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ARTICLE INFO ABSTRACT

Keywords: The outbreak of COVID-19 pandemics highlighted the need of sensitive, selective, and easy-to-handle biosensing
SARS-CoV-2 devices. In the contemporary scenario, point-of-care devices for mass testing and infection mapping within a
COVID-‘19 . population have proven themselves as of primordial importance. Here, we introduce a graphene-based Electrical-
zi:;lﬁii detections Electrochemical Vertical Device (EEVD) point-of-care biosensor, strategically engineered for serologic COVID-19
156 diagnosis. EEVD uses serologic IgG quantifications on SARS-CoV-2 Receptor Binding Domain (RBD) bioconjugate
Biosensor immobilized onto device surface. EEVD combines graphene basal plane with high charge carrier mobility, high

conductivity, low intrinsic resistance, and interfacial sensitivity to capacitance alterations. EEVD application was
carried out in real human serum samples. Since EEVD is a miniaturized device, it requires just 40 pL of sample for
a point-of-care COVID-19 infections detection. When compared to serologic assays such ELISA and other
immunochromatographic methods, EEVD presents some advantages such as time of analyses (15 min), sample
preparation, and a LOD of 1.0 pg mL. We glimpse that EEVD meets the principles of robustness and accuracy,
desirable analytic parameters for assays destined to pandemics control strategies.

1. Introduction

The outbreak of COVID-19 pandemics shocked all nations
throughout the world due to the high transmittivity of its causative
virus, SARS-CoV-2. It can be spread out through airborne, droplet,
contact, fecal-oral, fomite and bloodborne, and once infected, a person
can be either symptomatic or asymptomatic (Chaibun et al., 2021). The
severeness of COVID-19 symptoms and high rate of hospitalizations and
fatalities (Mattioli et al., 2020) concerned the World Health Organiza-
tion (WHO), as well as leaderships of more than 200 countries to which
SARS-CoV-2 migrated (WHO, 2020). A global mobilization has been
established aiming the control of COVID-19 infections, by the adoption
of mass immunization through vaccines, social distancing measure-
ments, use of face masks, and mass testing (Raffle et al., 2020).
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Understanding the SARS-CoV-2 structure and its functional proteins
are of relevant importance to the development of vaccines, medication,
and sensible tests for diagnosis. The Spike protein of SARS-CoV-2 (S
protein), a structural protein responsible for interacting and invading
external receptors, is one of the most studied SARS-CoV-2 encoded genes
(Lan et al., 2020; Mattioli et al., 2020). The S protein is divided into two
subunits, S1 and S2, and present a furin cleavage in the S1-S2 boundary
that can improve its infection capacity in host cells (Lan et al., 2020). To
interact with human receptor cells, interactions between S protein and
ACE2 (Angiotensin Conversion Enzyme) are established (Lan et al.,
2020). S protein uses its Receptor Binding Domain (RBD), localized in
the S1 subunit, the main interaction site of SARS-CoV-2 virus (Mattioli
et al., 2020). It is reported that RBD domain is used as a highly specific
immunotarget of human antibodies produced in response to
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SARS-CoV-2 infection (Premkumar et al., 2020). The RBD structure has
been used as a potential therapeutic target for immunization strategies,
as vaccines (Chen et al., 2020; Yang et al., 2020), and protein target
and/or immunogen for the development of methodologies aiming either
viral or serologic detections (Li et al., 2020; Seo et al., 2020; Yakoh et al.,
2021).

COVID-19 diagnoses have been proposed by using RBD as immobi-
lized immunogen for serologic detections of human antibodies produced
in response to SARS-CoV-2 infections (Li et al., 2020; Mattioli et al.,
2020; Zeng et al., 2020). IgG antibodies are one of the most bioanalytes
for the development of SARS-CoV-2 serologic detections, due to its
higher stability (Liu and May 2012), higher specificity in comparison to
other immunoglobulins (Charles A Janeway et al., 2001), and its
long-term presence in human organism after the infection (Sun et al.,
2020). Devices based on IgG detection by immunochromatographic
methodologies are commonly used strategies for fast serologic de-
tections of human antibody (Isho et al., 2020; Theel et al., 2020). Despite
of the well-known advantages of immunochromatographic tests, as
low-cost, rapidness of fabrication and easy-to-handle operation, immu-
nochromatographic assays have been frequently associated with unsat-
isfactory limit of detection (LOD) (Zhang et al., 2020), low repeatability,
and poor sensitivity (Ragavendar and Anmol, 2012). Functional nano-
materials are frequently employed as biodevice modifiers in order to
improve the analytical features. For instance, gold nanoparticles (AuNP)
are employed in biosensors due to size-dependent color, biocompati-
bility, and high extinction coefficients (Qing et al., 2020b). Due to its
optical properties and relatively low cost, AuNP are extensively applied
in colorimetric and serological detection devices (Qing et al., 2020a).
Furthermore, AuNP use for biosensing and bioelectronics construction
with integration between biological units expands its applications for
different biosensing architectures, mainly the electrochemical ones (Guo
and Wang, 2007; Pingarron et al., 2008; Qing et al., 2020b). Recently, a
large number of electrochemical biosensing devices relying on the
application of AuNP as modifiers has been proposed (Akbari Nakhjavani
et al., 2019; Filik and Aslihan Avan, 2020; Prasad et al., 2020; Suresh
et al., 2018).

