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EPIGRAPH

Everything has been figured out, except how to live.

Jean-Paul Sartre



ABSTRACT

The COVID-19 pandemic brought the global need to develop new biosensors for practical
use, with quick response, sensitivity, and low cost, aiming point-of-care diagnosis and mass
monitoring concerning the contamination of a population. In this sense, graphene field effect
transistors (GFETSs) are among the most promising biodevices due to their sensitivity and rapidness
of response. However, the low selectivity inherent to the response mechanism of GFETs and the
use of a non-polarizable reference electrode of the Ag/AgClsa type in its configuration limit its
application. In this sense, this Doctorate Thesis presents the development and application of a new
type of biosensor based on monolayer graphene, with hybrid detection, where the device uses
electrical and electrochemical principles, called Graphene Vertical Electrical-Electrochemical
Device (EEVD). EEVD was designed so that an electrode formed by the heterojunction of a
graphene layer/adsorbed redox probe is exposed to the electrolyte and, as a result, small variations
caused by the presence of analytes at the electrode/electrolyte interface change the charge density
near the graphene K point of first Brillouin zone. This perturbation alters the Dirac point and causes
energy dispersion, resulting in different values of capacitance and potential of the interface, which
are strongly correlated to the presence of the analyte. Furthermore, it was observed that faradaic
processes can occur in the orthonormal plane of graphene in the presence of a redox probe coupled
by van der Waals interactions, intensifying the interface perturbation by the presence of the analyte
in the electrolyte, making EEVVD more sensitive when compared to GFET. As a proof of concept,
a EEVD based on the graphene/ferrocene heterojunction was used for single-stranded DNA
detection, obtaining a limit of detection (LOD) of zeptomolar magnitude order (102 mol L?).
Because it has a total negative charge, DNA changes the capacitance of the interface formed by
the heterojunction, and varies its open circuit potential (OCP), which in turn responds linearly to
alterations of DNA concentrations. Therefore, EEVD was applied as an immunosensor for the
diagnosis of COVID-19. For this, ferrocene was replaced by the neutral red redox probe modified
with Spike protein receptor binding domain (RBD) of SARS-CoV-2. In this configuration, the
biosensor requires 40 uL of serum sample from a patient infected with COVID-19, and it is
possible to detect 1gG antibodies produced in response to COVID-19 infection with an LOD of
1.0 pg mL™. Finally, an EEVD-type biosensor was developed for antigen detection (SARS-CoV-
2 virus) in saliva samples, with a LOD of 2.86 fmol L™, indicating the suitability of the biosensor
for the diagnosis of COVID-19 in early stage. Both the immunosensor and the antigen biosensor
for the diagnosis of COVID-19 were validated in real samples and using validation parameters
from ANVISA and ABRAMED.

Keywords: graphene, biosensor; DNA; electrical device; electrochemical device; SARS-CoV-2



RESUMO

A pandemia de COVID-19 trouxe a necessidade global de desenvolvimento de novos
biossensores de uso pratico, com rapida reposta, sensiveis e de baixo custo, visando o diagnéstico
no ponto de atendimento e monitoramento em massa da contaminagdo da populacdo. Nesse
sentido, os transistores de efeito de campo de grafeno (GFETS) estéo entre os biodispositivos mais
promissores devido a sensibilidade e rapidez de resposta. Entretanto, a baixa seletividade, inerente
ao mecanismo de resposta dos GFETS e o uso de um eletrodo de referéncia ndo-polarizavel do tipo
Ag/AgClsst em sua configuragdo limitam a aplicagcdo. Neste sentido, nesta Tese de Doutorado
apresentam-se o desenvolvimento e a aplicacdo de um novo tipo de biossensor a base de grafeno
monocamada, com detecc¢do hibrida, onde o dispositivo usa principios elétricos e eletroquimicos,
denominado Dispositivo Elétrico-Eletroquimico Vertical de Grafeno (DEEV). O DEEV foi
projetado para que um eletrodo formado pela heterojungdo de camada grafeno/sonda redox
adsorvida fique exposta ao eletrélito e, com isso, pequenas mudancas causadas por analitos na
interface eletrodo/eletrélito altere a densidade de carga préxima ao ponto K da primeira zona de
Brillouin do grafeno. Esta perturbacdo altera o ponto de Dirac e causa dispersdo de energia,
resultando em diferentes valores de capacitancia e potencial da interface, que sdo fortemente
correlacionadas a presenca do analito. Além disso, foi observado que processos faradaicos podem
ocorrer no plano ortonormal do grafeno na presenca de uma sonda redox acoplada por interagdes
de van der Waals, intensificando a perturbacdo da interface pela presenga do analito no eletrélito,
tornando o DEEV mais sensivel quando comparado ao GFET. Como prova de conceito, utilizou-
se um DEEV baseado na heterojuncdo grafeno/ferroceno para deteccdo de DNA em fita Unica,
obtendo-se um limite de detec¢do (LOD) na ordem de zeptomolar (102 mol LY). Por ter carga
total negativa, 0 DNA altera a capacitancia da interface formada pela heterojuncéo, alterando
também o potencial de circuito aberto (OCP), que por sua vez, responde as mudancas de
concentracdes de DNA. Por conseguinte, o DEEV foi aplicado como um imunossensor para
diagnostico de COVID-19. Para isso, substituiu-se o ferroceno pela sonda redox neutral red
modificada com os dominios RBD da proteina Spike do SARS-CoV-2. Nesta configuracdo, o
biossensor requer 40 uL. de amostra de soro de um paciente infectado com COVID-19, sendo
possivel detectar anticorpos IgG produzidos em resposta a infeccdo por COVID-19 com LOD de
1,0 pg mLL. Por fim, desenvolveu-se um biossensor do tipo DEEV para detecgdo de antigeno
(virus SARS-CoV-2) em amostras de saliva, com LOD de 2,86 fmol L™, indicando a adequag&o
do biossensor para o diagnéstico de COVID-19 em estagio inicial. Tanto o imunossensor, quanto
0 biossensor de antigeno para diagnostico de COVID-19, foram validados em amostras reais e
utilizando parametros de validagdo da ANVISA e ABRAMED.

Palavras-chave: grafeno, biossensor; DNA; dispositivo elétrico; dispositivo eletroquimico;
SARS-CoV-2
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INTRODUCTION

As the global population grows, human needs become more complex. As a
consequence, the demand on food quality monitoring, environmental screening, self-
healthcare through telemedicine, mass-testing of infection diseases and pathogens
detection become more evident and required to provide better life quality. To fulfill these
needs, biosensing devices have been studied since their first development the 60’s
(VIGNESHVAR et al., 2016) and are continuously improved as technology and research
evolve. By definition, a biosensor is an analytical device composed by a signal transducer
interface containing a biological modifier responsible for biorecognition of the analyte of
interest (Figure 1). This biorecognition is made in relation to the analyte concentration in
the system medium. Based on these principles, research community have developed a
large variety of biosensors that employ different detection methodologies based on
distinct chemical phenomena for signal transducing, as: surface plasmon resonance, (LEE
et al., 2015) electrochemistry, (ZHAN et al., 2016) exploration of electric nanomaterial
properties, (MARTINEZ-DOMINGO et al., 2020) immunochromatography, (BAKER et
al., 2020) chemiluminescence (NIRALA et al., 2020), impedance (EISSA et al., 2015)
and others. A few examples are presented in Table 1.

Figure 1 — Schematic representation of biosensing signal transducing

Data processing, computing and treating

Amplifier Device
Signal Transducer
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| Molecular Recognition Zone

=

> Biological
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Source: reprinted from (OLIVEIRA et al., 2014)
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Table 1 — Examples of works reported in literature for a variety of biosensing devices
based on different detection strategies.

. - Analyte of .
Detection principle interest Type of device Reference
Electrical Hea_rt fal_lure br_aln Field (_affect (LEI et al., 2017)
natriuretic peptide transistor
Electrical Alzhglmer disease Field gffect (PARK et al., 2020)
biomarker transistor
Silver
Surface plasmon coupled MVCOtoxins nanonarticles (JIANG et al.,
chemiluminescence y P 2020a)

modified platform

Surface plasmon resonance

Lung cancer

Anodic aluminium

(LEE et al., 2015)

with interferometry biomarker chip
Photothermal and surface SARS-CoV-2 Gold nanoislands
plasmon resonance genetic material inan Au film (QlU etal., 2020)

Graphene quantum

Electrical pulse |_nduced- Hepatitis E virus  dots and Au-PANI (CHOWDHURY et
electrochemical . al., 2019)
nanowires
. . ) (DEVARAKONDA
Electrochemical Influenza virus Paper-based etal,, 2017)
COVID-19 IgG Paper based lateral
Immunochromatography antibodies flow device (CHEN et al., 2020)
Impedance DNA CVD graphene film (BEN;/OIEE;)et al.,

Source: own author

Among all these techniques, electrical and electrochemical ones present some
advantages, as: rapidness of response, easiness of operation of the developed devices,
possibility of application in miniaturized Point-of-Care (POC) devices for local and just-
in-time monitoring of analytes of interest, facility of device manufacturing without
extensive and onerous preparation steps, robustness, remarkable sensitivity and
selectivity, capacity of reaching extremely low Limits of Detection (LODs). (SIQUEIRA
JR et al., 2013; HAMMOND et al., 2016) Moreover, the availability of miniaturized
versions of the equipment required for electrochemical and electrical analyzes have
increased over the past years, proportioning facility of POC detections performance by

these devices.

These features are interesting for fulfilling some of the most prominent needs of
human global community nowadays. As an example, it can be cited the need for mass

testing of a population aiming controlling and monitoring of infectious diseases. This can



be clearly illustrated by the intense research on alternative biosensors that have been
being developed for research community during COVID-19 pandemics outbreak.
(AYDIN; AYDIN; SEZGINTURK, 2021; MOJSOSKA et al., 2021; SHAO et al., 2021;
ZHAO etal., 2021) The application of electrical and electrochemical wearable biosensors
for self-healthcare and body monitoring have also attracted much attention from
technological and medical community, as it allows the spread of telemedicine practices
around the world, (AJAMI; TEIMOURI, 2015) especially in the COVID-19 pandemics
context. (KICHLOO et al., 2020; LUKAS et al., 2020) Therefore, it has become
noticeable that electrical and electrochemical biosensing devices are considered one of
the most promising alternative technologies that can be explored for COVID-19
pandemics controlling. (JIANG et al., 2020b)

In this context, literature presents a large number of reports on how these devices
have been applied for diagnosis and infection monitoring in a community. For example,
Shao and collaborators developed a single-walled carbon nanotube field effect transistor
for the rapid detection of SARS-CoV-2 viral antigens through S protein and N protein
monitoring. This electrical-based device was capable of returning a binary positive or
negative response for viral infection with LODs of an order of magnitude of fg mL™* for
both target proteinaceous analytes. (SHAO et al., 2021) This is of great interest and
usefulness for mass testing purposes of infections at early stage. Li and collaborators also
studied the application of electrical based devices for viral SARS-CoV-2 detections.
However, the quantification of viral genetic material (RNA) was explored by using a
graphene field effect transistor for detections in throat swab and human serum samples,
that could be made with LODs of fmol L™ of order of magnitude, evidencing the high
sensitivity that this sort of device can achieve. (LI et al., 2021) On the other hand,
electrochemical biosensors have also been studied for COVID-19 analytical applications.
As example, Chaibun and co-authors developed a rapid electrochemical device based on
isothermal rolling amplification, allowing the detection of S and N protein copies in
clinical samples. Studies carried out with these samples showed a concordance of 100%
with gRT-PCR results, proving the device as a highly selective alternative device for these
quantifications. (CHAIBUN et al., 2021) Ali Ehsan and collaborators also explored
electrochemistry towards COVID-19 detections. They developed a graphene-based
screen printed electrode on paper substrates for Spike protein detections. 1gG antibodies

produced in response to SARS-CoV-2 infection were immobilized onto the electrode
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surface, leading to a label free device, capable of reaching a Limit of Quantification
(LOQ) of fg mL™ order of magnitude. (EHSAN; KHAN; REHMAN, 2021)

Despite of the remarkably promising results reached by electrochemical devices
applied for COVID-19 infections, it is known that the sensitivity and LOD reached by
this sort of device are not as promising as the reached parameters by electrical-based
devices without further modifications, and, in many cases, depends on the extensive
functionalization of electrode surface and monitoring of faradaic processes involving the
target analyte or another label. Moreover, when COVID-19 quantifications are targeted,
these difficulties can be intensified by the absence of redox co-factors in most of SARS-
CoV-2 genes (as S and N proteins, for example), as well as in the 1gG and IgM antibodies
produced as a response for the viral infection. Thus, monitoring such kind of process by
electrochemical detection techniques can be struggling. However, electrical based field
effect transistors also present is disadvantages. As it frequently involves the sweeping of
a gate voltage Vg versus Ips measurement, (REDDY et al., 2012) a gate electrode is always
required, and it frequently consists of an Ag/AgClsa electrode. It is known that this kind
of electrode is non-polarizable due to its internal chemical equilibrium (BARD;
FAULKNER, 2001) and therefore, any external polarization on it disbalance its intrinsic
potential. As a consequence, potential readings in field-effect quantifications can be
dubious. Another problem related to field effect transistors (Especially the graphene-
based ones) comes from its highly sensitive interface and poor selectivity. The adsorption
of every component from the analyte medium (electrolyte ions, water molecules,
interferants and other compounds) lead to interfacial doping in some extent and
consequently, Dirac potential shifts can be observed. (SIQUEIRA JR et al., 2013) To
overcome this problem, interfacial functionalization is required, and depending on the
strategy adopted, this device preparation step can take a long time. This can be a serious
challenge to be avoided for the application of these biosensors in COVID-19 detections,
as they required a robust result response that can affect public health status. Therefore,
developing a biosensing device that can combine the most remarkable advantages of both
electrical and electrochemical detection mechanisms and overcome the challenges
involved in these two techniques is of great importance for biosensing research

community, especially those involved in COVID-19 detections.
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PRESENTATION OF THE CHAPTERS

This Thesis is divided into five different chapters, which are closely correlated to the major
objective of developing a new generation of graphene-based biosensors. Chapter I, intitled “On
the Challenges for the Diagnosis of SARS-CoV-2 Based on a Review of Current Methodologies’”
gives an introduction on the COVID-19 pandemics outbreak and its implications not only in
biosensing research field, but also in medical diagnosis and assays development. It also acts as a
general introduction to the problematics that this Thesis aims to solve. A careful bibliographic
revision of some of the most prominent COVID-19 detection technologies has been made, and
insights regarding possible improvements were also given by the authors. Chapter I, intitled
“Problems of Interpreting Diagnostic Tests for SARS-CoV-2: Analytical Chemistry Concerns’*
carries a brief discussion on COVID-19 tests interpretations. The importance of correct analytical
parameters evaluation and its implications on tests results was pointed out by the authors. Besides,
differences between sensitivity and LOD, two frequently misinterpreted analytical parameters,
were presented. In Chapter I, intitled “Highly sensitive interfaces of graphene electrical-
electrochemical vertical devices for on drop atto-molar DNA detection’* , turn, an unprecedent
graphene-based biosensing technology was developed aiming highly sensitive biosensing
detections in a miniaturized configuration, which can be used for POC diagnosis purposes. The
developed device has its working principles based on hybrid electrical and electrochemical
detection, allowing higher sensitivity, robustness, and reproducibility in comparison to other
electrical detection methodologies. A proof-of-concept of the successful development of the
proposed device, named Electrical Electrochemical Vertical Device (EEVD) was carried out with
single-stranded DNA detections within a micro to atto-molar concentration range, with a LOD of

102! order of magnitude.

" MATTIOLI, I. A. et al. On the Challenges for the Diagnosis of SARS-CoV-2 Based on a Review of
Current Methodologies. ACS Sensors, v. 5, n. 12, p. 3655-3677, 2020.

