc chimeric system, after a transient period of about 
100 ns, we observed that the Fc domain, that has been connected to 
the soluble portion of the ACE2 receptor through two small un-
structured regions (Fig. 3D), bends significantly (Fig. 3E), thus sta-
bilizing the region of the receptor that is directly involved in the 
recognition of the Spike protein. This fast conformational change 
causes a more generalized structure stabilization, forcing the ACE2- 
Fc to maintain a stable dimeric conformation for the rest of the 
500 ns sampled (Fig. 3G). This dimeric conformation is very similar 
to the membrane-embedded one, as shown by the distance between 

Fig. 2. gFET setup and Spike recognition. A) gFET (size 10 mm × 10 mm) is composed of two source electrodes each one connected with six graphene channels and the respective 
drains. A single gate electrode is used for both sides of gFET. A schematic representation of the PBASE-modified gFET is reported in the inset panel. B) Raman Spectra of gFET 
(black) and gFET-PBASE (red) (diode laser wavelength 523 nm and laser power 50 mW). C) Schematic representation of gFET modified with ACE2. D-E) Detail of Ids-Vg curves 
obtained for (D) ACE2_gFET (black) and ACE2_gFET + Spike (2 µg/mL) (red). E) ACE2_gFET (black) and ACE2_gFET + mPRO (2 µg/mL) (red). F) Comparative bar charts of ACE2_gFET 
before (black bars) and after (red bars) the addition of Spike (2 and 0.2 µg/mL) or mPRO (2 µg/mL). G) Schematic representation of gFET modified with Ab (Ab-CR3022). H-I) Detail 
of Ids-Vg curves for (H) Ab_gFET (black) and Ab_gFET + Spike (2 µg/mL) (red); (I) Ab_gFET (black) and Ab_gFET + mPRO (2 µg/mL) (red); (J) Comparative bar charts of Ab_gFET 
before (black bars) and after (red bars) the addition of Spike (2, 0.2 and 0.02 µg/mL) or mPRO (2 µg/mL). Details of Vg from 0 to 1.20 V are shown. In (F) and (J): * ** p  <  0.001, 
* p  <  0.05, error bars represent standard deviation (s.d.).
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the PD domains center of mass, used to monitor the intra-monomer 
distance (Fig. 3E, F). In both membrane-embedded ACE2 and chi-
meric ACE2-Fc systems, the distance fluctuates around a value of 
7 nm, rarely sampling more open conformations (up to 8 nm). On the 
contrary, in soluble ACE2 the monomers tend to separate more from 
each other (Fig. 3H, grey curve). The rearrangement of monomers is 
also evident from the time evolution of the number of contacts 
between them involving the PD and CLD regions, with the soluble 
ACE2 system losing more contacts over time (Fig. 3G, grey curve), 
and from the comparison of the RMSD of the two PD domains 
(Figure S8A). Furthermore, the presence of the Fc domain, despite its 
significant size (∼26 kDa), allows to considerably increase the com-
pactness of the ACE2-Fc construct, decreasing its length. This is 
clearly underlined by the analysis of the gyration radius showing 
how the soluble ACE2, despite being smaller than the ACE2-Fc, tends 
to reach a more extended shape (Figs. S8C, 3E). The acquisition of a 
globular conformation does not influence the stabilization of the 
dimeric conformation, indeed an even more comprehensive reporter 
on the dimer dynamics is the cross-correlation of the motion of 
individual residues during the simulation. The corresponding maps 
(Fig. 3I full length vs. truncated and 3 L full length vs. ACE2-Fc) 
clearly highlight how the internal dynamics of ACE2-Fc resembles 
much more the membrane-embedded ACE2, especially in the PD 
domain involved in the Spike recognition. On the contrary, the so-
luble truncated ACE2 presents more marked differences both in the 
profile and intensities of the correlated motions. Overall, these re-
sults indicate that the chimeric ACE2-Fc system better preserves the 
dynamical properties of ACE2 in the membrane (Movie S1). This can 
be ascribed to an overstabilization of the CLD domains due to the 
close distance of the CLD-Fc connecting linker (Figure S8B) that are 
held together by the disulfide bridges in the Fc region (Figure S9).