Electrochemical devices have also been widely studied and applied
for rapid and sensitive serologic detections through IgG quantifications
(Kudr et al., 2021; Mattioli et al., 2020). There are different materials
that can be used as a main constituent of these devices, as glassy carbon,
screen printed carbon electrodes, pristine graphene, and graphene de-
rivatives (e.g., oxidized graphene). Graphene has attracted much
attention for biosensors design due to its high biocompatibility and
chemical stability (Jiang et al., 2020; Roy et al., 2017) Graphene-based
devices are promising and fit many of the biosensing requirements
owing to its expressive sensitivity, ability to reach lower LODs, rapid-
ness, simplicity of operation, and possibility to perform bio-
functionalization to improve selectivity (Ali et al., 2021; Hashemi et al.,
2021; Mattioli et al., 2021; Torrente-Rodriguez et al., 2020; Yakoh et al.,
2021). For instance, serologic detections of IgG and IgM antibodies
through RBD SARS-CoV-2 antigen, as well as other SARS-CoV-2 genes
using graphene-based electrochemical devices have been reported
(Torrente-Rodriguez et al., 2020). The so called “reduced graphene
oxide” as a coating material for 3D electrodes aiming COVID-19 anti-
bodies sensing in a microfluidic assay have also been reported (Ali et al.,
2021). These devices frequently involve functionalization procedures, as
pristine graphene present sluggish electron transfer kinetics (Brownson
et al., 2014; Macedo et al., 2019). As a consequence, this leads to a long
time of electrodes preparation, and with structures that are not well
defined, as is the case of oxidized graphene (Zhu et al., 2010).

Applying pristine graphene in bioelectronics and electrochemical
biosensing is interesting due to its high basal plane conductivity, high
charge carrier mobility and low intrinsic resistivity (Jiang et al., 2020;
Macedo et al., 2019). On the other hand, graphene in field-effect devices
configuration (e.g., G-FET) involves not only functionalization proced-
ures to improve selectivity, but also the use of a Ag/AgCl
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non-polarizable reference electrode as gate electrode for data collection
(Reddy et al., 2012). The use of a reference electrode as a gate causes
imprecision on potential values reading, affecting the reliability of the
proposed detection method (Mattioli et al., 2021). Despite of these is-
sues, graphene field-effect transistors for serological COVID-19 de-
tections has not been reported in literature up to our knowledge.

Here, we propose the application of a Electrical Electrochemical
Vertical Device (EEVD), a graphene-based device based on hybrid
electrical and electrochemical working principles (Mattioli et al., 2021),
for COVID-19 diagnosis through IgG detections. Unlike a conventional
G-FET, EEVD uses the vertical electron transfer occurring perpendicu-
larly to the graphene plane, while the electronic current flows through
the graphene van der Waals (vdW) heterojunctions. Recent study re-
ported that EEVD can belO times more sensitive than traditional gra-
phene field-effect transistors, reaching a degree of zepto-molar for the
limit of detection (Mattioli et al., 2021). The detection signal is the
variation of interfacial potential of the device’s surface, obtained by
open circuit potential (OCP) measurements. We performed IgG de-
tections based on antigen-antibodies interactions through immobilized
SARS-CoV-2 RBD bioconjugates onto a graphene-based van der Waals
heterojunction capable of attaching RBD bioconjugates labels without
damaging graphene sp? structure. This heterojunction was made by
electrodeposition of poly-neutral red (PNR), leading to a graphene-PNR
(G-PNR) surface. The variation of OCP signal is expected to be caused by
the establishment of the specific antigen-antibody interactions.

2. Materials and methods
2.1. Reagents and materials

Sulfuric acid, ethanol, isopropanol, monobasic sodium phosphate
(NaH3PO4) and potassium phosphate were acquired from Synth®,
Brazil. Hydrochloric acid (37% v/v), toluene, polystyrene (MW
~192,000 g mol’l), tetrachloroauric acid trihydrate, ethanolamine,
Tween 20, potassium chloride, neutral red dye and bovine serum albu-
min protein were bought from Sigma Aldrich®. Acetone was purchased
from Chemis®, Brazil, and hydrogen peroxide (30-32%, v/v) was ac-
quired from Vetec®, Brazil. Monoclonal IgG human antibodies (IgG1
type) from SARS-CoV-2 (ab273073) were obtained from Abcam®, USA.
Human IgM antibody was acquired from Rheabiotech, Brazil. Bilirubin
oxidase was purchased from Amano, Japan. For graphene devices
confection, p-doped Si/SiOy (®sip, = 90 nm) were purchased from
Graphene Supermarket®, USA. CVD monolayer graphene was acquired
from Graphenea®, Spain. Metallic spots for electrical contact films
deposition of Ti and Pt were obtained from Electron Microscopy Sci-
ences®, USA. All aqueous solutions were made using deionized water
with resistivity >18 MQ cm.

2.2. AuNP synthesis

Colloidal AuNP were synthetized through reduction of Au®* by cit-
rate ions, according to the Turkevich methodology (Turkevich et al.,
1951). Briefly, 20 mL of AuCl3 - 3H20 (1.0 mmol LY aqueous solution
was heated to its boiling point under vigorous stirring. Then, 2.0 mL of
sodium citrate (1.0%, w/v) was added to the boiling solution, and the
mixture was kept under vigorous stirring at boiling point until to reach
dark-red color. The resulting AuNP suspension was then rapidly cooled
at ice bath under light protection. The final suspension was stored at 4 °C
and protected from light to avoid nanoparticle agglomeration.