T MATTIOLI, I. A.; CRESPILHO, F. N. Problems of interpreting diagnostic tests for SARS-CoV-2:
Analytical chemistry concerns. Anais da Academia Brasileira de Ciencias, v. 92, n. 4, p. 1-3, 2020

IMATTIOLI, I. A. et al. Highly sensitive interfaces of graphene electrical-electrochemical vertical devices
for on drop atto-molar DNA detection. Biosensors and Bioelectronics, v. 175, p. 112851, 2021.
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Sequentially, EEVDs were applied for COVID-19 related detections and proved as
interesting alternative biosensors for POC purposes, presented in Chapters 1V and V. Both
developed biosensors were built based on non-covalent interactions between graphene with its
modifiers, for improvement of selectivity and sensitivity. Firstly, Chapter IV, intitled “Graphene-
based hybrid electrical-electrochemical point-of-care device for serologic COVID-19 diagnosis
presents the application of EEVDs for the serologic detection of 1gG antibodies produced in
response to SARS-CoV-2 infection, with a LOD of 1.0 pg mL™* achieved. In Chapter V, intitled
“Interfacial SARS-CoV-2 RBD femtomolar detections through graphene electrical-
electrochemical vertical devices in serum and saliva”, EEVDs were used for sensitive SARS-
CoV-2 viral detections through RBD monitoring, with an LOD of 2.86 fmol L. Moreover, apart
from the detection studies, a careful characterization study by Raman Spectroscopy, Micro-FTIR,
UV-Vis and Electrochemical techniques were presented for both EEVDs presented in Chapters IV
and V, in order to provide essential information for better understanding the fundamental features

of the proposed biosensing devices.

S MATTIOLLI, I. A. et al. Graphene-Based Hybrid Electrical-Electrochemical Point-of-Care Device for
Serologic COVID-19 Diagnosis. Biosensors and Bioelectronics, v. 199, p. 113866, 2022.
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CHAPTER 1 - On the Challenges for the Diagnosis of SARS-CoV-2 Based on a Review of
Current Methodologies

Author Contributions: Isabela A. Mattioli: conceived the project, performed

bibliographic revision, endorsed discussion regarding the collected data, wrote and revised the
manuscript; Ayaz Hassan: performed bibliographic revision, endorsed discussion regarding the

collected data, wrote and revised the manuscript; Osvaldo N. Oliveira Jr: revised and corrected the

manuscript; and Frank N. Crespilho: conceived the project, wrote, revised and corrected the

manuscript.

In this article, a careful and deep discussion was made regarding the COVID-19
pandemics outbreak and its consequences for biosensing research field, as well as for the emerging
need of mass-testing by POC devices. SARS-CoV-2 structural details were presented and
discussed and comments on the differences between genetic and serologic detections for COVID-
19 diagnosis. The strengths and limitations of a variety of employed techniques towards viral,
genetic and serologic COVID-19 diagnosis (i.e. CRISPR, RT-PCR, Imunoassays, ELISA, LAMP,
electrochemical, electrical and optical ones) were pointed out and, their respective performances
were compared. Finally, authors insights on future possibilities for the development of new

biosensing technologies were also presented.
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ABSTRACT: Diagnosis of COVID-19 has been challenging owing to the need for mass testing and for combining distinct types of
detection to cover the different stages of the infection. In this review, we have surveyed the most used methodologies for diagnosis of
COVID-19, which can be basically categorized into genetic-material detection and immunoassays. Detection of genetic material with
real-time polymerase chain reaction (RT-PCR) and similar techniques has been achieved with high accuracy, but these methods are
expensive and require time-consuming protocols which are not widely available, especially in less developed countries.
Immunoassays for detecting a few antibodies, on the other hand, have been used for rapid, less expensive tests, but their accuracy in
diagnosing infected individuals has been limited. We have therefore discussed the strengths and limitations of all of these
methodologies, particularly in light of the required combination of tests owing to the long incubation periods. We identified the
bottlenecks that prevented mass testing in many countries, and proposed strategies for further action, which are mostly associated
with materials science and chemistry. Of special relevance are the methodologies which can be integrated into point-of-care (POC)
devices and the use of artificial intelligence that do not require products from a well-developed biotech industry.

KEYWORDS: SARS-CoV-2, point-of-care, COVID-19 diagnosis, biosensors, lateral flow devices, RT-PCR, surface plasmon resonance,
nanoparticles

he COVID-19 pandemic has shown the relevance of disease. There are, however, important challenges to be faced
developing new tools for diagnosis, especially with low- in terms of performance of the diagnostic tools for detecting
cost technologies that permit rapid assays within the so-called both genetic material and antibodies, mostly due to the cost

point-of-care (POC) diagnosis paradigm.’ The existence of
well-established diagnostic methodologies for detecting viral
genetic material”> and human antibodies using rapid tests*’
has made it possible to achieve a relatively early detection of
COVID-19 infection, in some cases with high accuracy. This Received:  July 7, 2020

has been instrumental for governments and societies to take Accepted: November 17, 2020
Published: December 3, 2020

and testing speed. Even more importantly, only a few countries
could fully benefit from the existing technology, either because

proper actions to control spread and minimize the overall
damage. Indeed, mass testing has been recommended from the
early days of the pandemic by the World Health Organization
(WHO)?® for the surveillance and control of the spread of the

© 2020 American Chemical Society https://dx.doi.org/10.1021/acssensors.0c01382
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Figure 1. (A) Representation of CoV structure containing its spike glycoprotein (S), envelope protein (E), nucleocapsid protein (N),
transmembrane glycoprotein (M), and its RNA viral genome. Reprinted with permission from ref 32. Copyright 2020, John Wiley and Sons. (B)
Genome structure of SARS-CoV, MERS-CoV, and SARS-CoV-2 and encoded proteins. Reprinted with permission from ref 22. Copyright 2020,

John Wiley and Sons.

the methods are too expensive or not easily deployable in
poorer settings. Overcoming these challenges by using efficient
and ready-to-use biosensor workflow research products could
rapidly address the outbreak, as we shall elaborate upon in this
article.

The failure of many countries to implement mass testing
during the COVID-19 pandemic has highlighted the need for
extra efforts and investments in the research and technology
development of disease diagnosis. This is crucial to guarantee
the security of humanity in general and of nations in view of
possible outbreak of other pandemics. Here, we propose three
different strategies to be adopted by governments and the
scientific community for future epidemics to ensure protection
of the population: (i) dissemination of plants in the
biotechnology industry or at least ensure means to adequately
supply the diagnostic tools to all countries, (ii) development of
low-cost alternatives for the detection of genetic materials and
immunoassays, particularly within the paradigm of POC
diagnosis, and (iii) development of diagnostic strategies
based on pattern recognition methods, as this minimizes the
limitations brought by the lack of biotechnology industry. To
achieve these goals, we suggest readaptation of existing
methodologies for the diagnosis of COVID-19. This will
make it possible to monitor current and future infectious
diseases and place humankind in better shape to combat
upcoming outbreaks of pathogenic diseases.

In this review, we mainly focus on the genosensing and
immunosensing technologies which could be adapted to

3656

COVID-19 diagnosis, in addition to the molecular diagnosis
and diagnosis exploiting pattern recognition. Attempts are
made to provide a comprehensive review of the possibilities for
diagnosis through illustration of the potential of such
technologies. This review article is organized as follows.
First, we comment on the structure, receptors, and possible
targets of SARS-CoV-2 since an effective diagnosis requires
understanding of the molecular machinery of the pathogens.
The SARS-CoV-2 Diagnosis section introduces a brief
discussion of the different detection techniques employed for
COVID-19, with emphasis on the need to leverage distinct
types of detection. An overview is presented of the challenges
in detecting SARS-CoV-2 with nucleic acids-based and
immuno-based techniques in the next two sections. Before
concluding, we discuss emerging technologies that hold
promise for the near future in the section Emerging Strategies
for Diagnosis of COVID-19.

B STRUCTURE OF SARS-COV-2

Coronaviruses (CoVs) belong to the Coronaviridae family of
enveloped positive-stranded RNA viruses that exhibit the
largest RNA genome of all known viruses. This family is
divided into four main genera: alpha, beta, gamma, and delta-
CoVs.”® CoVs can be hosted by birds (gamma, delta-CoVs) or
mammals (alpha, beta-CoVs), causing intestinal and respira-
tory illnesses.”” Before the emergence of the severe acute
respiratory syndrome coronavirus (SARS-CoV-2) in the
outbreak of Covid-19 in December, 2019," only six CoV
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Time Course for SARS-CoV-2 Diagnosis
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Figure 2. SARS-CoV-2 most appropriate detection methods along the course of infection. This figure is an illustrative scheme and it should be
mentioned that discrepancies exist in the literature, especially for the tails of the curves. We decided to keep the qualitative character until more

data are collected and a consensus is established on the time dependences.

species were known to infect humans. Four of these, ie,
HCoV-NL63, HCoV-HKU1, HCoV-OC43, and HCoV-229E,
are related to mild respiratory infections,®'! while SARS-CoV
and MERS-CoV cause severe respiratory illnesses. SARS-CoV
caused an endemic in 2002—2003 in Guangang, China, and
MERS-CoV emerged in Saudi Arabia in 2012.%"" Both SARS-
CoV and MERS-CoV spread to several countries, infecting
thousands of individuals with respiratory and neurological
diseases with a high mortality rate.'” The recent seventh
member, SARS-CoV-2, is highly pathogenic. The disease it
causes, referred to as COVID-19, is much more infectious and
has spread to more than 200 countries in a time span of less
than six months. Although the elderly are the most severely
affected, with up to 50% of fatalities, a large number of
hospitalizations have occurred for adult healthy patients with
2—11% fatality rate."® As of 14th October, 2020, more than 38
million people were infected by SARS-CoV-2 with at least one
million deaths confirmed.'*

The severity of the COVID-19 outbreak has led to a global
mobilization by the pharmaceutical industry, governments, and
academia to develop efficient diagnostics for mass testing,
create a safe vaccine, and investigate treatments based on
already approved medications.>'® In all of these endeavors,
structural studies of SARS-CoV-2 are proving essential.'” =
All CoVs exhibit similar structures with their genomes
arranged in a similar fashion, as illustrated in Figure 1A. The
viral genome and the nucleocapsid protein (N) are complexed
to form a helical case within the hemagglutinin—esterase viral
membrane (this latter is only present in some beta-CoVs). The
viral gene also encodes a spike protein (S), nucleocapsid (N),
internal protein (I), small membrane envelope protein (E),
and a membrane protein (M).” In addition, a 5'-untranslated
region (UTR), a 3’ UTR, nonstructural open reading frames
(ORFs), and a conserved replicase domain (ORF1ab) (Figure
1B) exist in the viral genome.”” The spike protein of SARS-
CoV-2 is divided into the subunits S1 and S2, with a functional
polybasic furin cleavage at the S1—S2 boundary, which can
improve infection in host cells.""** The spike protein receptor
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binding domain (RBD) localized in S17* has six amino acids
(NS01, L455, Q493, F486, S494, and Y50S5)'' that are
essential for binding on human ACE2 (Angiotensin-Convert-
ing Enzyme 2) receptors.'” Among these six amino acids, five
differ from SARS-CoV to SARS-CoV-2."' This interaction
between the spike protein RBD and ACE2 receptors, which is
crucial for the high contamination rate of SARS-CoV-2 in
comparison to other human CoVs, has been studied in
detail,"'>**™*” and is a potential therapeutic target. The
SARS-CoV-2 spike protein may be useful for neutralization
immunoassays” and a target for POC tests. The remaining
structural proteins, N, E, and M, are mostly involved in the
regulatory functions, RNA synthesis, protective function
against the host immune system, and viral pathogenesis.
These are more conserved proteins as compared to the S
among the several human CoVs known so far. Moreover,
structural similarities in SARS-CoV, MERS-CoV, and SARS-
CoV-2 open the possibility for application or adaptation of
existing diagnosis technologies and efficient treatment of
COVID-19. On the other hand, SARS-CoV-2 exhibits a diverse
gene position and has the chance of continued variation in the
genome sequence due to the pandemic-scale spread of the
disease.”””" Previous studies on several genomic sequences of
SARS-CoV-2 revealed approximately 4% genomic mutation of
total 220 strains analyzed,”’ suggesting the coexistence of
different strains, which might be a new challenge for several
diagnostic methods.

B SARS-COV-2 DIAGNOSIS

SARS-CoV-2 has a unique biological characteristic, which
brings several challenges to the health systems globally, and
resulted in a poor response to contain the pathogenic disease.
After the genetic sequence of the virus was known, the disease
could be diagnosed with molecular testing based on viral RNA,
such as reverse trancriptase polymerase chain reaction (RT-
PCR), which are laboratory based and required skilled persons
for operating sophisticated equipment. Therefore, mass testing
could not be performed in the beginning of the pandemic due
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to the unavailability of testing facilities to the general public.
Thanks to the research and development efforts of the clinical
laboratory and academic researchers, several new and modified
diagnostic tools were developed to make them available at
varied locations. Indeed, today several types of diagnostic tools
are available for detecting SARS-CoV-2.

Detection of SARS-CoV-2 has been made with various
analytical techniques, either through quantification of nucleic
acids or by measuring the immunoresponse of infected humans
via antibody detection. The genetic-based techniques comprise
RT-PCR, LAMP (Loop-Mediated Isothermal Amplification),
CRISPR (Clustered Regularly Interspaced Short Palindromic
Repeats), and genosensors, while immuno-based assays are
mainly made with LFDs (Lateral Flow Devices), CLIA
(Chemiluminescent Immunoassays), ELISA (Enzyme-Linked
Immunosorbent Assays), and immunosensors. Detection in
genosensors and immunosensors can be done with electro-
chemical and/or electrical measurements, as will be further
discussed in the last two sections of this article. Even though
the techniques mentioned are effective and sensitive, their
sensitivity has been influenced by the choice of the principle of
detection, viral load, and specific immuno-response of
individuals. Indeed, one of the major challenges in the
diagnosis of COVID-19 is the need to employ more than
one detection strategy owing to the long incubation period of
the virus. In addition to detecting genetic material of SARS-
CoV-2, which can be performed at any stage, detection of
antibodies through serological immunosensing needs to be
carried out at different time points after infection. Figure 2
shows a schematic timeline with the most appropriate
detection methods along the course of infection.

The profiles for IgG and IgM antibodies of SARS-CoV-2
have been discussed in a few works in the literature.”>** They
are similar to the ones obtained for SARS-CoV infection,
although the time dependences are significantly different.***
For SARS-CoV infections, IgM peaks after 3 weeks from the
onset of symptoms, while IgG peaks in the fifth week after
onset of symptoms.”” In the case of SARS-CoV-2, the viral
load peaks in approximately 5—7 days after the onset of
symptoms. IgG and IgM antibodies have different profiles. The
IgM level in the organism peaks within ~14 days after the
onset of symptoms and rapidly decreases in the third week of
infection.>* IgG, however, peaks between the second and third
week of infection. Differently from IgM, the IgG level in the
infected organism remains high until the fifth week of
infection.