The dimerization propensity of the ACE2-Fc chimera inferred 
from the computational investigation was confirmed by performing 
SDS-PAGE electrophoresis with (Wβ) and without (W/o β) β-mer-
captoethanol. When ACE2-Fc is in reducing conditions (Fig. 4A, Wβ), 
the disulfide bonds in the Fc region are reduced, and the protein 
migrates as a monomer. On the other hand, ACE2-Fc in non-reducing 
conditions runs as a dimer (Fig. 4A, W/o β), consistently with the 
computational results. Soluble ACE2 is not affected by reducing 
conditions, as expected by the absence of disulfide bonds. In addi-
tion, the interaction of ACE2-Fc with the trimeric Spike protein was 
also confirmed with pull-down assays and western blot (Fig. 4B).

SARS-CoV-2 Spike protein detection by ACE2-Fc_gFET: sensitivity and 
specificity evaluation

gFETs were functionalized with ACE2-Fc (Fig. 4C) and the sensi-
tivity of the system was tested using different concentrations of 
trimeric Spike protein (Fig. 4D and Figure S10). ACE2-Fc_gFET is able 
to detect the Spike protein at lower concentrations, achieving a LOD 
of 0,02 ng/mL (20 pg/mL), in a range of detection that spans from 
2 μg/mL to 2 pg/mL of Spike (Fig. 4D and Figure S10). No significant 
differences are observed for mPRO (Fig. 4E). Thus, the dimeric ACE2- 
Fc bioreceptor is specific for Spike and provides the highest sensi-
tivity, far outperforming both the soluble truncated ACE2 (no signal 
for 0.2 μg/mL, Fig. 2F) and the Ab-based system (no signal for 
0.02 μg/mL, Fig. 2J). Notably, our sensitivity is comparable to that of 
lateral-flow based devices [63] and to other SARS-CoV-2 biosensors 

(Table S4). Since ACE2 is the receptor for only three coronaviruses, 
one of which is contained and the other, HcoV-NL63, has low 
binding affinity, specificity is reasonably assured [64]. To further 
confirm the specificity of the interaction, we also tested the closely 
related MERS-CoV Spike protein. We did not observe any significant 
signal using the MERS-CoV Spike protein in solution at 2 μg/mL 
(Fig. 4E and Figure S10).

Detection of SARS-CoV-2 variants from both cultured viruses and 
nasopharyngeal swabs by POC device

Mutations along the genome characterizing SARS-CoV-2 variants 
have impacted virus transmissibility and antigenicity, while influ-
encing the sensitivity of rapid diagnostic tests [10,11,65]. All Spike 
residues of B.1.610, Alpha, Delta and Omicron subvariants for which 
substitutions affected recognition by antibodies are summarized in 
Fig. 5A. On the other hand, ACE2 is still recognized by all SARS-CoV-2 
variants. Therefore, the development of a portable POC device that 
exploits ACE2-Fc as bioreceptor can allow to detect all circulating 
variants of the virus.

To improve portability, we designed and tested a miniaturized, 
reusable POC device accommodating the gFET chip (Fig. 5B and 
Figure S11), that yields the same readouts of the lab-scale probe 
station used during sensor implementation and testing (Figure S12). 
The manufacturing process is described in the Supplementary Ma-
terials, as well as the solutions adopted to realize an energy-efficient, 
battery-powered, Bluetooth device able to reliably detect currents 
around 10 μA and Dirac voltage shifts of a few millivolts.

The ability of the prototype to detect different SARS-CoV-2 var-
iants was assessed with ACE2-Fc_gFET loaded on our POC device, 
testing both isolated viruses and clinical nasopharyngeal swabs. To 
assess the performance of the device, different isolated SARS-CoV-2 
variants were tested (Figures S13 and S14). From the analysis of pre- 
VOC B.1.610 and four VOC, including the recently emerged Omicron 
BA.1, a shift of the Dirac point is always observed (Figures S13 
and S14).