2.3. Bioconjugate synthesis

Bioconjugate of RBD with AuNP was strategically adopted in order to
ensure an efficient modification of EEVD’s G-PNR interface with RBD, as
PNR and AuNP present a well-established adsorptive interaction (Mazar
etal., 2017; Prakash et al., 2018). Therefore, AuNP based bioconjugates



LA. Mattioli et al.

are expected to adsorb effectively on G-PNR EEVD interface. Prior to
this, we expressed RBD of SARS-CoV-2 as follows. Firstly, we obtained
the clones of the genes encoding for spike S1 RBD in the expression
vector pET28a by chemical synthesis from Twist Bioscience (USA). RBD
was produced by the E. coli expression system. The bacteria pellet was
resuspended in lysis buffer (50 mM phosphate buffer pH 8.0, containing
200 mM NaCl, 1 mM DTT, and 1 mM PMSF and 1 mg mL"’ of egg
lysozyme). RBD samples was subjected to chromatography and gel
filtration on a Superdex 200 (16/600). RBD was then characterized by
slot blot, UV-Vis, Micro-FTIR and circular dichroism. AuNP/RBD bio-
conjugates were prepared according to procedures reported elsewhere
(de Oliveira et al., 2018; Li et al., 2020). For this, 10 pL of RBD (1.0 mg
mL ) was added to 1.1 mL of colloidal AuNP, prior containing 100 pL of
borate buffer (0.1 mol L, pH 8.5). After incubation during 20 min, 100
pL of BSA (5%) in deionized water was added, and kept under incuba-
tion for 20 min. The resulting mixture was homogenized and centrifuged
at 10,000 rpm and 4 °C for 20 min. After discarding the supernatant, a
washing step with PBS (0.01 mol L'!) and Tween 20 was performed. The
final mixture was also centrifuged at 10,000 rpm and 4 °C during 20 min
and resuspended in BSA (3%) solution in PBS (0.01 mol LY.

2.4. UV-Vis analyses

All proteinaceous samples were diluted 50 x from the original so-
lutions used in bioconjugate synthesis. Final bioconjugate AuNP/RBD
samples were diluted 10 x. All spectra were presented with normalized
absorbance values from 0 to 1 for maximum absorbance to clarify the
data analysis.

2.5. Transmission electron microscopy (TEM)

TEM images were obtained for diluted AuNP and AuNP/RBD sus-
pensions using a JEOL JEM-2100 microscope with a 200 kV electron
beam. Diluted samples were sonicated for 30 min and drop cast onto a
copper grid with thin carbon film (200 mesh, Electron Microscope Sci-
ences, USA) and let to dry in vacuum at room temperature.

2.6. EEVDs

The Si/SiOy chips were cleaned with piranha solution (3 H2SO4: 1
H,05) prior to the electrical contacts deposition. For this, Ti and Pt thin
films of 10 and 20 nm, respectively, were subsequently deposited at Si/
SiO4 substrates through sputtering deposition at Brazilian Nanotech-
nology National Laboratory (LNNano) at the Brazilian Center for
Research in Energy and Materials (CNPEM). For CVD monolayer gra-
phene transfer to Si/SiO; chips, the polymer-mediated graphene trans-
ferring process was adopted (Hassan et al., 2021; Macedo et al., 2018).
Briefly, a drop of polystyrene in toluene was deposited onto small-area
pieces of CVD monolayer graphene on Cu foil and let under 70 °C for
~10 min. Then, the Cu foil was removed by etching in an aqueous so-
lution containing HCl and HyO5 (1.4 and 0.5 mol L'}, respectively). After
graphene transfer onto Si/SiO2 EEVDs substrates, a pre-annealing step in
air at 90 °C was adopted. Next, the polystyrene layer was removed
though toluene washing steps, and a thermal annealing under Ar at-
mosphere at 585 °C was finally performed. The success of this procedure
was evaluated by optical images collected for each EEVD. Figure S1
present a schematic representation of these steps.

2.7. EEVD modification and characterization

Prior to EEVDs use, an electrochemical etching in HCI (0.1 mol L‘l)
procedure (Figure S3) was performed for removing Cu traces remaining
from EEVDs confection (lost et al., 2014). Pristine graphene EEVDs were
modified with poly-neutral red (PNR) by electropolymerization by cy-
clic voltammetry, as is further described in “Electrochemical experi-
ments” session. The modification of G-PNR EEVDs with AuNP/RBD
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bioconjugate was performed by drop-casting of 20 pL of the final sus-
pension. AuNP/RBD was let to adsorb on G-PNR interface for 30 min.
Next, 10 pL of ethanolamine (5.0 mmol LY aqueous solution (pH 8.0)
was employed for blockage of extra RBD sites of AuNP/RBD (Raoof
et al., 2013). This step was adopted in order to avoid non-specific in-
teractions between these biomolecules and any other matrix component.

2.8. Micro-FTIR experiments

Micro-FTIR characterizations were performed in a Vertex 70v
Fourier transform infrared spectrometer coupled to an IR microscope
Hyperion 3000 (Bruker). Chemical 2D and 3D images of PNR and AuNP/
RBD bioconjugates deposited onto graphene interfaces were obtained
using a liquid nitrogen-cooled 64 x 64 Focal Plane Array (FPA) detector.
To provide enough reflectivity for the IR beam (Brunner et al., 1997)
experiments were performed in a thin Au layer substrate instead of
conventional Si/SiO5 substrates. Images were collected over a 200 x
200 pmz area. Experiments were performed at room temperature and
room atmosphere, with 128 scans acquisition at 8 cm™ resolutions. 2D
and 3D chemical map of AuNP/RBD bioconjugate onto G-PNR surface
was made according to amide I (1648 cm™) and amide II (1540 cm™)
bands integration. All 3D contour plots have absorbance intensity in
z-axis.