In the first days of infection, detection of COVID-19 is
mainly performed by quantification of the SARS-CoV-2 viral
load. Therefore, genetic-based techniques such as RT-PCR,
LAMP, CRISPR, and genosensors are the most indicated
(Figure 2, dark blue region, left). The peak of SARS-CoV-2
viral load coincides with the beginning of the immunoresponse
to the disease through IgM and IgG production (middle region
of Figure 2). In this case, in addition to detection of SARS-
CoV-2 genetic material through LAMP, RT-PCR, CRISPR,
and genosensors, immunological assays with high sensitivity
can be applied for IgG and IgM, including CLIA, ELISA,
LFDs, and immunosensors. After the third week of infection,
IgG load reaches its maximum in the infected organism as the
SARS-CoV-2 viral load remarkably decays. Hence, genetic-
based techniques are no longer effective, and detection of
SARS-CoV-2 is performed through IgG and IgM quantifica-
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tions by CLIA, ELISA, LFDs, and electrochemical and
electrical immunosensors (Figure 2, soft-blue region, right).
Immunoassays are cost-effective, sensitive, rapid, and
selective, but they involve rigorous washing steps which affect
automatization.”” The genetic material-based techniques
frequently exhibit improved sensitivity and selectivity in
comparison to immunological assays.”” This is a key advantage
for detection of SARS-CoV-2, a virus with high structural
similarity to SARS-CoV.'® Nevertheless, detecting nucleic
acids often requires time-consuming analyses and highly skilled
operators,”” being thus disadvantageous for mass testing in a
pandemic outbreak. Therefore, there are challenges to be
addressed in both types of detection for reaching an effective
diagnosis, as will be further discussed in this review paper.
Most of the techniques mentioned in this review have already
been employed for SARS-CoV and/or MERS-CoV, including
RT-PCR,*® ELISA,** LAMP,* CLIA,*' LFDs,** immunosen-

44 - .
and genosensors.” Some have been implemented in
45,46

sors, "
POC devices for several pathologies, including LFDs,
CLIA assays,47 genosensors,48 electrochemical immunosen-
sors,"* and field-effect transistor devices.”® Herein, we will
discuss important perspectives for adapting these existing
technologies for COVID-19 detection.

From the need of different types of diagnostics, one may list
the types of materials for the sensing units or test kits, most of
which are products of the biotech industry. For detection of
genetic material, the kits must contain DNA sequences
(primers) which will function as biorecognition elements for
different target genes responsible for proteins of the virus, such
as ORFlab, N protein, and S protein, for example. These are
the cases of RT-PCR and LAMP assays. The primers are
normally immobilized onto different materials depending on
the technique and type of assay.’’”” As usual in any
development of a diagnostic tool, the sensing platform is first
validated with standard spiked samples before experiments are
done with real samples (i.e., swabs, blood, serum, and plasma
samples).””* The primers for RT-PCR and LAMP assays are
produced by molecular biology methods. In the immunoassays,
the biorecognition elements are frequently proteins (bio-
markers) which will bind specifically to antibodies immobilized
onto the sensing platform.”*>*>> These devices can be applied
to a large number of samples, as blood, serum, plasma, urine,
and saliva. There is a large variety of materials onto which
these biorecognition elements can be immobilized, including
polystyrene in ELISA assays, magnetic beads in CLIA, and
nanomaterials in electrochemical and electrical immunosen-
sors. As in the case of genetic-based platforms, immunosensors
are validated in spiked samples prior to real sample analyses.*®
The target antibodies and the biorecognition elements are
produced by the biotech industry.

B GENETIC MATERIAL-BASED DETECTION
TECHNIQUES

In genetic material-based techniques, SARS-CoV-2 is detected
through quantification of its viral RNA. For RT-PCR and
LAMP assays, RNA is quantified after its transcription to DNA.
CRISPR assays, on the other hand, are based on Case 13
targeting enzyme activity. In this section, we shall discuss the
operation principles of these techniques and their application
to SARS-CoV-2. Unfortunately, genosensors for SARS-CoV-2
detections have not been developed yet. Because we believe
that integrating genosensors in POC devices is a viable route
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for mass testing of COVID-19, we shall discuss their earlier use
for pathogens such as SARS-CoV.

RT-PCR for SARS-CoV-2 Testing. RT-PCR has been the
most used technique for early diagnosis of SARS-CoV-2. RT-
PCR, whose scheme to detect mRNA is shown in Figure 3, is
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Figure 3. (A) Schematic representation of RT-PCR procedure to
detect viral RNA through DNA amplification and detection.
Reprinted with permission from ref 70. Copyright 2020, American
Chemical Society.

already agglied to detect several pathogens, including virus and
bacteria.””*® For COVID-19, this involves detection of the
causative virus,’”*” similarly to its use in other acute
respiratory infections. Diagnostics can be made with samples
from different parts of the human body, including anal,
nasopharyngeal, and oropharyngeal swabs and human fluids
such as blood, blood serum, saliva, and urine.®”®! SARS-CoV-2
could be found in 78% of serum and 50% of plasma
samples.””°>%* Usually, PCR reactions are applied to DNA
amplification and detection by direct reactions with Tagq
polymerase. However, since the genomic material of such viral
pathogens as CoVs is RNA, a previous step for viral mRNA
conversion to DNA is required. Therefore, the RT-PCR
detection mechanism comprises two steps: (1) an RNA-
dependent DNA polymerase (reverse-transcriptase) copies
mRNA into complementary DNA (cDNA); and (2) Taq
polymerase is applied to amplify the generated cDNA.* Most
RT-PCR tests for CoVs are performed with fluorescence
measurements and are quantitative, which is why sometimes
they are referred to as RT-qPCR. Briefly, cDNA polymerizes
with a probe targeted with both fluorescent and quencher
labels. After polymerization into double-stranded DNA (ds-
DNA), the quencher and fluorescent probes are separated and
light emission from the fluorophore is observed upon light
excitation.”

RT-PCR detection is highly reproducible, sensitive, and
selective. It is considered the most apgropriate method for
CoVs detection, including SARS-CoV-2. ¥ However, it is time-
consuming and expensive, requiring several steps to obtain the
viral genome and post-sample treatments in a well-equipped

3659

laboratory. These requirements are especially limiting for the
needed rapid, low-cost assays for SARS-CoV-2.%°"** More-
over, its reliability for SARS-CoV-2 has been questioned owing
to conflicting results depending on the sampling speci-
mens.*” Indeed, false results from RT-PCR analyses were
observed for pharyngeal swab specimens from Wuhan
hospitals,”” probably owing to insufficient testing material
collected from the patients, laboratory errors, or sample
transportation issues.” In fact, to improve the reliability of the
diagnosis, a recommendation was made to combine RT-PCR
results with computer tomography images.67 Furthermore,
variable results from RT-PCR tests involving primers in
ORFlab and N genes were obtained due to variation in RNA
sequences.”’” Thus, ORFlab and N gene were not recom-
mended for RT-PCR testing by institutions throughout the
world.””

Many efforts have been made to improve RT-PCR in the
context of COVID-19 detection. One such example is a high-
throughput platform (Cobas 6800) for automated detection,
which is helpful to cope with large numbers of samples without
any fluctuations in the tests.”” With this methodology, key
steps in SARS-CoV-2 detection were fully automated,
including nucleic acids extraction, purification, amplification,
and detection. This facilitated sample-handling and data
interpretation by people who are not familiar with RT-PCR
assays. The samples can be inserted after a rapid processing,
reducing the average total time of analysis to less than 30 min
(including manual and hands-on steps).”® Analytical valida-
tions regarding inter-run variability, limit of detection (LOD),
and cross reactions with other pathogens were performed. For
25 mL of reaction volume, a LOD of 689.3 copies/mL with
95% of detection probability was reached, based on E gene
targeting, without false positive results. It should be noted that
test validation was made with spiked-in material, and therefore
matrix effects from real samples could not be truly
investigated.”® These analytical results were consistent with
those obtained by Corman et al, who also used RT-PCR for
COVID-19 detection.’® In this case, however, a workflow was
established for situations in which viral genomic material of the
virus is absent, which may be an alternative strategy for SARS-
CoV-2 testing. The detection mechanisms were based on
assays for E and RdRp genes. The latter assay contained
specific probes capable of distinguishing SARS-CoV-2 from
SARS-CoV, avoiding false positives that could occur due to
structural similarities between CoVs. A LOD of 5.2 and 3.8
copies/reaction was obtained for E gene and RdRp,
respectively. There was no cross reactivity with other human
CoVs, 229E, KHU1, NL63, OC43, and MERS-CoV, showing
the specificity of the assays.” To reduce the costs of RT-PCR
assays, a new protocol was proposed for SARS-CoV-2 negative
diagnostics with pharyngeal samples of asymptomatic volun-
teers with Trizol-RNA purification.’” Although 3 of 12
volunteers involved in the work had to be retested, the
accuracy and sensitivity limit reached with a known lentivirus
was of 1—10 virus particles. These results were obtained after a
primer validation step for RdRp, N, S and E genes, which is
essential for a new RT-PCR assay. The time of analysis was 4
h, and the cost was estimated at less than US$ 15 per sample.”’
Hence, the issues to address for large-scale application of this
protocol include the long time for analysis and the inaccuracy
for detecting positive cases of SARS-CoV-2.

RT-PCR was also employed as the main diagnostic tool
during MERS-CoV and SARS-CoV endemics,”"’* and there-
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Table 1. Various Types of RT-PCR Protocols for SARS-CoV-2 Detection in the Literature

gene target” positive rate for SARS-CoV-2

RdRp, N, E 55%

ORF1ab, NP 40.98% (ORF1ab) and 39.80% (NP)
Nsp2 protein 39%

E-Gene-LDT Not informed

Not informed 3.33%

E Not informed

E S Not informed (single patient study)

RdRp helicase, S, N
24.2% RTS and 8.5% NRTS

CD4+, T lymphocytes,

CRP, ESR, PCT feces)

28.2% for RdRp helicase, 43.6 for negative RdRd-P2,

16.7% (stool), 6.9% (urine), 21.8 (oropharyngeal,

LOD (95% of

detection probability) type of samples ref
Not informed Faecal samples 74
Not informed Nasal and pharyngeal swabs, 64
bronchoalveolar lavage fluid, sputum

1.8 TCID,/mL Urine, rectal swabs, RTS 75
95.55 copies/mL Oropharyngeal, nasopharyngeal swabs 3

Not informed Tears, conjunctival secretions, sputum 76
27.6—32.2 (Ct, positive Oropharyngeal swabs 74

samples)

Not informed Semen, urine 77
11.2 copies/reaction RTS, NRTS 78

for all genes

oropharyngeal swab, stool, urine, feces, and 61
serum samples

Not informed

“ESR: Erythrocyte sedimentation rate. CRP: C-reactive protein. PCT: ProcalcitoninCD4+: Cluster of differentiation 4. NP: nucleocapsid protein.
RTS: Respiratory tract specimens. NRTS: nonrespiratory tract specimens. TCIDgy: 50% tissue culture infective dose. Ct: Threshold cycle.
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Figure 4. Sensitivity susceptibility to the primer gene for LAMP analyses. (A,B) RT-LAMP sensitivity toward ORFlab gene targeting for SARS-
CoV-2 detection based on ORFlab-4 primer; (D,E) sensitivity of the proposed RT-PCR assay for SARS-CoV-2 S protein targeting using primer set
§-123; (C,F) Conventional PCR assay sensitivity concerning both ORFlab and S genes targeting for SARS-CoV-2 detection. Reprinted with

permission from ref 81. Copyright 2020, Elsevier Publisher.

fore was successfully adapted to SARS-CoV-2. For example,
the protocol for MERS-CoV detection based on N gene
targeting may complement other gene targeting,” such as
upstream MERS-CoV E gene (upE).”””® A remarkable
specificity was achieved, which was confirmed by the lack of
false positive amplifications with other human CoVs. Although
satisfactory analytical results were obtained, this study was
limited by the low amount of available real samples, and
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therefore the latter data reflect mock specimens spiked with
the virus. Furthermore, storage conditions, handling, and
collection for all the spiked samples were not patterned,
leading to the lack of reliability of the results.”> Hence, a
stricter sample preparation protocol must be adopted if one
decides to apply these assays for SARS-CoV-2 detection. In
fact, important parameters optimized for other CoVs cannot be
reproduced for a successful analysis of SARS-CoV-2
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infections.”> On the other hand, interference from other
pathogens, e.g.,, other CoVs, may appear in case of
simultaneous presence of these viruses in the sample. For
instance, peaks of viral load for SARS-CoV, MERS-CoV, and
SARS-CoV-2 are different. SARS-CoV and MERS-CoV viral
load peaks were observed during the second week of infection,
while the SARS-CoV-2 viral peak occurs in the first week of
infection. Another important aspect concerns sampling speci-
mens for RT-PCR analyses of viral RNA, which cannot be the
same for the latter CoVs: SARS-CoV and MERS-CoV
presented a positive rate of infection of approximately 100%
for LRT (lower respiratory tract) specimens. SARS-CoV-2, in
its turn, was more detectable (higher positive rate for RNA)
with URT (upper respiratory tract) specimens.”” This
suggested that CoVs have different viral kinetics depending
on the sampling specimens, and therefore, this is a new
parameter to be optimized in RT-PCR. Nucleic acids testing
by RT-PCR in blood samples has been effective to monitor
SARS-CoV and MERS-CoV,*”* with the high viral load
associated with the severe disease stage in the latter endemics.

Table 1 lists some RT-PCR assays for SARS-CoV-2
detection with figures of merit (as LOD), or from initial
clinical studies. In this table, the positive rate found for SARS-
CoV-2 with each assay was also reported. The positive rate
should be interpreted as the rate of effective viral RNA
detection with the respective RT-PCR assay and the chosen
sample specimen.

Loop-Mediated Isothermal Amplification (LAMP)
Assays. LAMP is a recent nucleic acid amplification
technique, alternative to RT-PCR, which is based on a set of
four designed primers and a strand displacement of active
DNA polymerase. It is able to produce DNA targets (up to
10%) in less than one hour under isothermal conditions (~63
°C).””®® LAMP assays have high specificity, sensitivity,
simplicity of operation, and short time of analyses,”” being
more sensitive, stable, and resistant to inhibitors than PCR
assays. This allows application with minimal sample prepara-
tion and less extensive nucleic acid extraction.”” Because it is
performed at a fixed temperature, its application in a POC
assay for SARS-CoV-2 detection has been recommended.*®

Similar to RT-PCR, RT-LAMP employs RNA transcription
into DNA with DNA polymerase, but the selectivity is higher
owing to the larger number of primers. RT-LAMP was applied
to MERS-CoV with selectivity in the presence of similar
CoVs,* and has been adapted to the diagnosis of COVID-19.
In-house and commercial RT-LAMP assays reported for
SARS-CoV-2 are based on primers for different genes, such
as ORF1ab,"*™® E protein,80 S protein,gl_83 RdRp,82 Nsp3,83
ORF8,* ORF1a,** and N protein.gz*84

To provide quick diagnosis, colorimetric detections were
adopted.*”®* RT-LAMP has been much less used than RT-
PCR, but its sensitivity and reliability have been comparable to
those of RT-PCR****** In the study by Park et al., however,
the LOD (100 copies per reaction) was not sufficient to detect
COVID-19 in infected patients, which was attributed to the
inadequate choice of target sequences based on SARS-CoV
criteria.®® Therefore, the correct choice of primers to be used
in RT-LAMP assays seems to interfere not only on selectivity
of the assay, but also on its ability to detect SARS-CoV-2
genetic material at trace levels. Yan and co-workers
demonstrated that the accuracy may depend on SARS-CoV-2
mutations on the primer sequence of the target gene, as shown
in Figure 4.°" In fact, this limitation is also present in other
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genetic material-based assays, including RT-PCR.* Since RT-
LAMP depends on using different primers and only shows
optimum results at high temperatures, its application is limited
and quite challenging under ordinary conditions. Besides,
LAMP assays are not as useful as RT-PCR for mass testing
because of the need of sophisticated (and, thus, expensive)
thermal cycling equipment.”* Another challenge faced by
scaling-up RT-LAMP assays regards the need of genetic
primers for the nucleic acid amplification reactions, which are
expensive and nontrivial reagents to be obtained and cannot be
stocked for a long time.