We report also that, for a limited number of gFETs, the direction 
of the CNP shift is toward lower voltages. This is not so surprising 
since the sensing response of a gFET is influenced by different 
parameters, such as the total number of adsorbed bioreceptors, their 
orientation on the graphene surface [22,61,66], the net charges and 
subsequent surrounding presence of anions and/or cations [22,67]
and the Debye Length [22,68]. All these factors could lead in some 
cases to have the CNP shift in a different direction than expected 
(Figure S15A, B and C). In particular, through an accurate analysis of 
the MD trajectory, we observe for the ACE2-Fc construct that despite 
the protein remains in a stable dimeric conformation in solution 
increasing the degree of compactness (Figs. S8C, 3E and 3 F), it 
continues to sample various conformational sub-states thanks to its 
intrinsic structural plasticity (Figure S15D). The conformational sub- 
states are characterized by the fluctuation in the length of the pro-
tein and mainly by the changing of the PD domains orientation with 
respect to the Fc domain (Figure S15D, E and S16). These con-
formational sub-states can be essentially divided in two subgroups 
in which one conformational sub-state is sampled more often than 
the other by shifting the conformational balance (Figure S15D). In 
this scenario, it is therefore conceivable that these few differences in 
the direction of the Dirac point shift could be explained by the 

Fig. 3. MD simulations of full length, soluble and Fc tagged ACE2 dimers. A) Representative structure of the full-length ACE2 dimer embedded in a membrane. B) Same as (A) but 
the membrane is omitted to show the TM helices. C) Soluble truncated ACE2 conformation. D) Starting configuration of the ACE2-Fc chimera. For B-D two orthogonal views are 
shown. E) Representative snapshots of ACE2-Fc structures sampled during the MD trajectory, side view. The PD centers of mass distance is shown by a dashed red line. F) Top view 
of soluble ACE2, the PD centers of mass distance is shown by a dashed black line. G) Number of contacts between the two PD-CLD regions of monomers for membrane embedded 
full length ACE2 (in black), ACE2-Fc (red) and soluble ACE2 (grey). H) Time evolution of the intermonomer distance measured between the PD domains, color code as in (G). 
Comparative Dynamics as reported by the cross-correlation matrices of concerted motions of the residues of our three dimeric systems during the MD simulations. In (I) 
correlations in the full length ACE2 embedded in the membrane (upper triangle) and soluble truncated ACE2 (lower triangle). L) Same comparison as (I) between full length ACE2 
embedded in the membrane (upper triangle) and ACE2-Fc (lower triangle).
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presence of different conformations of ACE2-Fc, as seen in the MD 
simulations, which can reorient the bioreceptor charge closer to or 
farther away from the FET channel, changing the surface potential 
thus altering the doping state of graphene in its initial value (Figure 
S15A, B and C). There are several examples in which the bioreceptor 
structural plasticity and therefore conformational changes play a 
crucial role in the detection of biomolecules and signals analysis in 
biosensing experiments [61,69–73], however, this mechanism will 
need to be further investigated.

Nevertheless, the specificity of the target-receptor interaction 
allowed us to always have a significant signal in presence of the 
sample, while yielding no changes with our various controls (see 
Figs. 2, 4, 5 and Figures S7, S10, S13, S17).

Specificity was also probed using isolated Herpes Simplex virus 1 
(HSV-1) that recognizes a different receptor. Even with such more 
complex systems, the negative samples do not show any change in 
the Dirac point, confirming that the specificity of the interaction and 
the thorough washing steps in our protocol (see Materials and 
Methods and Figure S2) yield significant differences only in presence 
of the correct viral target.

Furthermore, we tested the detection performance of the ACE2- 
Fc_gFET using clinical samples (Fig. 5 C, S17 and Table 1). Naso-
pharyngeal swabs with minimal processing, only resuspended in 
PBS, were used. The shift of the Dirac point (Fig. 5 C and S17) de-
monstrates that our POC device clearly discriminates between SARS- 
CoV-2 positive and negative samples. RT-qPCR results indicate that 
eighteen patients were positive for SARS-CoV-2, carrying one B.1.610, 
one Alpha, three Delta, thirteen Omicron (one BA.1, three BA.2, one 
BA.4, six BA.5 and two of the recently appeared BQ.1), whereas the 
other seven tested negative (Fig. 5C and Table 1). Among negatives, 
one resulted positive to RhinoVirus (RV)/EnteroVirus (EV), one to 
Human Parainfluenza Virus Type 3 (HPIV3) and one to Influenza A 
Virus (H3N2). These results confirm once again the specificity of our 

biosensor toward SARS-CoV-2, showing no cross-reaction with other 
common human viruses (Figs. 5C, S17 and Table 1). The average Ct 
values for both isolated viruses and patient swabs are reported in 
Figure S14 and Table 1 respectively, together with the corresponding 
cps/mL.