2.9. Raman spectroscopy

Raman spectra were acquired for bare graphene and G-PNR EEVD
surfaces (for the latter surface, after electropolymerization and water
evaporation in room temperature), from 1000 to 3000 cm™ under air
atmosphere and room temperature by a LabRAM HR Evolution spec-
trometer (Horiba Scientific) with an HeNe laser of 633 nm wavelength
with an acquisition of 64 spectra and an aquisition time of 4s.

2.10. Electrochemical experiments

Electrochemical measurements of all EEVDs were acquired by a
PGSTAT 128N potentiostat/galvanostat (Metrohm). Cyclic voltammetry
of all electrodes which were performed in PBS (0.01 mol L’l) were made
from —1.0 to 1.0 V (vs. Ag/AgClg,y), at scan rate (v) 50 mV s'L. Electro-
polymerization of PNR at pristine graphene EEVDs interfaces were
performed by cyclic voltammetry from —1.0 to 1.2 V (vs. Ag/AgClg,y) at
v=50mV s for 2 scans, and from —1.0 to 0.5 V (vs. Ag/AgClgp), v="50
mV s for 15 scans (Pauliukaite et al., 2007; Pauliukaite and Brett,
2008). Electrochemical impedance spectroscopy (EIS) experiments of
graphene, G-PNR, G-PNR-AuNP/RBD and G-PNR-AuNP/RBD after IgG
interaction were performed. All plots were obtained from 1 x 10° to 0.1
Hz, DCp,; (direct current potential) equals to OCP (open-circuit poten-
tial) of each interface with an amplitude of 5 mV s1in PBS (0.01 mol L'},
pH 7.4).

2.11. Electrical-electrochemical experiments

Hybrid Electrical-Electrochemical (EE) experiments of all electrodes
were performed in a PGSTAT 128N potentiostat/galvanostat (Met-
rohm). An Ag/AgCls, electrode was applied as reference electrode,
connected to potentiostat RE terminal. Both WE and CE terminals were
connected to Ti/Pt electrical contacts in a short-circuit-like configura-
tion. The applied potential range for each EE experiment was defined
after the determination of the OCP of each interface. All experiments
were performed in a drop of ~40 L of PBS (0.01 mol L!) supporting
electrolyte. IgG and RBD interactions experiments were performed by
the drop-casting of 20 pL IgG (1.0 pg mL1) in PBS (0.01 mol L}, pH 7.4)
target analyte in a G-PNR-AuNP/RBD EEVD. All curves were obtained in
PBS (0.01 mol L, pH 7.4); v =5 mV s\, Further details on EEVDs
fabrication, theory and working principles can be find elsewhere (Mat-
tioli et al., 2021; Mattioli and Crespilho, 2020)



LA. Mattioli et al.
2.12. Analytical quantifications by EEVDs

For detection studies, calibration curves for IgG detections by G-
PNR-AuNP/RBD EEVDs were obtained by hybrid Igs vs. Vgs electrical-
electrochemical experiments, being Iy = CE to WE terminals current
and Vy4s = CE to WE terminals potential. The LOD of the studied EEVD
was evaluated considering the standard deviation (SD) of the lowest
concentration sample that could be detected, relying on signal-to-noise
ratio approaches recommended by IUPAC (Brunetti B, 2015; Inczedy
et al., 1998). The collection and use of human sera was approved by the
Ethical Committee number 30178220.3.000.0068 of diagnostic pro-
posal analysis at Brazilian platform CNEP (National Council of Ethical
and Clinical Research). The diagnosis of SARS-CoV-2 were PCR-based,
Roche and Abbott diagnostic kit. The sera from uninfected humans
were taken before June 2019 (Pro-blood foundation, Brazil).

2.13. ELISA Comparative method for IgG positive human sera samples

In house plates were immobilized with RBD (10 pg mLY) in car-
bonate buffer (0.1 mol L'l, pH 9.4) overnight incubation at 4 °C. The
plates were empty and dried at 37 °C. The patient serum sample were
diluted 1:10 in PBS containing BSA (0.05%) and milk casein (2%) for
titration across the plate to a final volume of 100 pL/well. The plates
were incubated for 30 min, 1 h at 37 °C. At the end of the incubation
period, the plates were washed with PBS-T and incubated with 100 pL/
well of commercial anti-IgG secondary (RheaBiotech, Brazil) for 30 min
and 1 h at 37 °C. The unbound conjugate will be removed by washing
with PBS-T. The enzymatic activity by addition of TMB (3,3’,5,5’-tet-
ramethylbenzidine, Scienco, Brazil) ready to use was measured after
incubating each well with 100 pL of TMB solution. After 15 min at 25 °C
the reaction was stopped by adding 100 pL of HCI (1.0 mol L}) to each
well. The absorbance was read at 450 nm in a TECAN sunrise
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conventional ELISA reader.
3. Results and discussions
3.1. PNR-modified graphene EEVDs studies