CRISPR-Based Biosensing Strategies. CRISPR-Cas
(clustered regularly interspaced short palindromic repeats-
CRISPR-associated) is a powerful analytical tool to modify
genomes and gene functions.”*”** A recent discovery of Cas13
as an RNA targeting enzyme in CRISPR-Cas has sparked
excitement for next-generation biosensors with higher
specificity, sensitivity, and rapid detection of nucleic acids.*®
Casl13 is an RNA-guided RNase capable of producing multiple
cleavages in the nonspecific target single-strand RNA (ss-
RNA).*” To make it target specific, a CRISPR RNA (crRNA)
is needed, and the resulting Casl3-crRNA complex has a
higher target specificity for being guided to a RNA sequence of
interest.”® Thus, RNA sensing of Casl3 with nonspecific
endonuclease activity is used as a detection strategy, where this
enzyme modified with an RNA guide sequence is activated
after combining with the specific target.

A fluorescent signal is produced as the activated enzyme
interacts with a fluorophore quencher, which indicates the
presence of RNA or DNA with high sensitivity and selectivity,
up to fmol L™." The collateral activity of the CRISPR Case
family, particularly Casl13, is a triggered cleavage process with
self-amplification ability, thus making the system highly
sensitive and selective to detect nucleic acids.” In addition
to the fluorescently labeled based detection, other strategies
include visual detection of liquid—liquid phase separation in
turbid solutions and lateral flow detection with antigen-labeled
reporters.”””> The CRISPR/Cas13 biosensing technology has
been used to detect ss-RNAs level of Zika virus,”* dengue
virus,”> and micro-RNA (mi-RNA) in serum samples of brain-
tumor patients.” In the latter investigation, an integrated low-
cost, portable CRISPR/Cas13a biosensor was used to measure
the electrochemical signal from miR-19b (brain tumor marker)
with detection limit of 10 pmol L™" within a total processing
time of less than 4 h.”® The technique can therefore be fast and
low-cost, and does not require sophisticated laboratory
equipment.

The sensitivity of the CRISPR/Casl3 method can be
enhanced by introducing an isothermal preamplification step in
a platform referred to as SHERLOCK (Specific High
Sensitivity Enzymatic Reporter UnLOCKing).97 This system
uses recombinase polymerase amplification (RPA) of RNA or
DNA and depends upon the introduction of T7 promotor
(RNA polymerase), enabling RNA transcription followed by
detection with Casl3. A protocol using SHERLOCK
technology has been published to detect target RNA sequences
with synthetic S and ORFlab genes of SARS-CoV-2.”* RNA
sequences at concentrations as low as 20 amol L' were
detected using lateral flow detection readout. The CRISPR/
Casl3a assay has been reported with faster analyses than RT-
PCR” 1t can also be used as a benchmark for further
advancements to provide a rapid, easy-to-handle, and sensitive
system for mass testing,
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One of the most prominent challenges for the application of
CRISPR-based strategies is the noticeably high complexity of
the technique. It requires an expert team and nontrivial
reagents. Other difficulties include lack of standardization of
tests, sequence limitations, and limited literature in CRISPR
assays. Moreover, an additional step of DNA amplification is
often needed to lower the LOD.'” Owing to these
characteristics, CRISPR technologies are less economically
viable than RT-PCR and LAMP assays.

Genosensors. Genosensors are a useful, cost-effective
alternative to RT-PCR for detecting viral RNA fragments of
specific sequences. Similar to RT-PCR, genosensing is based
on nucleic acid testing via hybridization between a probe,
usually a single strand oligonucleotide, and a complementary
DNA or RNA.'”" Upon hybridization of the probe
immobilized on the sensor surface, a fluorescent, electrical,
or electrochemical signal is produced, thus allowing the
biorecognition of the target RNA. In contrast to RT-PCR,
the genosensing approach is free from amplification and
separation steps, making it simple and easy to handle. It has
been used in food analysis'** and environmental control,'"?
but only recently in POC diagnosis.'”"'**'** Indeed, there is a
demand for further developments of commercial products for
mass testing, which may explain why genosensors for SARS-
CoV-2 have not been reported yet. Because genosensors
usually involve immobilization of specific probes for hybrid-
ization, these devices are of significant selectivity and rarely
affected by interferents. This is relevant for the detection of
SARS-CoV-2 in the presence of other CoVs, for example.

The prospects of employing genosensing assays for COVID-
19 diagnosis are nevertheless promising because related
technologies can be adapted. For instance, a genosensor
device with a sandwich assay detected the Zika virus in samples
of infected individuals, including saliva, serum, and urine in the
presence of 1000-fold higher concentrations of dengue and
chikungunya homologues.'"”® A miniaturized gold-based
genosensor platform detected SARS-CoV with an electro-
chemical technique with an LOD of 6 pmol L™'.*" The
genosensor was sufficiently selective to distinguish 2-base and
1-base mismatches between complementary and unpaired
hybrids.**'"” Both genosensors detailed in refs 44 and 107
contained biotin-labeled probes. For the SARS-CoV genosen-
sor, optimized performance was reached with a judicious
choice of matrices and approaches to immobilize the
complementary strand to a 30-mer sequence that encodes
specific SARS-CoV regions.** It is in this aspect that materials
chemistry and materials science may play a crucial role, since
behind the simplicity of the genosensing methodology is the
background knowledge acquired over decades of combining
nanomaterials and biomolecules for sensing and biosensing
(for a detailed review, see ref 108).'® Many are the examples
of successful results with genosensors depending on leveraging
nanomaterials for matrices and principles of detection.'” In
the detection of a cancer biomarker, for instance, the
organization of self-assembled monolayers was crucial to
allow for distinguishing cell lines of neck and head cancer.'"
For SARS-CoV-2 genetic material detection, a supersandwich-
type genosensing device was developed for early detection of
viral RNA without amplification steps. The LOD reached of
200 copies/mL was claimed as the lowest in the literature up
to the present day.''' The detection assay allows the
monitoring of the results through a smartphone. The
development of these types of genosensing devices allow
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diagnosis with high sensitivity, which is suitable for mass-
testing. On the other hand, the extensive preparation steps of
the electrode and long incubation times can be considered
time-consuming.

Therefore, this dependence on genosensor constituent
materials should be considered for adapting current method-
ologies for COVID-19 diagnosis. While this dependence also
applies to immunosensors, as discussed in the next section, the
demand for rapid testing with genetic materials is a more
urgent one while the COVID-19 pandemic lasts. On the other
hand, despite its great selectivity, sensitivity, and other
advantages, the scaling-up of genosensing technologies for
quick mass COVID-19 technologies may face a number of
challenges. As an example, the preparation of genosensing
devices usually requires a long time and expensive reagents that
cannot be stored at room temperature. Moreover, genosensing
devices also demand non-ordinary transport conditions and
normally present short shelf-lives.

In summary, the genetic materials-based diagnostics are
rapid, sensitive, and specific and can enable the quantitative
detection of SARS-CoV-2 RNA and hence early and large-scale
detection of SARS-CoV-2. Nevertheless, their testing proce-
dures are complex, in addition to their high cost and slow
delivery to the end users. For example, building a RT-PCR
processing lab may cost up to 15,000 USD to produce RT-
PCR kits of 100 USD each,’ in addition to the high ratio of
false positive and false negative results, which occurs most
routinely in these diagnostics tests.

B IMMUNO-BASED TECHNIQUES

In this section, operation principles and the applicability of
immunologically based techniques, such as ELISA, CLIA, and
Lateral Flow assays, will be described in the SARS-CoV-2
detection scenario. We will first discuss the use of POC assays
for COVID-19 diagnosis, and highlight some of the challenges
inherent in these assays. Some important aspects of
immunology toward SARS-CoV-2 proteins will be discussed.
As we did for genetic material-based techniques, perspectives
will also be presented of the use of nanomaterials to improve
performance. Emerging immunosensors for SARS-CoV-2
detections will be mentioned, in addition to existing
immunosensors developed for other CoVs.

Point-of-care (POC) immunodevices provide a useful
platform for SARS-CoV-2 detection. Most POC devices have
used immunological testing mechanisms, since tests of nucleic
acids (such as viral RNA, for example) in these platforms are
not straightforward.112 It should be noted, however, that
electrochemical and impedimetric genosensors are now also
considered for POC purposes™'"* as we discussed previously.
POCs have been used for real-time identification of CoVs and
other pathogenic diseases,"'* including SARS-CoV and MERS-
CoV.*!'5M A successful detection of CoVs requires a
suitable target protein and its corresponding antibody. For
SARS-CoV-2, the most studied protein is the S protein with
24.5% non-conserved amino acid sequence of SARS-CoV.
Distinguishing between SARS-CoV and SARS-CoV-2 was
possible owing to these divergences in amino acid sequences,
especially the antigenicity differences in RBD attributed to the
low similarity in the non-conserved amino acid sequences.''”
SARS-CoV-2 S protein is not inhibited by polyclonal anti-
SARS-CoV S1 antibodies T62.""”""® Despite the differences in
amino acid sequences, cross-reactivity between SARS-CoV,
MERS-CoV, and SARS-CoV-2 S proteins antibodies is still
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possible in immunoassays. Indeed, SARS-CoV specific anti-
bodies, such as the CR3022 human monoclonal antibody, bind
to SARS-CoV-2 RBDs.''” Furthermore, polyclonal goat
antibodies anti-MHV § AO4 could be used to detect three
CoVs S proteins. This suggested the existence of a conserved
epitope in SARS-CoV, MERS-CoVs, and SARS-CoV-2.""® The
selective detection of these viruses using goat anti-MHV §
antibodies AO4 by POC assays is not possible. Consequently,
to avoid cross-reactivity and improve selectivity for COVID-19
diagnosis, specific recombinant antigens are needed. Therefore,
some of the immunoassays for other CoVs based on S proteins
should be carefully reviewed and readapted for SARS-CoV-2
diagnosis. An alternative protein that can be used for SARS-
CoV-2 detections is N protein. There is evidence that SARS-
CoV-2 may be detected through its N protein target alone or
combined to S protein in different POCs."'*”"*" Detection
through N proteins already proved to be effective in
immunoassays for MERS-CoV and SARS-CoV.''®'**

Large-scale COVID-19 diagnosis in real blood samples has
been made by targeting S protein with IgG and IgM antibodies
in POC assays.” IgM and IgG sero conversion occurs
simultaneously or sequentially in SARS-CoV-2 infected
humans.” IgG reaches its maximum level in human blood
after 17—19 days from the onset of symptoms, while IgM
reaches its peak within 20—22 days after this onset.”* IgM and
IgG activity involves SARS-CoV-2 S and N proteins,123 as
confirmed by measuring their binding kinetics to S and N
proteins.'** Most intensive care unit (ICU) patients had higher
concentrations of S and/or N IgG antibodies, probably due to
the longer-term viral infection. Detection of N protein-based
IgM and IgG was more efficient for early identification of the
infection, owing to the immunogenicity and intracellular
accumulation before virus packaging (i.e., virus assembly).'**
Some of these tests were less sensitive than S protein
counterparts.'>' Another important aspect of N and S proteins
regards their cross reactivity. Some degree of cross reactivity of
SARS-CoV N and S protein was observed for positive COVID-
19 serum samples regarding IgM and IgG responses.”” A
combined detection of N and S proteins by their IgM and IgG
appears to increase the SARS-CoV-2 detection rate in early
infections (up to 75% of patients).””'** Another antibody
employed for SARS-CoV-2 detections in POC immunoassays
is IgA, which can target the S protein RBD in immuno-
assays.'>>'?® Its kinetic response in COVID-19 patients,
however, remains unknown.'>® The concentration of IgA
peaks durin% the third week of infection, being more persistent
than IgM.'”” Therefore, different POC assays exist for CoVs
immunological testing (including SARS-CoV-2) with IgM,
IgG, and IgA antigen—antibody interactions.'*>~"*

In contrast to the genetic material-based techniques, the
immunosensing diagnostic tools could provide cost-effective
diagnosis at primary health care units. Except for a few of these
methods, such as ELISA which requires large readout devices,
anticoagulants, and trained personnel, the majority of them do
not need expensive laboratory infrastructure and a lot of
reagents.131 Therefore, they can be easily implemented outside
a laboratory. Although we could not find the price of single
immunosensing devices in the literature, they are considered
less expensive due to their simple assay protocols. These
protocols include three or four steps: sample injection,
reaction, visualization/interpretation of the results. Therefore,
they are economically much more viable than molecular or
nucleic acids-based techniques.
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Enzyme-Linked Immunosorbent Assays (ELISA).
ELISA assays are popular imrnunoassays132 to detect
pathogens via quantification of antibodies'** made to interact
with antigens adsorbed on a solid support, e.g., polystyrene.'*’
In an ELISA assay, the sample is first incubated in a
polystyrene tube coated with the antigen. Then, enzyme-
labeled Ig antibodies are added to the tube. After antigen—
antibody interactions and washing steps, the remaining enzyme
provides a quantification of the specific antibody in the serum
sample. Antibodies can also be detected by other similar
ELISA strategies, in three different assays (competitive,
inhibition, and double-antibody)."*

ELISA assays for SARS-CoV-2 have been developed for
direct (sandwich) or indirect IgG and IgM detec-
tion,"*""**713% this latter also called as capture or sandwich
approach. Figure 5 shows a detailed comparison of these two

A Indirect ELISA for detecting B sandwich ELISA for detecting
anti-SARS-CoV-2 antibodies SARS-CoV-2 antigens
Microwell plate N\ \? Microwell plate
coated with WK \]( W( coated with
SARS-CoV-2 antigens anti-SARS-CoV-2
! ! antibodies
/)L\ )\ Patient antibodies Viral antigens in
bind to antigens \ﬁ(/ N  patientsample
bind to antibodies
! !
R RN Enzyme-labeled e e Enzyme-labeled
/)58%(\ secondary antibodies /)L /JL\ Jk\ antibodies
bind to patient/primary \j(/ \j(/ \j(/ bind to viral antigens
antibodies
! !
o # Enzymatic conversion Q # Enzymatic conversion
of substrate generates of substrate generates
b P P measurable color N measurable color
/)B\()Y\\ change /)k\ /)k\ /)k\ change
PPN SRR
Y Y'Y

Figure S. Brief description of operation modes of both (A) sandwich
and (B) indirect ELISA assays for detecting SARS-CoV-2 antigens.
Reprinted with permission from ref 70. Copyright 2020, American
Chemical Society.

methodologies.”” Competitive ELISA is based upon the
competitive binding of the sample analyte and a reference to
the limited quantity of the adsorbed antibody.'** This latter
approach is only adopted for small peptides containing a single
recognizable binding epitope. For example, Liu and co-workers
observed that ELISA assays for IgM detection of S protein of
SARS-CoV-2 are more sensitive than for the N proteins.'**
The sensitivity in IgG detection, on the other hand, was similar
for S and N proteins. Therefore, the assays can be employed as
a complementary test to RT-PCR, particularly for serum
samples of COVID-19 patients after 10 days post-disease
onset.">* The main advantages of ELISA assays, especially for
COVID-19 diagnosis, are the high sensitivity, uniform testing
for a wide range of patients, speed, and simplicity of
operation.'*®* However, when direct antibody screening is
employed to improve simplicity and rapidness of analyses, false
positive results may be recorded. This is frequently related to
interference factors. As an example, Wang and co-workers
stated that interference in ELISA assays for IgM detections
occurs.'”” It was found that rheumatoid factors at mid-to-high
levels can lead to false positive IgM results. These data were
obtained through urea dissociation tests."*” Indirect antigen or
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Figure 6. (A) Schematic representation of operation principles of CLIA assays. (B) IgG and IgM antibody quantification through CLIA assays
versus days of infection by SARS-CoV-2. Reprinted with permission from ref 140. Copyright 2020, Walter de Gruyter GmBH &Co. KG.