In addition, we have evaluated the detection limit of the real 
samples measuring a nasopharyngeal swab specimen (Omicron BA.5 
variant) at different dilutions (Fig. 5D and Table 2). The ACE2- 
Fc_gFET sensor responded to patient samples diluted as much as Ct 
36 (determined by RT-qPCR), which corresponds to 65 cps/mL, that 
we consider as our empirical LOD. This result indicates that ACE2- 
Fc_gFET biosensor has the potential to be used for COVID-19 diag-
nosis for all known variants. For the sake of completeness, we also 
tested samples in Universal Transport Medium (UTM) but due to the 
complexity of this medium (i.e., amino acids, salts and BSA), we did 
not achieve clear results (data not shown).

Finally, to ensure that different ACE2-Fc_gFET performed simi-
larly, we carried out reproducibility assays using three different POC 
devices and three functionalized gFET (Figure S18). The tests were 
run on different days and yielded reproducible results.

Taken together, our findings show that our ACE2-Fc_gFET bio-
sensor successfully detected SARS-CoV-2 from isolated virus and 
clinical samples without any pre-processing steps.

Discussion

Rapid, sensitive and variant-robust detection systems have been 
immediately acknowledged as crucial in the COVID-19 global con-
tainment strategy. Since generalized social restrictions (i.e., lock-
downs) are not applicable anymore for their high social and 
economic costs, and vaccines are unevenly rolling out in the world, 
with efficacies that seem to be temporary, the virus is far from being 
contained. Thus, accurate detection tests able to provide quick 

Fig. 4. ACE2-Fc as bioreceptor and LOD calculation. A) SDS-PAGE under reducing (w β lanes) and non-reducing (w/o β lanes) conditions of soluble ACE2 and ACE2-Fc; B) Pull-down 
assay of Spike and ACE2-Fc. The binding of Spike with ACE2-Fc was monitored by western blot. C) Schematic representation of gFET modified with ACE2-Fc. D) Comparative bar 
chart showing the ACE2-Fc_gFET response to different concentrations of SARS-CoV-2 Spike. E) Comparative bar chart showing the ACE2-Fc_gFET response to MERS-CoV Spike 
protein (2 µg/mL) and SARS-CoV-2 mPRO (2 µg/mL). In (D) and (E): * ** p  <  0.001, * * p  <  0.01 and * p  <  0.05, error bars represent s.d.
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response are even more necessary. Highly sensitive PCR-based mo-
lecular tests still require a few hours for the result, lab scale facilities 
and specialized personnel, whereas antigen-detecting rapid diag-
nostic tests (Ag-RDTs) are characterized by lower accuracy [74], 
which is further affected by newly emerging virus variants [21,75]. 
Most Ag-RDTs were evaluated for their performance (i.e., specificity 
and sensitivity) far before the emergence and spread in the world 
population of SARS-CoV-2 VOC [75]. For example, Omicron, and its 
subvariants Centaurus and Cerberus, accumulated several mutations 
in both Spike and Nucleocapsid protein and this results in a lowered 
reliability of Ag-RDTs [9–11,21,76–79]. Moreover, both testing ap-
proaches (i.e., PCR-based and Ag-RDTs) employ disposable plastic 
supplies in their procedures raising concerns about the environ-
mental impacts associated with the global scale testing cam-
paigns [80].

Here, we present a gFET sensor that exploits as bioreceptor a 
chimeric version of the human receptor ACE2 which outperforms an 
anti-Spike antibody in detecting specifically the SARS-CoV-2 Spike 
protein. Recently, other ACE2-based sensors have been developed 
[81] (Table S4), but none of them are optimized to resemble its 
physiological counterpart and none of them tested all the known 
variants. We believe that using a chimeric version of ACE2 composed 
of the soluble part of the protein and the Fc region of the antibodies 
is a better bioreceptor choice to detect SARS-CoV-2. In fact, the fu-
sion of the Fc-tag on ACE2's C-terminus promotes stable protein 
dimerization, making it more similar to its native state on the cell 
membrane [62], as shown by our computational and in vitro bio-
chemical analyses (Figs. 3 and 4). By mimicking the actual virus-host 
interaction for cell infection, whose affinity has been shown to have 
improved in some of the late variants [38,39,82], our sensor is robust 
to current and future virus mutations. The LOD achieved by our 
ACE2-Fc_gFET were 20 pg/mL and 65 cps/mL for recombinant Spike 
and swab specimens respectively. Notably, electrochemical mea-
surements using nasopharyngeal swab specimens did not show an 
optimal linear concentration-dependent response (Fig. 5 C and 5D), 
therefore reliable virus quantification cannot be acquired. Thus, 
qualitative (yes/no) response can be obtained from our gFET bio-
sensor. Anyhow, the empirical LOD achieved using both recombinant 
Spike and swabs from patients confirms the high sensitivity of our 
gFET device, especially the one obtained with nasopharyngeal swabs 
which is comparable with most of the existing tests (some of them 
are reported for comparison in Table S4), including the gold standard 
RT-qPCR [83]. Nevertheless, we believe that RT-qPCR remains the 
most solid method to confirm a COVID-19 diagnosis. Considering 
this, our intent is not to substitute this test but to provide a faster 
screening approach.