After EEVDs confection (Fig. 1A), the monolayer features of our
transferred pristine graphene onto EEVD Si/SiO» chips were evaluated
by Raman spectroscopy (Fig. 1B). As expected, the obtained Raman
spectra presented only D, G, and 2D bands, typical of monolayer gra-
phene structures (Malard et al., 2009), at 1327, 1583, and 2631 crn"l,
respectively. Ip/Ig ratio is usually interpreted as an indicative of sp?
integrity along the monolayer graphene sheet, for which a value equal to
0 refers to an ideal non-defective graphene (Liu et al., 2013). For our
monolayer graphene, a Ip/Ig ratio of 0.35 was obtained and found
adequate for considering its features as of a low-defective graphene,
taking into account the inevitable defects formation during wet transfer
steps (Bleu et al., 2019). Moreover, Iop/Ig ratio is used to obtain insights
on the number of layers for graphene-based materials with acceptable
accuracy (Bleu et al., 2019). Iyp/I ratios equal to 2 are obtained for
ideal non-defective monolayer graphene. However, there is an agree-
ment in literature for considering monolayer graphene characteristics
with ratios ranging from 1.3 up to 2 (Bleu et al., 2019). As our graphene
presented an Iyp/Ig ratio of 1.5, we inferred that in fact most of its
monolayer pristine graphene features could be preserved during trans-
ferring procedures.

Sequentially, electropolymerization of PNR onto graphene was per-
formed by cyclic voltammetry (Fig. 3C). It was firstly studied in a large-
area graphene electrode (Figure S4A), under inert atmosphere, accord-
ing to an electrochemical methodology described elsewhere (Pauliu-
kaite et al., 2007; Pauliukaite and Brett, 2008). PNR was chosen due to
its ability to adsorb on gold nanoparticles-based bioconjugates with high
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affinity, useful for our next analytical studies (Mazar et al., 2017; Pra-
kash et al., 2018). Typical redox peaks are observed due to irreversible
monomer oxidation at +0.86 V (vs. Ag/AgCls,) and the redox pair
interconversion neutral red — leuco-neutral red at —0.585 V (vs.
Ag/AgClgy) (Pauliukaite et al., 2007). After this procedure, the forma-
tion of G-PNR interface (Figure S4B) and its stability is electrochemically

observed in Fig. 3D. Although the reversibility of neutral red — leuco--
neutral red redox pair is affected, the presence of oxidation peak con-
cerning this redox pair at c.a. + 0.6 V is interpreted as indicative of a
successful and stable electropolymerization.

Then, hybrid EE Iy vs. Vg5 curves were obtained for graphene and G-
PNR interfaces (Fig. 1E and F). For this, CE and WE terminals are directly
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connected through G-PNR basal plane, allowing current flow with high
charge carrier mobility and low intrinsic resistivity (Vieira et al., 2016;
Wang et al., 2012). Moreover, in this configuration, it is possible to
monitor interfacial OCP displacements (AVocp) depending on the
modification of the graphene interface (Mattioli et al., 2021). The OCP
shifts are correlated to capacitive alterations of the EEVD interface and
they are observed at more negative potentials due to PNR adsorption.
As, EE experiments are performed in a potential range without the
occurrence of PNR faradaic processes, we expected that only capacitive
alterations would be manifested in G-PNR interfaces during these
studies. As already discussed in our previous work (Mattioli et al., 2021),
this shift is also an indicative of charge carrier insertion onto graphene,
resulting in n-doping. This occurs probably due to the establishment of
weak van der Waals interactions between graphene sp2 lattice and
neutral red sp? electronic density (Georgakilas et al., 2016) and nitrogen
atoms of PNR structure. This coupling can be confirmed by G band
displacements in Raman spectroscopy data (Figure S5). Despite this, our
Raman spectroscopy characterizations of G-PNR could not be useful to
corroborate hybrid EE doping insights, as expected due to the creation of
some point defects during voltammetric cycling. (See Section 4 of SI for
further discussion). Further interfacial capacitive features of graphene
and G-PNR EEVDs interfaces were also investigated and confirmed by
EIS measurements. A detailed discussion is presented in Section 5 of SI.
Therefore, we conclude that G-PNR interfaces would not present any
faradaic process, but only capacitive features to be considered during
further bioanalytical IgG quantifications by EE studies.

3.2. AuNP/RBD and G-PNR-AuNP/RBD EEVDs surface characterization

G-PNR EEVDs was modified with RBD protein by non-covalent
functionalization with AuNP-based bioconjugates, aiming IgG de-
tections through antigen-antibody interaction. It is known that AuNP-
based bioconjugates with proteins are established through electro-
static interactions by chemisorption mechanisms (Busch et al., 2019).
UV-Vis spectra were collected after each step of the procedure
(Figure S8). Transmission electron microscopy (TEM) images of
AuNP/RBD bioconjugate are in accordance with UV-Vis results (See
Section S7 for further information). As shown in Fig. 2A, the coating
material on AuNP characterizes RBD protein, indicating that the protein
effectively interacts with AuNP (Busch et al., 2019). AuNP/RBD bio-
conjugate was drop-casted onto G-PNR EEVDs as illustrated in Fig. 2B.
The distribution of AuNP/RBD onto G-PNR was evaluated by
micro-FTIR 2D and 3D chemical mapping of AuNP/RBD spatial
distribution.