Table 2. Types of Commercial and Developed ELISA and CLIA Immunoassays Based on IgG and IgM Antigenic Activity

Towards SARS-CoV-2 Proteins

immunoassay/
test name target antibody
ELISA SARS-CoV-2 S1 subunit of S protein IgG/IgA
ELISA S and N recombinant SARS-CoV-2 proteins  Ab/IgG/
and HRP-conjugated antigen IgM
rN and rS based  SARS-CoV-2 recombinant S and N proteins  IgG/
ELISA IgM
ELISA HB300E  SARS-CoV-2 S and N proteins IgG/
analyzer IgM
ELISA Recombinant S1 structural SARS-CoV-2 IgG/IgA
Euroimmun protein
CLIA Maglumi SARS-CoV-2 recombinant antigen labeled IgG/
with ABEI IgM
CLIA iFlash 1800 N and S SARS-CoV-2 proteins IgG/
Analyzer IgM
CLIA iFlash 300 N and S SARS-CoV-2 proteins IgG/
analyzer IgM
CLIA Axceed 260 N and S SARS-CoV-2 proteins IgG/
analyzer IgM

sensitivity LOD cutoff ref

Not informed Not 1.1 KAU/L (IgG, IgA) 127
informed

89.6—100 (Ab), 54.1-79.8% Not Not informed 152
(1gG), 73.3—94.3% (IgM) informed

74.3% (1gG), 77.1% (IgM) Not Not informed 134
informed

33.3% Not Not informed 153
informed

84% Not Not informed 125
informed

64.3% Not Not informed 125
informed

73.3% (IgM); 83.3% (IgG) Not 7.1 AU/mL (IgG); 10 120

informed ~ AU/mL (IgM)

Not informed Not Not informed 154
informed

Not informed Not Not informed 155
informed

antibody screening, on the other hand, may be affected by
nonspecific immobilizations."** Besides these challenges, cross-
reactivity between SARS-CoV-2 and SARS-CoV can also
happen, specifically with the EUROIMMUN ELISA assay for
IgG detections.'” Interference from other matrix components,
such as hemoglobin, triglycerides, and bilirubin, was also
evaluated, with no significant interference on the assay

139
result.
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Chemiluminescent Assays (CLIA). Strategies using
antibodies include chemiluminescent immunoassays (CLIA)
9 CLIA are attractive due to possible
automation, high specificity, low level of interferences, high

described in Figure 6A.

stability of conjugates and reagents, reduced incubation time,
compatibility with immunological assays protocols, and wide

" Validation of CLIA assays is frequently

dynamic range.
performed by comparing with results from ELISA. The large-
scale application of CLIA is hampered, however, owing to
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limited test panels, high costs, and nonlinear response to the
analyte concentration due to complex chemical reactions.'** In
CLIA assays, a luminescent label acts as indicator of the
chemical reaction in a direct or indirect methodology. For
direct methods, acridinium and ruthenium esters are
luminophores, while enzymatic markers (alkaline phospha-
tases, horseradish peroxidase with luminol, and AMPPD) are
applied for indirect methods.'** Antibodies may be labeled
with different types of materials, including nanomaterials that
possess increased surface electron density and surface area.
This leads to signal amplification,”®'** as illustrated with the
use of gold nanoparticles,””'** magnetite nanoparticles,’*'**
and Au—Ag alloy nanoparticles.'*

As occurs with ELISA assays, hemoglobin, triglycerides,
bilirubin, and rheumatoid factor are matrix compounds which
can interfere on CLIA results."*® In addition, because CLIA is
an immunoassay, other compounds such as autoantibodies,
endogenous compounds, and human anti-animal antibodies
can also interfere and lead to false results. A detailed review on
interference in imunoassays is given in ref 147.

Detection of SARS-CoV-2 using CLIA has been mostly
performed by targeting N and S proteins through IgM and IgG
antibodies."”' CLIA commercial assays had comparable
sensitivity with ELISA and LEDs (lateral flow devices) POC
devices,"”>'* but less specificity.'”' Montesinos and co-
workers compared two automated assays for detecting SARS-
CoV-2 in serum samples. Euroimmun IgG/IgA ELISA assays
were more sensitive than IgG/IgM Maglumi CLIA assays,"*’
consistent with results for other pathogens.'*’ The results from
a commercial CLIA assay for IgM and IgG are shown in Figure
6B, where the concentration of each antibody was monitored
alon§ the course of the infection, starting from the fever on-
set."" Deviations in the results were less than 4% and 6% for
IgM and IgG, respectively. The detection of SARS-CoV-2
through fully automated CLIA assays has been reported."*’
The mass application of these automated assays is a challenge
for low-budget locations, and there is the possibility of false
negative results, especially at early-stage of infections."*’
Therefore, other methodologies are required for the correct
management and treatment of patients. Table 2 lists some
ELISA and CLIA assays used for SARS-CoV-2 detection. Most
of the articles do not present a LOD value or even the obtained
cutoff for the studied assay. These latter parameters are
essential to evaluate the minimum amount of analyte that can
be detected by the assay. This issue is frequently related to
misinterpretation of the meaning of sensitivity in the medical
area. A thorough discussion of this topic is provided in ref 151.

Lateral Flow Devices (LFDs) for Point-of-Care Testing.
POC immunoassays in LFDs provide quick, efficient, and
inexpensive testing through immunochromatographic mecha-
nisms. LFDs are paper-based strip devices comprising four
main regions: (1) cellulose-based sample pad for sample
dropping; (2) conjugate pad, generally made of glass fiber
containing the labeled particles (generally colorimetric or
fluorescent) conjugated to the analyte receptor; (3) nitro-
cellulose-based detection pad with test lines, and control
lines—test lines contain biomolecules capable of binding to
the analyte-label-conjugated particles (if the target analyte is
present in the sample); a signal proportional to the analyte
concentration is generated, while control lines are used to
verify the test operation, capturing labeled-conjugated particles
independently of the presence of the analyte; (4) absorption
pad, also made of cellulose, which helps induce sample flow

3665

through the test strip."*® The limitations of POCs with LEDs
are related to the low sensitivity toward the target analyte and
cross-reactivity with other species in the sample matrix.
Moreover, the viscosity of the liquid samples needs to be
within a certain range, which prevents a wider use of such
devices.'*® Interference from matrix blood samples, as
discussed in CLIA and ELISA assays, should also be taken
into account for LFDs immunoassays. A number of other
difficulties may exist for application of LFDs, which include
denaturing of immobilized proteins (i.e., antigens), nonspecific
adsorption, nanoparticle aggregation, and steric hindrance."’
The performance of the assays may also depend on the paper
used in some LFDs. To exemplify, trapping of biomolecules on
paper pores results not only in binding undesired effects, but
also in flux rate changes.””” To cope with these problems,
several pretreatments of the pads are carried out.”® An
illustration of a LFD device likely to be used for SARS-CoV-2

is depicted in Figure 7.
Absorbent
pad

Conjugate .
pad Control line
Test lines |

Figure 7. Representation of a typical LFD assay that can be employed
for SARS-CoV-2 testing. The design of commercial assays is the same
as that represented above. The device comprises a sample pad in
which IgM and IgG antibodies are immobilized. The conjugate pad
contains gold nanoparticles (AuNP) conjugated to a SARS-CoV-2
antigen. In test lines, anti-human IgG and anti-human IgM are
immobilized to interact with IgG-AuNP-antigen and IgM-AuNP-
antigen complex. The control line contains nonhuman reactive anti-
IgG or anti-IgM. The absorbent pad is useful for maintaining sample
flow through the strip.

In spite of these limitations and challenges, LFDs have been
applied for COVID-19 diagnosis in human blood and serum
samples,"#"**'%> in most cases to confirm suspected and
asymptomatic cases.” In comparison to ELISA and CLIA
assays, LFDs diagnostics shows satisfactory sensitivity and
accuracy for SARS-CoV-2 detection.'”® The sensitivity with
nine commercially available immunochromatographic gold-
labeled LFDs for IgM and IgG detections ranged 72.7—100%,
with results obtained in less than 20 min."*” Since LFDs are
not quantitative for COVID-19, the sensitivity parameter
adopted is different from those used in analytical chemistry.
This difference was clarified by Lassauniere et al.,, who defined
sensitivity as “the number of patients which were correctly
diagnosed with SARS-CoV-2 infections by the studied POCs
after a previous positive SARS-CoV-2 diagnosis by nucleic
acids testing with respiratory samples”."*” Most LFD tests for
SARS-CoV-2 are based on S or N proteins as antigens, but a
large number of commercial LFDs assays do not specify the
virus protein chosen as antigen. Although Whitman and
collaborators reported the maximum sensitivity in their LFDs
detections for COVID-19 diagnosis, they focused on the report
of the “positivity” rate obtained, which increased significantly
after 2 weeks of disease conditions. *’
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Table 3. Commercial and Recent LFDs for COVID-19 Diagnosis®

immunoassay/test name target SARS-CoV-2 species
LFD Avioq IgG/ IgM Recombinant SARS-CoV-2
antigen

LED/LNPs labeling IgG SARS-CoV-2 N protein

LFD 1gG/IgM RBD of S protein

LFD Ab/IgG/ SARS-CoV-2 N and S
IgM proteins

LED AutoBioDiagnostics IgG/IgM Not informed

LED DynamikerBiotechnology  IgG/IgM Not informed

LFD CTK Biotech 1gG/IgM Not informed

LFD ArtronLaboratories 1gG/IgM Not informed

LFDs (DeepBlue, Bioperfectus, IgG/IgM Not informed

UCP)

sample sensitivity ref
Human serum 68.8% 12§
Human serum Not informed 163
Blood samples 88.66% (positive results); 90.63% 128

(negative results)

Plasma samples 97.5% (Ab); 86.3% (IgG) 88.8% (IgM) 153

Human serum 93% 130
Human serum 90% 130
Human serum 90% 130
Human serum 83% 130

Human serum and plasma 84.3—100% 160

samples

“LNPs: Lanthanide-doped polystyrene nanoparticles. Ab: Total antibody. RBD: Receptor binding domain.
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Figure 8. (A) Application of GFET-based electrical immunosensor with SARS-CoV-2 S protein antibodies immobilized onto graphene surface.
The device was employed for SARS-CoV-2 detection in clinical samples from COVID-19 infected patients. Reprinted with permission from ref
182. Copyright, 2020, American Chemical Society. (B) Schematic representation of GFET immunosensor for RBD of S1 subunit. V, shift due to
antibodies immobilization in comparison to the bare graphene surface.

Diagnosis of SARS-CoV-2 with LFDs has also benefited
from recent advances in incorporation of nanopar-
#516L12 Bor instance, lanthanide-doped polystyrene
nanoparticles were employed instead of conventional AuNP
as fluorescent labels for detecting IgG through N protein
immobilization.'® The assay was reproducible (coefficient of
variation <15%) with detection results comparable to RT-
PCR, showing the suitability for detection of suspicious and
asymptomatic COVID-19 cases.'®> However, in contrast to
RT-PCR assays, LFDs assays are limited at the onset of
infection, because production of IgG and IgM antibodies has
not yet begun.

Colloidal gold nanoparticles were studied by Huang and co-
workers on a simple and easy-to-handle LFD platform to
detect SARS-CoV-2 N protein using an anti-human IgM-—
colloidal gold nanoparticle conjugate. Despite the similarity
between these assays and the commercial LFDs for SARS-
CoV-2 detection, selectivity and sensitivity achieved were

ticles.

satisfactory and up to 90% in both cases.'®* However, this
research is at an early stage of development. Indeed, there is no
report of a well-established methodology using these
innovative LFDs for COVID-19 diagnosis. This highlights
another important challenge for the use of LFDs: the
successful establishment of novel nanobiointerfaces for the
development of new LFDs within an acceptable time frame. A
possible alternative is to employ nanomaterials for antibody
conjugates and colorimetric responses on test strips, which
could be viable for COVID-19 diagnosis.

Some of LFDs for SARS-CoV-2 immunodetection are
summarized in Table 3.

Electrochemical and Field-Effect Transistor-Based
Immunosensors as Point-of-Care Devices. Electrochem-
ical and electrical immunosensors have been incorporated into
POC devices for many pathogens and analytes,*>7'7°
particularly with incorporation of nanomaterials (including
2D materials).'”"™'”® Electrochemical immunosensors have
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indeed been used for MERS-CoV,"’ but surprisingly, we have
been able to find only one example for SARS-CoV-2, with the
eCoVSens platform. A fluorine-doped indium—tin oxide
electrode was modified with gold nanoparticles and COVID-
19 monoclonal antibodies for detecting the S1 domain of S
protein.'”” Spiked samples were analyzed within 10—30 s, and
the LODs of 90 and 120 fmol L™ were reached.

Among the immunosensors containing nanomaterials, of
special relevance are the graphene field-effect transistors
(GFETs) in which biosensing exploits changes in the electrical
properties of the interface induced by analyte approximation
and/or adsorption.'”>'*>"*" High performance is expected
owing to the high basal plane conductivity of graphene, and its
dependence on surface changes.'””'®” The first GFET
developed to detect SARS-CoV-2 is illustrated in Figure
8A."" Antibodies for the S protein were immobilized through
1-pyrenebutanoic acid and succinimidyl ester probe linkers.
Detection was made by measuring the drain current with
clinical samples prepared from nasopharyngeal swabs, under a
constant bias of 10 mV.'"®> The device was capable of
distinguishing infected from noninfected samples, with a
detection limit of 0.42 X 10* copies/mL.'*” The LODs for
other samples tested were 1 fg/mL, 100 fg/mL, and 16 pfu/
mL in phosphate buffer saline, clinical transport medium, and
culture medium, respectively.'*> Another GFET immunosen-
sor applied to SARS-CoV-2"* had antibodies from SARS-CoV
S1 subunit immobilized onto graphene, as illustrated in Figure
8B. Using changes in the liquid gate voltage (V,.), detection of
RBD (Receptor Binding Domain of S1 subunit) of S protein
could be achieved with a LOD of 0.2 pmol L™ with a
measuring time of only 2 min, according to Figure 8B.** The
ACE2 enzyme could also be detected with S1 spike protein by
monitoring the V. changes. This latter immunosensor is
interesting for quantifications of infected cells, since ACE2, a
human integral membrane protein, acts as receptor for SARS-
CoV-2 binding and subsequent infection.”® Considering the
strategies involving different targets for detection published so
far for SARS-CoV-2, we believe that monitoring real-time
ACE2-spike S1 protein interactions is useful for evaluating in
vivo infections.

In spite of being promising, electrochemical and electrical
immunosensors frequently face selectivity as the main
challenge for their validation. This is normally addressed
with functionalization strategies, as mentioned above related to
specific antibodies for COVID-19 early and sensitive diagnosis.
However, the need of additional preparation steps for
functionalization and biomolecules incubation frequently
increases the biosensor fabrication time, making them more
expensive than other immunosensing devices.

On the other hand, the adoption of functionalization
strategies for selectivity improvement is also useful for
minimizing interference effects. These methodologies are
known for their significant efficiency, and consequently, they
are adopted not only in biosensing technologies, but also in a
wider range of detection through electrochemical methods. For
instance, a gold microelectrode presented remarkable anti-
interference activity toward As®* detections by using amino-
functionalized graphene oxide as modifying agent.'®’ For
SARS-CoV-2 diagnosis, interference from other CoVs with
similar structures as well as other compounds from the sample
matrix may be avoided by functionalizing the electrochemical
device with recombinant antigens or their specific antibodies.
This was the case of detection of SARS-CoV-2 S1 subunit
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antibodies using recombinant antigens on gold micropillar
electrodes decorated with graphene oxide.'®* The LOD was 1
pmol L™! with a detection time of 11.5 s with a smartphone-
based interface,'®* but these devices may not be suitable for
mass-testing because of the target analyte chosen by the
authors: specific antibodies for S1 subunit proteins of SARS-
CoV-2, which are not produced by a human infected organism.
Instead, perhaps an electrochemical sensing platform for
detecting IgG and IgM antibodies may be a more efficient
strategy.