Our biosensor, aptly miniaturized into a reusable, low-waste 
user-friendly POC device, was successfully tested on complex sam-
ples, such as isolated viruses and clinical samples from patients in-
fected by the most prominent virus variants: B.1.610, Alpha, Beta, 
Gamma, Delta, Omicron BA.1, BA.2, BA.4, BA.5, BA.2.75 and BQ.1. The 
number of different types of assays also proves the robustness of the 
ACE2-Fc_gFET (Table S5). Our approach can detect all the circulating 
variants within ∼40 min using 20 µL of the sample without any pre- 
processing steps. The ready-to-use gFET needs only a few prepara-
tion phases, widely described in the literature and well-character-
ized for other gFET technologies, therefore this procedure can be 
easily applicable in any laboratory (Figure S2). Anyhow, drawbacks 

are also present, such as the cost and the commercial availability of 
manufactured bare-gFET chips (See Supplementary Materials text).

This is the first study to reliably detect almost all SARS-CoV-2 
variants, among others the latest appeared Omicron in all its sub- 
lineages and the currently circulating Centaurus and Cerberus var-
iants in different specimens (Fig. 5, S14 and S15), dissimilarly from 
others comparable biosensor developed (Table S4). We strongly 
believe that our technology could be considered as a new tool for 
COVID-19 management, especially for future variants, taking into 
account that growing evidence demonstrated that antigen tests are 
less sensitive for Omicron detection [77].

Furthermore, using our graphene-based POC device, with its di-
gitized electrical recordings, ensures higher performance in the 
collection, handling and screening of the data as compared to most 
rapid tests.

Conclusions

Through a multidisciplinary effort we developed a novel point- 
of-care graphene-based device able to detect all known SARS-CoV-2 
variants. Driven by computational and biochemical approaches that 
were useful to characterize the structural and dynamical properties 
of the chimeric ACE2-Fc construct, which mimics the functional 
dimeric conformation of the receptor, we attained an optimal sen-
sitivity and specificity for the detection of SARS-CoV-2 in naso-
pharyngeal swabs. Our technology can complement the gold 
standard PCR methods and can be considered as an additional in-
strument in the fight against the COVID-19 pandemic, leveraging on 
its robustness to the virus variants, a possible pitfall of Ag-RDTs. In 
addition, modifications of the ACE2 amino acid sequence, which are 
expected to increase binding affinity with the viral Spike [62,84], 
could also further improve the sensitivity of our ACE2-Fc gFET-based 
biosensor. In general, our novel biosensor sets the basis for a class of 
highly sensitive, fast, reusable and variant-robust SARS-CoV-2 de-
tection systems that, in a close future can be extended for the de-
tection of other diagnostic relevant biomarkers, i.e., other viruses or 
extracellular vesicles.
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A reference dimension bar is reported. Also, a schematic representation of gFET modified with ACE2-Fc tested with different SARS-CoV-2 samples is shown. C) Bar graph reporting 
ACE2-Fc_gFET signal before (black) and after the addition of nasopharyngeal swab samples from patients (red). D) Comparative bar chart showing the ACE2-Fc_gFET response to 
different dilutions of Omicron BA.5 swab. Ct and cps/mL of each patient or dilution are shown in Tables 1 or 2, respectively. In (C) and (D): ***p  <  0.001, **p  <  0.01 and * p  <  0.05, 
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