Optical image of G-PNR-AuNP/RBD interface onto Au substrate
shown in Fig. 2C indicates that most of AuNP/RBD proteinaceous bio-
conjugate have a tendency to accumulate on G-PNR edges while aqueous
solvent is dried due to coffee-ring effects, typical in protein-based
coatings (Devineau et al., 2016; Sedenho et al., 2021). From 2D and
3D special distribution of AuNP/RBD (Fig. 2D and E, respectively), it is
observed that the homogeneity of AuNP/RBD distribution is associated
to the homogeneity of PNR electropolymerization onto graphene. Fresh
solution containing the precursors of electropolymerization was always
used. In order to ensure a homogeneous AuNP/RBD immobilization over
G-PNR surface, solvent evaporation in drop-casting procedures should
be carried out at room temperature, to avoid extensive coffee-ring
formation.

3.3. G-PNR-AuNP/RBD interaction with IgG

To understand the expected capacitance alterations at G-PNR-AuNP/
RBD interface due to IgG interaction with immobilized RBD sites, EE and
electrochemical experiments of the specific antigen-antibody interaction
with IgG (1.0 pg mL?) as target were carried out. Electrochemical
behavior of G-PNR-AuNP/RBD was first investigated by cyclic voltam-
metry (Fig. 3A). Neither the adsorption of AuNP/RBD bioconjugate nor
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its interaction with human IgG (1.0 pg mL™) interferes on PNR redox
behavior and only capacitive changes are observed. This was already
expected, as both bioconjugates do not present redox-active sites (from
—1.0V to 1.0V). Therefore, EE I4s vs. V45 curves for these interfaces were
obtained within a potential range with no faradaic process occurring
(Fig. 3B). The immobilization of AuNP/RBD bioconjugate onto G-PNR
leads to OCP value shifts to more positive values in relation to G-PNR
interface OCP potential value, probably due to G-PNR sp? electronic
density displacement towards AuNP/protein bioconjugate. These shifts
occasioned by charge insertion/removal and electronic density varia-
tions in EEVDs are correlated to capacitive changes that lead to OCP
potential displacements (Mattioli et al., 2021). Similar to what is
observed for Graphene Field-Effect Transistors (GFET), these OCP shifts
can be interpreted in a similar way as it is done for the charge neutrality
point (CNP). The interaction of IgG with G-PNR-AuNP/RBD interface
could be monitored by AVpcp shifts, and in this case, the specific
RBD-IgG interaction led to AVpcp = 0.0437 V compared to the
G-PNR-AuNP/RBD initial potential. The shift of OCP potential to more
positive values (p-doping) due to specific IgG interaction is coherent to
the presence of a positive net charge, as the type of the human IgG
antibody (IgG1) used in this work present an isoelectric point (pI) that
mainly ranges from 7.9 to 8.6 (Yang et al., 2019). Based on these results,
it was concluded that G-PNR-AuNP/RBD EEVDs interface can be sensi-
tive to IgG interaction and detections through AVocp potential
displacements.

In order to confirm the capacitive nature of the above-mentioned
interfaces and the IgG interaction, EIS data were collected in a non-
electroactive electrolyte medium (Fig. 3C and D). Capacitive alter-
ations in accordance to EE data in Fig. 3B can be also seen due to each
subsequent modification of EEVD interface based on Nyquist plots
inclination changes. The inclination of G-PNR-AuNP/RBD Nyquist plot
in Fig. 3Cis close to the bare graphene one, indicating that the employed
subsequent modifications led to an increase in total interfacial capaci-
tance of the EEVD (Fig. 3D), until it reaches values similar to the bare
graphene one (Mattioli et al., 2021). The predominance of capacitive
features G-PNR-AuNP/RBD interface can be confirmed. It was also
possible to fit a best circuit to describe G-PNR-AuNP-RBD impedance
features, which was the same obtained for G-PNR (Figure S7B). These
insights can be corroborated by the impedance modulus plots of Fig. 3D
as well, based on the absence of peaks through the entire swept fre-
quency range. EIS data corroborated to all AVpcp potential displace-
ments occurred due to capacitive alterations at each EEVD interface and,
therefore, IgG detections in different concentrations may be performed
based on these principles.

3.4. COVID-19 diagnosis through IgG quantifications by G-PNR-AuNP/
RBD EEVDs

We proceeded with the development of an analytical quantification
method for serological diagnosis related to COVID-19 disease, based on
total interfacial capacitance alterations on the EEVD interface due to
specific RBD-IgG interaction (Fig. 4A). For this, AVocp were monitored
as a function of IgG concentration, as indicated in Equation (1).

AVpep = Eypy = Ei(I{;NR—AuNP/RBD)—IgG _ Egrl;NR—AuNP/RBD) 1)
In this Equation, EF < 4“NP/RED) 84 ¢ o rresponds to the interfacial OCP
potential of G-PNR-AuNP/RBD interface after adsorption and interac-
tion with IgG and ECN4“VP/RBD) ¢orresponds to the G-PNR-AuNP/RBD
interfacial OCP potential before interaction with IgG. All detections
were performed in a miniaturized configuration by using a drop of 40 pL
of electrolyte as reactional medium. A calibration curve shows an
unprecedent wide linear range of IgG concentrations, from 102 up to
107 mol L. Despite of the absence of COVID-19-related IgG detections
by GFETs, the extent of this dynamic linear range is wider than the
obtained for IgG COVID-19 diagnosis through electrochemical methods
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Fig. 4. IgG detections for COVID-19 diagnosis through EEVD. A) Schematic representation of G-PNR-AuNP/RBD interface detecting IgG antibodies; B) Cali-
bration curve for IgG detections from 1.0 pg mL™ to 1.0 pg mL™ concentrations in PBS (0.01 mol L'}, pH 7.4) as support electrolyte by hybrid Iy vs. Vys EE ex-
periments at 5 mV s; C) Distribution of OCP displacement values for n = 9 for positive and negative IgG detections in diluted patient serum samples by G-PNR-
AuNP/RBD EEVD; D) Analysis via ELISA dimerized intact RBD in samples from 20 positive and negative patients.