B EMERGING STRATEGIES FOR DIAGNOSIS OF
COVID-19

In this section, we wish to emphasize that the diagnosis of
COVID-19 can be improved and extended if sensing strategies
are explored, which can lead to low-cost methodologies for
mass tests and/or increased accuracy. There are several such
strategies, but for the sake of conciseness, we shall illustrate
only three types: paper-based biosensing, plasmonic-enhanced
biosensing, and use of pattern recognition methods (which
may incorporate machine learning). All of these three
strategies can be utilized not only for immunosensing and
genosensing but also with alternative principles of detection in
which specific biorecognition is not required.

Paper-Based Biosensors. Paper-based biodevices (PBBs)
are simple, inexpensive, and robust alternatives to assays, as has
been proven for diagnosis of infectious diseases.'*~"*” These
are miniaturized POC devices'®® made of porous cellulose
capable of storing the reagents, and the reaction with the
analyte being detected either visually by a color contrast
through fluorescent/colorimetric dyes or via spectroscopic
measurements.'” In order to be sensitive and selective for a
given disease, these devices have biorecognition elements
immobilized, such as enzymes, antibodies, and ap-
tamers.'”°~'”® The whole detection process is performed on
a single strip of nonexpensive paper, without requiring
additional instrumentation and multiple processing steps.
This feature has been exploited in immunosensors®*'**'**
and in genosensors with nanomaterials such as reduced
graphene oxide—gold nanocomposites''> and bimetallic
nanostructures.*® For genosensors, sensitivity and accuracy
for the diagnosis of malaria were higher than with RT-PCR.'?
PBBs are also useful for multiplex POC devices for sensitive,
high quality diagnostics of biomarkers of several diseases.'*

PBBs have been used to detect diseases within a label-free
detection scheme in which a biorecognition element is not
required. A PBB with oxidized paper was capable of detecting
an abnormal level of human serum albumin (HSA) in urine
samples via colorimetry, which is associated with a disease
referred to as proteinuria/ microalbuminuria.’®” Detection was
made possible, in spite of the absence of a biorecognition
element, owing to covalent bonding to the protein, as
confirmed by micro-FTIR spectroscopy.

In spite of their advantages, PBBs have not been reported so
far for SARS-CoV-2 diagnosis, probably because mass-testing
in official centers of COVID-19 diagnosis is challenging. First,
as already mentioned in the LFDs section, pa?er—based devices
may be limited owing to their complexity."”® Problems may
arise from trapping of biomolecules, thus causing a decrease in
binding effectiveness and requiring adequate preconditioning
of the paper matrix.”””">" Second, automated methods to
fabricate paper-based devices need to be developed. This can
be done with such techniques as inkjet printing, PDMS
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Figure 9. (a) LSPR response versus RdRp of SARS-CoV-2 concentration; (b) zoom of low-concentration region of LSPR biosensor responses for
different RAdRp oligos concentrations; (c) LSPR biosensor response for detection of other viruses, such as ORFlab and E protein from SARS-CoV-
2 and RdRp from SARS-CoV; (d) comparison of LSPR biosensor response in single-analyte samples and mixture of several sequences. Reprinted
with permission from ref 215. Copyright 2020, American Chemical Society.

plotting, laser cutting, and photolithography. However, in
addition to the expensive equipment required, preparation
takes several steps and resolution is low.'”® Therefore, the
scaling-up of PBBs may be less advantageous than expected,
especially in the context of COVID-19 pandemics, which
requires fast and effective strategies.

Plasmonic-Based Biosensors. Plasmonic effects have
been exploited for biosensing with various principles of
detection (for a focused review, see ref 199),"”” including
surface plasmon resonance (SPR)***%* and localized surface
plasmon resonance (LSPR).”*7*%° LSPR, in particular, is
promising owing to the enhanced electromagnetic field in the
neighborhood of the nanostructures, which imparts higher
sensitivity’’® as demonstrated in LFD assays where the
colorimetric signal of gold nanoparticles was amplified upon
laser excitation. Another advantage is the possibility of using
laser-reader systems with the standard LFDs architecture and
operation mode.”’® One should emphasize that LSPR can be
useful for investigating interaction mechanisms during
infection by SARS-CoV-2, including protein interactions with
human receptors believed to be essential for the virus
maintenance in human cells. Indeed, SPR can provide
experimental evidence of phenomena related to docking
studies.””’ """ Another advantage of LSPR biosensors is the
cost of commercialization, as for example a home-built LSPR
system based on white-light extinction would cost ~$25,000 or
less.”'" Compared with other more sophisticated LSPR
equipment, this is a lower-cost possibility.

When plasmonic and thermal effects are combined, the
sensitivity of the biosensing device for detecting nucleic acids
can be increased considerably.”’* The “thermoplasmonic”
effect arises from the nonradiative relaxation of absorbed light
in nanomaterials, thus generating an excessive localized heat
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energy that can be harnessed as a local heating source for
controlled thermal processes.”’” This provides a rapid
alternative methodology for identifying DNA sequences and
mutations.”'* A similar methodology was adopted in dual-
function biosensors for SARS-CoV-2 detection” in synthetic
viral oligonucleotide sequences identical to the one used in ref
53. The AuNIs (Au nanoislands) sensing chip functionalized
with synthetic receptor oligonucleotide (RdRp SARS-CoV-2-
C) was implemented into an LSPR detection system.
Hybridization was ~8 times faster with the thermoplasmonic
effect when RdRp SARS-CoV-2 genes were injected into the
sensing chamber. The evaluation of this dual-plasmonic device
for viral nucleic acids detection based on LSPR responses is
illustrated in Figure 9. It should be noted that nonspecific
binding of mismatching sequences was prevented, which
demonstrates the impact of localized heating on the hybrid-
ization kinetics. Various challenges must be addressed to apply
LSPR biosensor to COVID-19, including the difficulties in
preparing robust, reproducible substrates. Furthermore, the
devices should ideally be reusable and easy to functionalize and
clean after analysis.”""

Artificial Intelligence Based Methods. The sensing
strategies mentioned so far are all based on detecting specific
targets requiring genetic sequence probes, proteins, and
protein subunits. Because a considerable amount of data is
generated, especially to account for the variability of the
biological samples, statistical and computational methods can
be utilized for the diagnosis, including machine learning,
Internet of Things (IoT), deep learning, and other artificial
intelligence (AI) approaches.”'®™>*" Al can also be employed
during COVID-19 pandemics for the development of
personalized medicine.””> For example, Prasad and co-
workers’>® developed a guide for reinforced learning
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algorithms to determine extubation time for each patient. The
course of the treatment, evolution of symptoms, and day-to-
day updates of the recuperation of patients can also be
monitored through artificial intelligence algorithms.”** Anoth-
er prospective application of artificial intelligence is in the
develogment of safe vaccines and pursuing therapeutic
drugs.”*® Although artificial intelligence methodologies seem
useful and efficient, several issues must be tackled for its
widespread implementation. These include a speedy data
collection, storage, and analysis, which requires specialized
people and data centers. This may be difficult for some
developing countries severely affected by SARS-CoV-2.
Perhaps the most important breakthrough will be reached
when various types of data are integrated into a single system.
This could be realized with computer-assisted diagnosis
systems, as discussed in reviews dedicated to the use of Big
Data concepts and computational methods in processing
sensing data.”**~>** 10T approaches are also useful for online
data collection from sensing devices and interpretation of these
data, as well as orienting medical decisions based on Big Data
analysis models.””' The framework of these computer-assisted
systems is entirely generic and can be applied to any type of
task involving diagnosis, monitoring, or surveillance. More
specifically for COVID-19, one may envisage a diagnosis
strategy considering reports of symptoms, analysis of health
parameters, and data from sensors which do not need to be
specific for SARS-CoV-2 (i.e., sensors other than the
immunosensors and genosensors discussed here). Hence, a
somewhat accurate diagnosis could be achieved even if no
specific tests are available. An added advantage would arise
from feeding the results from a large number of people into a
surveillance system to monitor the disease spread, which could
be performed in a seamless manner in a computer system.

Bl CONCLUSIONS

Herein we have described the main strategies employed so far
in SARS-CoV-2 diagnosis, which are basically categorized into
methods to detect genetic material of the virus and
immunoassays. Special emphasis was given to identifying the
strengths and limitations of these methodologies. In particular,
we elaborated upon the limitations in connection with the
difficulties in performing mass testing in many countries, from
which we identified three major challenges: (i) employ
genosensors in POC devices to replace the sophisticated
methods used (RP-PCR, LAMP, CRISPR) in detecting genetic
material, since this is critical to diagnose individuals with no
symptoms; (ii) improve the accuracy of the diagnosis based on
immunoassays, which is by no means straightforward because
distinct types of antibodies may be needed to detect owing to
the time dependence of their concentrations along the
infection course; (iii) use pattern recognition methods that
do not require biotech products and the test kits, which is
essential in poorer places.

For all the challenges above, we envisage that new
developments will be required in materials, especially nano-
materials. From our survey, we noted that the main emphasis
has been placed on the definition of target biomolecules, but
strategies to enhance performance using nanomaterials have
been limited. For detection of genetic material, for instance,
developing low-cost alternatives to the expensive methods
should be prioritized, and this depends on novel uses of
nanomaterials. One should aim at POC devices which can
fulfill all the stringent requirements of low-cost, rapid tests and
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easy deployment in any setting. Also relevant to the chemistry
and materials community is the possible extension of well-
established electrochemical, electrical, and plasmonic effects to
diagnosis of SARS-CoV-2. In this review, we have mentioned a
few examples in which graphene and metallic nanoparticles
were incorporated into the sensing devices, and we can foresee
that much more can be done by exploiting the whole portfolio
of biosensing strategies in which nanomaterials are used.
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B VOCABULARY

Biosensors: Biosensors are devices thar are able to transduce
a biological event into a measurable analytical signal.
Proteins, biological structures and microorganisms can be
detected through biosensing strategies.

Antibody: An antibody is a protein produced by the
immunological system for the defense of their host organism
from external pathogens. They do it with high specificity, by
binding to specific parts of the targets.

Point-of-care devices: These are devices that enable medical
diagnosis at the time and place of patient care. They are
suitable for quick and mass testing, without long sample
preparation steps and reactions.

Genosensors: A genosensor is a specific type of biosensor
dedicated to the detection of DNA (ie., genetic material).
The event that enables detection consists of hybridization of
DNA specific probes that are complementary to the DNA
(or RNA) target sequence to be detected.
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Electrochemical sensors: Devices that can give information
on the composition of a system based on electron-transfer
reactions into a sensing transducer (electrodes). The signal
obtained can be used for quantification and other analytical

purposes.
Analytical chemistry: A branch of chemistry dedicated to the
determination of composition of matter and its quantifica-
tion. In many cases, analytical chemistry deals with these
issues through the development of robust instrumentation,
implementation of statistics and innovative sensing strat-
egies.
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In this article, a pertinent discussion on the most relevant analytical parameters that need
to be analyzed for interpreting COVID-19 diagnostic tests was performed. This was made in order
to clarify several misunderstandings between sensitivity, LOD, cut-off and other analytical
parameters that are frequently employed in medical and clinical research carried out for developing
COVID-19 detection methodologies. The principles discussed in this article were considered also

of great importance for further analytical and bioanalytical studies in biosensing research field.
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Problems of Interpreting Diagnostic Tests for
SARS-CoV-2: Analytical Chemistry Concerns

ISABELA A. MATTIOLI & FRANK N. CRESPILHO

Abstract: The COVID-19 pandemic outbreak made the development of reliable, sensitive,
and reproducible testing methods crucial throughout the world. Without proper
analytical validation, testing results can be misinterpreted, leading to a certain degree of
misinformation in the clinical area. To accurately assess the methods, the determination
of an analytical linear range of response of the assay is fundamental. Based on this
curve, the evaluation of some parameters as sensitivity, limit of detection, and limit of
quantification can be done, as well as the establishment of cut-off values. Statistical
treatments of the collected data can be performed for reproducibility and reliability
evaluations. In this context, there is a wide range of analytical concerns that should be
in-depth discussed in medical, biomedical and chemical areas. This letter aims to briefly
clarify some analytical chemistry concepts, as sensitivity, cut-off and limit of detection,
and their application towards clinical diagnosis.

Key words: tests, COVID-19, Lateral Flow, SARS-CoV-2, diagnosis.

The COVID-19 pandemic outbreak highlighted one of the most relevant issues in analytical chemistry:
the differences between the testing technique (TT) and testing method (TM) isa common misinterpreted
concept in clinical area. TT consists of several procedures beyond the testing technique, such as the
collection of specimens, its preservation, handling, transporting, labelling, and delivering. Patient
pre-test preparation procedures are also part of the method (Fischbach & Dunning Il 2015). These
protocols, also known as preanalytical factors, were previously reported to be the main sources of
testing errors in laboratories (Lippi et. al. 2020). While developing the TM, the most suitable TT for the
TM must be validated for the detection of the target analyte, otherwise the analysis is executed within
a wide range of analytical errors that lead to false results.

A successful validation comprises various factors: 1) characteristics of the samples to be
analyzed (i.e.,, blood, serum, plasma, solid residues); 2) the need of a previous step concerning
sample preparation; 3) the specimens to be quantified (i.e., genetic material or antibodies); 4) the
determination of analytical parameters, such as the limit of detection (LOD), sensitivity and ultimately
5) the statistical treatment on the applicability of the TT in a suitable sample population. When a TT
is validated for clinical purposes, sensitivity is a key factor to determine. It is defined as the slope of
a calibration curve and is therefore relevant when a concentration range of detections is determined
only. It provides information on the testing assay sensitivity to changes in the analyte concentration
(Massart et. al. 1978, Mikkelsen & Corton 2016). In many binary immunological assays, (i.e. those which
gives a yes/no result) sensitivity is reported as a percentage quantity, related to the ability of the
test in recognizing a positive result (Parikh et al. 2008). However, sensitivity is often misinterpreted as
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the LOD of an assay in several reports in the clinical area relates to COVID-19 diagnosis (Whitman et
al. 2020). By definition, LOD is the minimum amount of an analyte that can be detected, generating
a signal three times higher (in standard deviations magnitude) than the blank signal (Mikkelsen &
Corton 2016). It is possible for a TT to exhibit low sensitivity and low LOD, and vice-versa (Massart
et. al. 1978). Reproducibility of TT should be correctly determined along with a proper statistical
treatment, especially for COVID-19 diagnosis. To determine reproducibility, a large population of
samples is necessary and a t-student test can be helpful to determine if the obtained results follow
a normal distribution (De Winter 2013). Nonetheless, lack of reproducibility spoils the robustness of
the T™.

One of the main side effects of the lack of robustness and reproducibility of TT is the occurrence
of false positive and false negative results. Cut-off values that establish false negative-and positive
results should be determined. Generally, cut-off values can be chosen as the correspondent signal to
the LOD or LOQ (Limit of Quantification) of the assay (Mikkelsen & Corton 2016). If the target analyte
is present in a concentration lower than the cut-off value, and yet the technique indicates that it
is present above this value, a false positive result occurs. Conversely, a false negative result occurs
when the analyte is present in a concentration above the cut-off value, but the technique indicates
that it is absent in the sample (Mikkelsen & Corton 2016). It should be noticed that cut-off value is
not related to the sensitivity of the assay and its TT (Mikkelsen & Corton 2016).

Based on what has been pointed out in this letter and differently to what is being made in clinical
literature (Sethuraman et. al. 2020), we strongly encourage that a proper discussion concerning TT
for COVID-19 diagnosis and effectiveness of testing assays should include how these TTs are being
validated and if the employed analytical concepts are being correctly interpreted (Figure 1).

COVID-19 diagnosis tests

Testing
method

it of \ (Chemiluminescence\
[ Testing techinique |« > deltI:;tign l Fluorescence
Patient pre-test - Standard Imunocromatographic
preparation T - - methods with optical
- detections
: | Sample collection |4
analyses Handling |« —{ Reproducibility |

J \_ Lamp

[ Sample transport ]4-

(Cabating )+

Figure 1. Steps involved in the development of a testing method for COVID-19 diagnosis. The TT to be employed
is part of the entire method, although the main source of testing errors is not related to its execution. During
the technique validation, it is fundamental to determine the assay reproducibility, sensitivity, LOD, and standard
deviations through a statistical treatment of the results.
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In this paper, it is reported for the first time a graphene-based device which working
principles rely on electrochemical and electrical fundaments. The resulting device is named EEVD
(Electrical Electrochemical Vertical Device). It is shown that electrical working features can be
explored by the passage of current by graphene basal plane, as potential sweep is performed from
working to counter terminals of the device, using a potenciostat. The potential readings are made
in relation to the reference potenciostat terminal, and consequently, the device operation is hybrid
(i.e. electrical and electrochemical). Further studies regarding the interface alterations that occur
when the device is operated in hybrid electrical-electrochemical conditions were performed with
a graphene-ferrocene van der Waals heterojunction. It was found that OCP of each interface can
be read by the proposed methodology and is correlated to capacitive alterations of the interface.
Moreover, it was demonstrated that OCP variations can be explored for biosensing purposes, in a
proof-of-concept study with single-stranded DNA. In this experiment, a LOD of 5.3 10-%! mol L™

was achieved, demonstrating the remarkable and promising features of EEVDs for biosensing.
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The development of novel high-sensitivity DNA-based biosensors is beneficial, as these devices have applications
in the identification of genetic risk factors, medical diagnostics, and environmental monitoring. Herein, we
report on the first robust device capable of detecting DNA on a microliter drop with a zepto-molar (1072)
concentration. To accomplish this, we engineered an electrical-electrochemical vertical device (EEVD) that
comprises a novel drain and source terminal in a short-circuited configuration, paired with an ideal non-
polarizable reference electrode. Vertical electron transfer occurs perpendicularly to the graphene plane, while
the electronic current flows through the graphene van der Waals (vdW) heterojunctions. Ferrocene adsorbed on
graphene was strategically chosen as the vdW heterojunction redox component. Charge carrier insertion into the
graphene makes the EEVD 10 times more sensitive than traditional graphene field-effect transistors. Interfacial
potential changes were measured for single-stranded DNA detection with an unprecedented zepto-molar limit of

detection.

1. Introduction

Graphene field-effect transistors (GFETs) are known to be highly
sensitive biosensing devices and have potential applications in the
development of portable and miniaturized sensors (Macedo et al., 2019).
The effective sensing of a number of biologically relevant species using
GFETs has already been reported in the literature for glucose (Kwak
etal., 2012), HIV and related diseases (Islam et al., 2019b), carcinogenic
embryonic antigen (Zhou et al, 2019), DNA nucleobases and
single-stranded DNA (ssDNA) molecules (Dontschuk et al., 2015; Kim
etal., 2019; Sun et al., 2019), to mention a few. Specifically, detection of
single-stranded DNA is of particular importance for the diagnosis of
genetic diseases, gene therapy, and development of healthcare meth-
odologies (Cinti et al., 2018; Sun et al., 2019). Recently, the physio-
logical response of cells owing to DNA damage could be better
understood through ssDNA quantifications (Bantele et al., 2019), where
ssDNA was used as a biomarker for identification and quantification of
DNA damage, as ssDNA is frequently found at lesion sites of the genetic
material due to damage processing (Bantele et al., 2019). Additionally,
there is a wide range of emerging applications for ssDNA in studies

* Corresponding author.
E-mail address: frankcrespilho@iqgsc.usp.br (F.N. Crespilho).

https://doi.org/10.1016/j.bios.2020.112851

involving aptamers, hybridization probes, and the elucidation of DNA
recombination mechanisms for molecular biology (Damase et al., 2017;
Yang and Ha, 2018).

In this context, many of the GFETs already reported for DNA-based
molecule analytical quantifications are claimed to be ultrasensitive,
and generally involve expensive lithographic procedures (Cai et al.,
2014; Campos et al., 2019; Fu et al.,, 2017; Sun et al., 2019) and
non-trivial methodologies for their preparation. However, only a few are
capable of reaching the atto-molar (Campos et al, 2019) and
zepto-molar (Hwang et al., 2020) limits of detection (LOD) through
electrical and electrochemical techniques. Therefore, there remains a
need to improve the sensitivity of graphene-based analytical devices to
come one step closer to single-molecule detection.

Although many efforts have been made to employ pristine mono-
layer graphene toward the development and application of label-free
sensitive GFETs, functionalization is still frequently used to improve
LOD and reproducibility (Eissa et al., 2015; Macedo et al., 2018). To
accomplish this, covalent functionalization with diazonium salts (Xia
etal., 2016), benzoyl peroxides (Lonkar et al., 2015), and the production
of reduced graphene oxide (Lei et al., 2017; Thakur et al., 2018) have
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been some of the main strategies adopted. However, these methods
frequently involve the rupture of sp? bonds on the graphene basal plane,
which reduces the electronic conductivity of graphene (Macedo et al.,
2018). An interesting alternative is the development of van der Waals
(vdW) heterojunctions with ferrocene. As widely discussed in the liter-
ature (Gao et al., 2011; Nigar et al., 2019; Zribi et al., 2019), the
adsorption of ferrocene on graphene by physisorption involves no hy-
bridization or covalent bonding of the substrate and ferrocene mole-
cules. Therefore, graphene and ferrocene interact by n—n coupling
resulting from weak vdW interactions. Consequently, the sp? lattice and
the band structure of graphene are maintained intact after ferrocene
adsorption (Nigar et al., 2019).

The development of the vdW interface with a graphene monolayer
also improves the basal plane conductivity and charge carrier concen-
tration, resulting in the enhancement of the sensitivity of the resulting
heterojunction (Zribi et al., 2019). These phenomena have previously
been monitored in terms of shifts in the charge neutrality point (CNP) of
graphene using Raman spectroscopy (Van Den Beld et al., 2017). Few
studies in the literature have used ferrocene for band-gap investigations
in pristine graphene (Zribi et al., 2019) and biosensing applications
(Rabti et al., 2016). The additional advantage of using this system is the
possibility of observing the faradaic process at the interface due to the
electron transfer at the active redox center of the ferrocene when irre-
versibly adsorbed on graphene. The occurrence of electron transfer at
similar heterojunctions has already been demonstrated in some studies
(Lima et al., 2014; Zribi et al., 2019) and can be used to observe, study,
and develop analytical methods based on electrochemical features of
graphene-based heterojunctions (Neubert et al., 2020). In addition to
the abovementioned issues frequently faced in GFET applications,
another problem related to their implementation as detection devices
involves the frequent use of Ag/AgCls, as a polarizable gate electrode
for CNP monitoring. From an electrochemical viewpoint, this process is
inadequate because of the non-polarizable characteristics of the refer-
ence electrodes, leading to imprecise and non-stable CNP potential
measurements.

In this study, we propose a new device configuration, the electrical-
electrochemical vertical device (EEVD). Our strategy combines a hori-
zontally aligned graphene-ferrocene heterojunction, in which the device
is connected in a “short-circuit” configuration, thus retaining the con-
ventional three-electrode setup. We compared the EEVD performance
with the traditional GFET configuration. EEVDs represent a lower-cost
device than devices reported elsewhere (Islam et al., 2019a, 2019b),
which is advantageous for the development of cost-effective biosensing
strategies. We also monitored how faradaic contributions of adsorbed
ferrocene influence EEVD behavior, as it is well-known that the presence
of redox-active molecules in the analyte solution alters the charge dis-
tribution in graphene (Neubert et al., 2020).

2. Materials and methods
2.1. Apparatus

Electrical Ti contacts for the EEVDs were created using a BAK 600
evaporator (Balzers) with an 8 kV electron beam. Au contacts were
deposited with an MED 020 Baltec evaporator (100 mA current and 1
nm s~ ! deposition rate). Electrochemical experiments were carried out
in a pAutolab-III potentiostat/galvanostat (Metrohm) with an FRA32
impedance module, managed by Nova 2.1.3 software using Ag/AgClsat
as the reference electrode and a Pt wire as the auxiliary electrode. Field-
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effect experiments were performed in a Keithley 2636 B source meter
unit (Tektronix), using Ag/AgCls,: and a drop of 40 pL of electrolyte as
the gate electrode. Raman spectroscopy data were acquired using Lab-
Spec 6 software in a LabRAM HR Evolution spectrometer (Horiba Sci-
entific). A HeNe 633 nm laser with 0.86 pm spot for 100x magnification
was applied with an acquisition time of 1 s for 64 spectra.

2.2. Materials

Sulfuric acid (98%), ethanol, isopropanol, monobasic sodium phos-
phate, and dibasic sodium phosphate were acquired from Synth (Brazil).
Acetone was purchased from Chemis (Brazil). Toluene, hydrochloric
acid (37%, v/v), polystyrene (MW ~ 192,000 g mol’l), ferrocene (98%),
and potassium chloride were purchased from Sigma Aldrich. Hydrogen
peroxide (30-32%, v/v) was acquired from Vetec (Brazil). For EEVD
confection, chemical vapor deposition (CVD)-grown monolayer gra-
phene on Cu foil was purchased from Graphenea (Spain) and p-doped Si/
Si0, substrate material (¢psjo2 = 90 nm) was acquired from Graphene
Supermarket (USA). Metallic targets of Ti and Au for electrical contact
preparation were purchased from Electron Microscopy Sciences (USA).
ssDNA (integrated DNA technology, USA) with the following genetic
code was employed: 20% (5-GTG AGC TAA CGT GTC AGT AC-3). All
aqueous solutions were prepared using deionized water (>18 MQ cm).

2.3. EEVD preparation

The EEVDs studied in this work and GFET platforms were prepared
using CVD monolayer graphene transferred to a SiO2/Si (¢ = 90 nm)
substrate with electrical contacts consisting of 10 nm of Ti and 20 nm of
Au. Prior to the preparation, all Si0,/Si chips were cleaned in a piranha
solution (3 H2SO4: 1 Hy05), followed by rinsing with deionized water
and isopropanol. Then, CVD monolayer graphene transfer was carried
out as follows: approximately 10 pL of polystyrene in toluene was
initially drop-casted onto the surface of a small piece of Cu-supported
CVD-grown monolayer graphene and then dried at 70 °C in an oven
for 10 min. The Cu was then removed through an etching solution (HCl
and H05), leaving behind the graphene supported on polystyrene. The
graphene was then transferred to a SiOy/Si substrate and finally pre-
annealed at 90 °C for 15 min. After cooling to room temperature, the
polystyrene was dissolved from the chip using toluene and the chip was
annealed at 585 °C for 1 min under an inert Ar atmosphere. Finally, any
Cu residue remaining from the transfer procedure was removed by
electrochemical etching in 0.10 mol L™! HCI using cyclic voltammetry
(Fig. S1, Section 1 of ESI) (lost et al., 2014).

2.4. Short-circuit and electrochemical experiments

Short-circuit experiments were performed in a potentiostat/galva-
nostat (p-Autolab-III, Metrohm). The drain terminal was connected to a
counter-electrode (CE) terminal and the source terminal was connected
to a working electrode WE terminal. An Ag/AgCls,¢ reference electrode
and 40 pL of supporting electrolyte were used as the top-gated system.
Electrochemical features were initially studied by cyclic voltammetry
from —0.2 V to 0.6 V at 25 mV s’ in phosphate buffer (0.10 mol L™* pH
7.2) and KCI (0.10 mol L’l). The EEVD vdW heterojunctions using
graphene and ferrocene (graphene-fc) were constructed by drop casting,
using ~30 pL of a ferrocene in ethanol solution (5.0 mg mL™!). The
excess ferrocene on the graphene surface was removed by cyclic vol-
tammetry in 0.10 mol L™! KCl. A schematic representation of the
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Fig. 1. EEVD preparation and operation schematics A) EEVD device preparation description. Steps 1 and 2 correspond to graphene wet transfer methodology.
After subsequent thermal annealing for formation of graphene on the SiO,/Si interface, Step 3 presents an optical micrograph of graphene on SiO,/Si. Step 4 depicts a
typical pristine graphene electrochemical response in a 0.10 mol L' phosphate buffer solution (pH 7.2). Step 5 illustrates ferrocene in ethanol (5.0 mg mL~') drop
casting and adsorption on graphene, forming a graphene-fc vdW heterojunction. Step 6 illustrates a typical final cyclic voltammogram obtained for graphene-fc in a
0.10 mol L' phosphate buffer solution (pH 7.2) after removal of excess ferrocene. B) Schematic representation of the working principles of an EEVD with the
proposed graphene-fc heterojunction. C) Schematic representation of a GFET’s working principles for comparison purposes with Fig. 1B. D) Representation of ssDNA
quantification with our EEVD graphene-fc devices through interfacial potential (E;,,) variations.

production of the EEVDs is presented in Fig. 1A. Electrochemical
impedance spectroscopy (EIS) was also carried out before and after
ferrocene modifications from 100 kHz to 0.1 Hz by applying an open-
circuit potential (OCP) with an amplitude of 5.0 mV to each electrode.
Three spectra were obtained for each interface. ssDNA was adsorbed
onto ferrocene-modified EEVDs by drop casting 40 pL of ssDNA solution
in a phosphate buffer (0.10 mol L™}, pH 7.2). An adsorption time of 5
min at room temperature was adopted as the standard methodology in
this study, and experiments were conducted in the same phosphate
buffer solution. For calibration curve experiments, a 40 pL droplet was
added onto the graphene-fc surface for each concentration and washed
off after the measurements were taken. The effects of ssDNA adsorption
on interfacial features and on the electrochemical behavior of the EEVDs

were monitored by EIS and cyclic voltammetry, respectively.
2.5. Raman spectroscopy

Raman spectroscopy analyses were carried out using the same
monolayer graphene device supported on a Si/SiO; substrate. Spectra
from 1000 cm ™! to 3000 cm ™! were acquired for pristine graphene using
an HeNe (A = 633 nm) excitation laser in a LabRAM HR Evolution
spectrometer (Horiba Scientific). A drop of ~30 pL of ferrocene in
ethanol was added onto the surface of the graphene and was electro-
chemically stabilized by cyclic voltammetry in KCl 0.1 mol L™, from
—0.2V t00.6 V, at v = 25 mV s~ *. For the ferrocene-modified samples,
Raman spectra were acquired from 1000 cm ™! to 3000 cm ™. Finally, a
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drop of 1.0 fmol L™! ssDNA was added onto the graphene-fc device and
spectra from 1000 cm ™! to 3000 cm™! were also acquired after
approximately 10 min. We chose low-concentrated ssDNA solutions to
avoid any scattering effects or alterations in the spectra caused by sur-
face saturation. Raman spectra of the edge and the basal plane of the
graphene used in this work were also collected under the same condi-
tions (Section 2 of ESI).