reported elsewhere (Torrente-Rodriguez et al., 2020). The EEVD sensi-
tivity obtained for IgG quantifications based on the slope of calibration
curve was of 5.8 mV/decade. A LOD of 1.0 pg mL " was obtained. The
LOD was evaluated according to IUPAC recommendations, by using the
standard deviation of the lowest concentration sample to estimate the
signal-to-noise ratio of our device, with 99% of confidence level (Bru-
netti B, 2015; Inczedy et al., 1998). Interestingly, to the best of our
knowledge, there has, so far, one of the lowest LODs already reported in
literature, where EEVD performance is compared to other serological
assays presented in Table 1. This can be related to the high sensitivity of
the EEVD interface to its chemical environment and to the EE detection
method through interfacial capacitive alterations. Due to the similarities
of the EEVDs to GFETS, a comparison between these two kinds of devices
is of relevant interest. However, no FET or GFET was reported in liter-
ature for RBD-based IgG detections. The reached LOD value by
G-PNR-AuNP/RBD, as well as its sensitivity were compared to the values
obtained for general immunoglobulin detections by FETs. For example,
G-PNR-AuNP/RBD LOD was comparable to the obtained by Vu and
co-authors using a GFET (1.0 pg mL™Y) (Vu et al., 2021), and remarkably
lower than the reached by Minamiki and co-authors applying an OFET

(0.62 pg mL'l) (Minamiki et al, 2014). The sensitivity of
G-PNR-AuNP/RBD obtained by the slope of the calibration curve could
not be compared to the values reported by different serological assays
due to incompatibility of units.

Although the EEVDs reported here for the diagnosis of COVID-19
have a great positive impact in the area of biosensors using graphene
monolayers, it is necessary to emphasize that other works using GFETs
sensors for different proteins achieved remarkable sensitivity. Just to
exemplify among several studies, Danielson and collaborators reached
14 mV/decade for streptavidin (Danielson et al., 2020). Our value of 5.8
mV/decade can be correlated to the low sensitivity of G-PNR interface to
the IgG-AuNP/RBD complex formation due to the establishment of
antigen-antibody interaction. This value may improve replacing PNR by
other non-covalent modifier, capable of stronger interactions with gra-
phene basal plane through more effective heterojunction formation, as,
for example, ferrocene derivatives or PBASE for direct IgG immobili-
zation. Consequently, stronger capacitive alterations would be observed
with the addition of each target analyte concentration. Despite of this,
IgG detections by G-PNR-AuNP/RBD could be performed in a short time
of analyses. Each EE experimental run can be performed within 5 min.

Table 1

Comparison of several serological detection methods of IgG antibodies produced in response to SARS-CoV-2 infection.
Detection method Device components LOD Sensitivity Accuracy/x coefficient Reference
LFIA Paper strip/colloidal AuNP Not informed 69.1% x =0.612 Wen et al. (2020)
ELISA NovaLisa SARS-CoV-2 test 0.18 a.u. 94.9% Not informed Tré-Hardy et al. (2020)
Electrochemical COVID-19 ePAD/SWV 0.96 ng mL? 100% k = 0.881 Yakoh et al. (2021)
SERS/LFIA SERS-based LFIA/Ag@SiO, 1.0 pg mL™! Not informed 100% Liu et al. (2021)
Electrochemical 3D nanoprinted electrodes/rGO, Spike S1 subunit 2.8 x 10"1® mol L 1.0 x 102 mol L! Not informed Al et al. (2021)
LFIA Paper strip/Selenium NPs bioconjugate 5.0 ng mL! 93.33% Not informed Wang et al. (2020)
LISA N protein 0.4 pg mL! 71% Not informed Liang et al. (2021)
Colorimetric Epitope functionalized AuNPs 3.2 nmol L! 83% Not informed Lew et al. (2021)
Hybrid EE detections G-PNR-AuNP/RBD EEVDs 1.0 pg mL! 5.8 mV/decade 61.1% This work

ePAD = electrochemical paper based analytical device; SWV = Square Wave Voltammetry; rGO = reduced graphene oxide; LFIA = Lateral Flow Immunochroma-
tographic Assay; SERS = Surface Enhanced Raman Scattering; LISA = Luciferase Inmunosorbent Assay.
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This feature is considerably advantageous especially in relation to LFIAs
and ELISA assays reported in Table 1, which experimental runs usually
take more than 15-20 min. Furthermore, other assays reported in this
table require extensive device preparations with nanoparticles func-
tionalization and expensive electrode printings, making the proposed
methodologies less suitable for fast and simple serologic COVID-19
mass-testing of a population.

To further evaluate the analytical performance of our G-PNR-AuNP/
RBD EEVD, IgG detections were performed in human sera with n = 9
replicates, for proof-of-concept purposes (Fig. 4C). Mean AVpcp poten-
tial shifts for positive and negative IgG detections were, respectively,
0.056 + 0.009 V and 0.042 + 0.003 V. We used the value of OCP po-
tential displacements that was possible to discriminate the healthy from
the infected patient with COVID-19 as cut-off values. The estimated
SARS-CoV-2 IgG cut-off was 40 mV. Nonetheless, some quantifications
could not be differentiated between a positive or negative result ac-
cording to the obtained AV value. A false-positive region and a false-
negative region of AV range between 43 and 48 mV could be esti-
mated by our results, probably due to bioconjugates removal during
washing steps and EEVD surface harm. Consequently, from a total of 9
samples studied for positive results, 3 of them appeared in the false-
positive region. From all 9 samples studied for negative results, 4 of
them appeared in the false-negative region. These problems can be
overcome by increasing the population size of samples to be analyzed by
our EEVD. Despite these issues and the relatively small population size,
the obtained results indicated that the proposed EEVD can be a suitable
device for point-of-care serologic diagnosis.

Lastly, we estimated possible interferents for IgG detections by G-
PNR-AuNP/RBD in human sera. We evaluated human IgM, BSA and
bilirubin oxidase enzyme (Mattioli et al., 2020). Experiments in 0.01
mol L' PBS pH 7.4 were performed and AVgcp shifts obtained for each
studied biomolecule (1.0 pg mL™? concentration) was compared to the
AVocp shift presented by the detection of 1.0 pg mL™? IgG. The obtained
results are illustrated in Figure S10. It is noticeable that human IgM
presented the higher interference, as bilirubin oxidase and BSA did not
interfere significantly. This tendency was expected as human IgM also
has immunogenic activity against SARS-CoV-2 viral infections and can
bind to RBD through antigen-antibody interactions. As BSA and bili-
rubin oxidase does not bind to RBD through this mechanism, low
interference from these proteins was already expected. Despite of the
interference for the proposed IgG detection method, these results gave
us insights on future improvements, by considering IgM as another
target analyte for total antibody serologic detections aiming COVID-19
diagnosis. This strategy is similar to what is already used by a number
of immunoassays in literature (Carter et al., 2020; Imai et al., 2020;
Montesinos et al., 2020; Wang et al., 2020).

Positive and negative tests with EEVD were compared with ELISA,
based on RBD and human IgG specific interactions. (Fig. 4D). Nine
replicates (n = 9) already evaluated by EEVDs were added in a n = 20
population, in order to minimize relative errors and measurement un-
certainty (Biswas and Kumar Saha, 2015). Likewise, ELISA quantifica-
tions also presented false results, indicating that this may be originated
from non-specific interactions that still happen in extra RBD active sites.
Apart from this, all human sera samples with true-positive results (6
from a total of 9 samples) by EEVD recovered positive results by ELISA.
True-negative COVID-19 diagnosis returned by IgG detections (5 of a
total of 9 samples) by EEVDs also presented negative results by ELISA.
Based on these results and validation methodologies from Brazilian
Society of Laboratorial Medicine, Brazilian Society of Clinical Analyzes
and Brazilian Society of Clinical Pathology (ABRAMED, 2021), it was
possible to estimate a accuracy of 61.1% and sensitivity of 66.7% by
considering a division of true positive and true negative samples by total
of analyzed samples. The sensitivity obtained for our serological eval-
uation in real samples is lower than the values reported in literature, as
presented in Table 1. However, it is expected that both sensitivity and
accuracy values can be improved for analyses with larger populations.
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(Mattioli and Crespilho, 2020) Although false-positive and
false-negative results were presented in both assays, it is possible to infer
that a satisfactory accuracy could be achieved by employing EEVD in our
proof-of-concept studies in real human serum samples.

4. Conclusions

A graphene-based EEVD was developed aiming serologic COVID-19
diagnosis applications. For EEVD fabrication, non-covalent functionali-
zation with PNR was adopted in order to allow AuNP/RBD bioconjugate
proper adsorption onto the device interface, without harming graphene
sp? lattice. EEVD working principles relied on the current passage
through graphene basal plane with high charge carrier mobility. Moni-
toring interfacial potential (i.e., OCP) displacement with the adsorption
of each EEVD modifier was made similarly to the procedures usually
adopted in GFETs studies. The specific interaction of adsorbed RBD with
IgG showed to be dependent on the IgG concentration, and therefore, an
analytical calibration curve could be obtained. A LOD of 1.0 pg mL™! was
reached with a sensitivity of 5.8 mV per decade, within a wide linear
dynamic range of IgG concentrations varying from 102 to 107 g mL .
These results give us insights on the possibility of using our proposed
devices for trace IgG detections, combined with their miniaturized fea-
tures for rapid point-of-care purposes. Human blood serum samples
were evaluated for positive and negative diagnosis of COVID-19 infec-
tion based on IgG quantifications, as a proof-of-concept of our device
performance in real samples analyses. Although false-positive and false-
negative results were obtained, our results showed a satisfactory accu-
racy of 61.1%, and a sensitivity of 66.7%. EEVD can be considered as
promising alternative for COVID-19 serologic detections in large pop-
ulations, since the device showed good sensitivity, low LOD, rapidness of
analyses, robustness and accuracy. All these are desirable analytic pa-
rameters for assays destined to pandemics control strategies.
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Abbreviations

EEVD electrical-electrochemical vertical device

IgG Immunoglobulin G
GFET graphene field-effect transistor
EE Electrical-Electrochemical

PNR poly-neutral red
CNP charge neutrality point

OCP open-circuit potential

EIS electrochemical impedance spectroscopy
CVD carbon vapor deposition

RBD receptor binding domain

LOD limit of detection
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