A

Ag/AgCl,

Ag/AgCl,
it reference electrode

Vv, gate electrode
< Source
CE

Drain
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2.6. Atomic force microscopy characterizations

Atomic force microscopy (AFM) experiments were carried out by
NMS to provide useful information regarding the monolayer nature of
the graphene used in this study (see the results discussed in Section 2 of
the ESI). AFM experiments were carried out in the LNLS laboratory
(Brazilian Synchrotron Light Laboratory) at the National Center for

Fig. 2. EEVD electrical-electrochemical perfor-
mance A) Schematic of GFET setup with graphene-fc
interface. The represented setup is also valid for the
bare graphene interface; B) Representative schematic
of EEVD configuration with graphene-fc interface.
This setup is also valid for the bare graphene inter-
face; C) Output curves of bare graphene EEVDs in a
0.1 mol L~ phosphate buffer solution (PBS) (pH 7.2)
under (black) short-circuit conditions at 5mV s~* and
(blue) field-effect conditions with V; = 0 V (vs. Ag/
AgClsay); D) Output curves of graphene-fc EEVDs in a
0.1 mol L! phosphate buffer (pH 7.2) under (black)
short-circuit conditions at 5 mV s~ ! and (blue) field-
effect conditions with Vg = 0 V (vs. Ag/AgCls,); E)
Leakage current plot for graphene (black) and

C“ﬁ o\

I T T ; L T T T y graphene-fc (red) interfaces in 0.01 mol L™! PBS (pH
10 8 ]
m— Short-circuit —_— SPOﬁ-CiTCUit 7.4) under Vg4 = 0.01 V using Ag/AgClg, as the gate
m Field-effect = Field-effect electrode; F) Transfer curves (under field-effect) ob-
57 1 < 4 1 tained using graphene (black) and graphene-fc (red)
E S in 0.01 mol L™! PBS (pH 7.4). All experiments used
0 1 g, Vgs = 0.01 V; G) Short-circuit profiles after direct
= ’;‘3 01 | inversion of current signals with bare graphene
3 -5 i (black) and graphene-fc (red) heterojunctions in a
-4 J 0.10 mol L ! phosphate buffer solution (pH 7.2).
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Energy and Materials Research (CNPEM, Campinas, Brazil). A NeaS-
NOM Microscope (Neaspec) located on the IR1 beamline was used.

2.7. Field-effect experiments

For the field-effect experiments, graphene and graphene-fc devices
were used. A drop of 40 pL of 0.01 mol L™! phosphate buffered saline
solution (pH 7.4) was used as the electrolyte gate. A droplet of ferrocene
was deposited onto the surface of the graphene, which was stabilized by
cyclic voltammetry. Igs vs. Vgs (Igs = drain-source current; Vg5 = drain-
source voltage) experiments were carried out from —0.2 V to 0.2 V, and
for the bare graphene interface, specifically, a narrower potential range
was also investigated (from —0.05 to 0.05 V). The gate voltage (Vg) was
swept from —0.3 V to 0.5 V (vs. Ag/AgClsay) for all Iys vs. Vg experiments.
For different evaluations using a bare graphene device, Vg5 values of
0.01, 0.02, 0.03, 0.04, 0.05, 0.075, and 0.1 V were applied (Section 3 of
ESI).

3. Results and discussions
3.1. EEVD working principles

Fig. 1B illustrates the working principles of our novel device in
comparison to the conventional field-effect device (Fig. 1C). The EEVD is
composed of two terminals: working and auxiliary electrodes. These two
electrodes are in a short-circuit configuration and are analogous to the
drain and source in a GFET device. However, by using a potentiostat, a
controlled overpotential can be applied to the working electrode versus
a reference electrode (Ag/AgCls,t). When a negative potential is applied
to the working electrode, current flows from the working electrode to
the auxiliary electrode and flows in the opposite direction upon appli-
cation of a positive potential. As the device is in a short-circuit config-
uration, current flows through the graphene’s basal plane, thus
connecting the working and auxiliary terminals. Under these conditions,
current overload is expected during a potential sweep, especially
because of the high basal plane conductivity of graphene. However, in
an EEVD, graphene is supported on SiO,/Si and its basal plane is con-
nected electrochemically to the ferrocene and the supporting electro-
lyte. Therefore, a certain degree of loss in basal plane conduction is
expected (Wang et al., 2012). In this configuration, working and auxil-
iary electrodes polarize the graphene surface that is in contact with the
ferrocene and electrolyte in the vertical plane, and a new current type
arises from the interface (the z current). Consequently, an additional
charge is inserted into the graphene. This additional charge is added to
the electric current generated by the movement of electrons and holes in
the xy plane of the graphene, resulting in a significant increase in the
total measured current. Because the z current originates from the elec-
trolyte and the graphene-fc interface, its contribution primarily arises
from the faradaic current of the ferrocene redox center and the capaci-
tive current from the electrolyte/electrode double-layer. Therefore,
monitoring faradaic redox footprints by ferrocene adsorption as well as
other redox probes, should prove useful in improving selectivity in
graphene-based 2D devices, as observed in a previous study (Neubert
et al., 2020).

While ferrocene electron transfer can be monitored on the z-axis, we
expect that some features related to the graphene-fc interface can be
inferred through interfacial potential (Ej,;) measurements using the
EEVD approach. From an electrochemical point of view, we propose that
the total interfacial potential of these devices can be described as a
function of the individual contributions of graphene (Ef;t), ferrocene (i.
e., the resulting graphene-fc heterojunction, E{fu), double-layer (Epy),
and reference electrode (Es) potentials, as described by Eq. (1).

Ey= Ej + Ef;’, + Epr+ Eny @

As the electrolyte concentration used in these studies is sufficiently
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high (0.1 mol L™Y), issues related to ionic strength are not significant
with respect to the graphene interface, and the double-layer capacitance
contributions of the electrolyte remain constant. Reference electrode
contributions also remain the same throughout the experiments.
Therefore, we can expect that any Ej,; alterations in EEVDs are due to
interactions between the graphene and graphene-fc with external media,
as indicated in Eq. (2).

Ei = Efn+ Ejpi+ Eoypns )

int int

To confirm the premises related to EEVD working features, experi-
ments were performed using the EEVD configuration (Fig. 2A) and were
compared with the results obtained using the GFET configuration
(Fig. 2B). Initially, Ijs vs. Vgs curves were recorded by sweeping the
potential of the reference electrode of the EEVD and comparing these
with the Iy vs. Vgs curves recorded under Ag/AgClg, electrolyte-gating
at 0 V (Fig. 2C). This V; was chosen after investigating different Vg
values (as presented in Section 3 of ESI, Fig. S3A).

A remarkably higher I4s current was obtained in the short-circuit
setup in comparison to the conventional field-effect I35 configuration
for the bare graphene interfaces. The main difference between these two
experimental setups involves the use of Ag/AgCls,:. In the conventional
GFET experiments, Ag/AgClsye acts as a polarized top-gate electrode
through the application of a pre-determined V,, while Vs is swept. For
GFETs operating in the linear region, the application of Vy controls the
channel resistance, and Igs should increase linearly with Vg (Misra and
Oztiirk, 2005). The application of this external electrical field modulates
the channel conductivity. In the short-circuit configuration, Ag/AgClsat
is no longer polarized and in contrast to the GFET configuration, channel
conductivity is no longer controlled. Therefore, the observed current
does not include a field-effect contribution. The Vg5 sweep is performed
under potential control through a Ag/AgCls, reference electrode,
similar to electrochemical three-electrode conventional cells. Its
contribution to the system potential is then its intrinsic electrochemical
half-cell potential of ~0.197 V vs. a standard hydrogen electrode (Bard
and Faulkner, 2001). In addition, the variation in the applied potential
on a semiconductor is known to alter the surface charge carrier con-
centration (Batchelor and Hamnett, 1992). The graphene sheet re-
sistivity (R;) reached in each setup was also investigated. Differences in
sheet resistivity between source and drain due to the lack of channel
conductivity modulation are clearly observed when the expression Ry =
[(Vas/jas) (W/L)] (Kim and Frisbie, 2014) is applied to both I4s vs. Vg
curves, such that Rg = 0.34 Q cm 2 while R, =228 Q em~2 in the
short-circuit and field-effect experiments, respectively. In addition, R
can be described in terms of the contact resistance of the metal/-
graphene contacts (Reontact) and 1/ney, where n is the charge carrier
concentration, e is the elementary charge, and u is the charge carrier
mobility (Kim and Frisbie, 2014). Therefore, the achieved charge carrier
mobility in each setup plays an important role in the sheet resistance
obtained. When the short-circuit channel conductivity without external
modulation is explored, higher charge carrier mobility can be reached,
justifying the higher I values obtained using the proposed setup. Owing
to the low resistivity of graphene-SiO interfaces, the adsorption of extra
layers onto the graphene is assumed to modulate its behavior in Iy vs.
Vgs curves.

After investigating channel resistance modifications, we proceeded
to investigate the behavior of EEVDs using different scan rates (Fig. S5).
The scan rate was varied and the short-circuit I4; was recorded; however,
a decrease in Iy for a fixed Vg5 value with increasing Vg5 scan rate was
observed. It was also observed that for I35 = 0, V45 reached the OCP value
for all studied scan rates, as expected. OCP is a mixed potential that does
not describe a thermodynamic equilibrium, and instead indicates the
case in which the overall electrochemical current is zero (Lefrou et al.,
2009). In semiconductor electrochemistry, OCP is also regarded as a
condition in which the sum of the electron and hole currents (i, i,) is
zero (Zhang, 2005). However, changes in the OCP value with respect to
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the scan rate can be observed in Fig. S5 and are intriguing. To further
understand this, the meaning of the applied V45 in a semiconductor
heterojunction needs to be clarified. In general, V45 can be expressed in
terms of the flatband potential, V,, and the potential drop in the space
charge layer, Vs, by the expression Vg5 = Vg, + Vs (Zhang, 2005). Vg, is
related to the condition in which the semiconductor does not present an
excess charge or produce redox potentials at the band edges. The latter
expression is still valid in the absence of external polarization, i.e.,
where Vg5 = OCP. Thus, the OCP potential also depends on band bending
and space charge layer characteristics (Zhang, 2005). Expanding this
concept to EEVDs, we can confirm that both Vi, and V; are inserted into

the graphene (E%,) and graphene-fc (E{ﬁt) contributions to the total
interfacial potential Ej,; of our system. This means that any change in Vj
due to alterations in the surface charge layer width or capacitance will
influence the OCP value. In fact, for semiconductors with an equivalent
circuit containing a RC element, the dependence of space charge
capacitance has been previously reported (Batchelor and Hamnett,
1992). This dependence was observed not only for potential sweep scan
rates but also for any prepolarization to which the semiconductor
electrode has been submitted (Batchelor and Hamnett, 1992). Thus,
what is expected for electrochemically active surfaces is confirmed for
graphene and graphene-fc heterojunctions. To obtain higher I4s currents
and minimize the mentioned charge effects (either by trapping or
ca?acitance), we continued our studies using a fixed sweep rate of 5 mV
s .

The data obtained so far has provided information regarding the
graphene monolayer interface and its behavior on non-electroactive
media. To study the effect of the presence of a redox pair (i.e., fara-
daic processes) and its contributions to EEVD behavior, graphene was
non-covalently modified with ferrocene. Although electron transfer
processes from adsorbed species onto semiconductors are typically
considered negligible (Zhang, 2005), ferrocene was chosen because of
its well-known n—n stacking with graphene, and its electronic coupling
with graphene through charge carrier insertion (Zribi et al., 2019). A
surface excess of 5.3 x 1072 mol cm ™2 was obtained by using the
equation reported in the literature (Section 5 of ESI) after electro-
chemical stabilization of the graphene-fc interface in KCl (Section 6,
Fig. S6A). Similar to the procedure adopted for bare graphene EEVDs, I4s
vs. Vg5 curves were acquired for the graphene-fc interface under both
field-effect and short-circuit conditions (Fig. 2D) after optimization of Vg
(0 V) (Fig. S3B). Despite the increased current intensity, as observed
with bare graphene devices, a voltammetric-like profile was observed
for I4s curves obtained under short-circuit conditions with an oxidation
peak at approximately 0.14 V (vs. Ag/AgCls,). Toward more negative
potentials, a reduction peak at 0.10 V (vs. Ag/AgClg,) was observed
(Fig. S7). Three output curves were obtained in each potential direction,
and the positions of the oxidation and reduction peaks remained stable.
After comparison with cyclic voltammetry profiles obtained with the
same graphene-fc interface (Fig. S6B), these peaks were attributed to
ferrocene owing to its electron-transfer capability along the z-axis,
which is absent in pure field-effect experiments. Additionally, the peak
current intensities of the ferrocene/ferrocenium pair obtained in con-
ventional cyclic voltammetry (Fig. S6B) and short-circuit approach
(Fig. 2D) were compared, and a remarkable increase in current density
under short-circuit conditions was obtained. This suggests that the
coupling of a redox probe led to a Si/SiO-graphene-fc heterojunction
with electron transfer along the z-axis, which can amplify the electro-
chemical responses. We also inferred that the intensity of these peaks
and the shape of the I4s vs. Vg5 short-circuit curves depend strongly on
the excess of ferrocene on the graphene surface. This is similar to what is
observed in the I vs. V curves (voltammograms) of electroactive adsor-
bed layers (Eq. (S2)) (Bard and Faulkner, 2001). Sheet resistivity was
also evaluated using the expression Ry = [(Vgs/jas) (W/L)] (Kim and
Frisbie, 2014), where Ry = 0.45 Q cm~2 and 1.39 Q cm ™2 for current
flow in the short-circuit and field-effect configurations, respectively. To
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ensure the occurrence of this redox phenomenon at the graphene-fc
interface through the z current, we investigated the leakage current
profile of graphene and graphene-fc interfaces as a function of gate
potential sweeps with Ag/AgClg,. used as the gate electrode in the GFET
configuration (Fig. 2E). In this setup, the leakage current is similar to the
z current of the EEVD. This refers to the current flowing between the
graphene drain terminal and the Ag/AgClg, gate. As expected, a peak
current was observed for graphene-fc, which was attributed to ferrocene
oxidation. However, differences in peak potential were due to the
different uses of Ag/AgClsy as either the electrochemical reference
electrode or gate electrode. Discrepancies in current intensities were
also attributed to the application of different setups, as discussed above.
These observations provided insights on how vertical electron transfer
processes and interfacial features influence the basal plane graphene’s
properties. Therefore, unprecedented applications of short-circuit setups
to study electrochemical processes are possible. By using pristine gra-
phene EEVDs, the sluggish electron transfer kinetic characteristics can
be overcome (Brownson et al., 2014; Macedo et al, 2018, 2019).

3.2. Comparison of EEVDs and GFETs electrical behavior

After confirming the redox and capacitive features of the graphene-fc
heterojunctions under short-circuit conditions, we compared the EEVD
and GFET transfer curve profiles obtained by each setup. We also eval-
uated the suitability of EEVDs as an alternative to GFETs. To accomplish
this, field-effect Iys vs. Vg transfer curves under gate voltage sweeps
(Fig. 2F) and short-circuit curves (Fig. 2G) were obtained. In each case,
different Ag/AgClg,: applications and potential sweep mechanisms were
adopted, as shown in Fig. 2A and B. To clarify these alterations, signal
modifications of the I4s vs. Vg5 plots as shown in Fig. 2G were taken and
the resulting curves presented a profile quite similar to those obtained
for the field-effect experiments (see Section 8 of ESI for original short-
circuit curves). To fully understand and characterize the GFET plat-
forms with graphene and graphene-fc interfaces, several relevant pa-
rameters such as gate capacitance (Cg), double-layer capacitance (Cq)),
quantum capacitance (Cq) charge carrier mobility (1), doping (n), and
transconductance (gp) were evaluated (see Section 9 of ESI, Table S1).
Under typical field-effect conditions, a shift in the CNP (AV) due to the
adsorption of ferrocene was observed, corresponding to a value of AV =
—0.057 V. The observed shift for more negative V; potentials was
attributed to n doping (Vieira et al., 2016), probably due to cyclo-
pentadienyl ring electronic density donation to graphene during gra-
phene and fc coupling. Interestingly, after comparing the GFET transfer
curves to the EEVD short-circuit Igs vs. Vgs transfer curves, a similar
profile was obtained. In this case, OCP shifts were observed owing to
space charge capacitance changes promoted by the adsorption of fc,
which can be interpreted as surface states (Batchelor and Hamnett,
1992; Zhang, 2005). The magnitude of OCP displacement was AV =
—0.065 V after ferrocene modification. The obtained AV values were
very similar for both GFETs and EEVDs, indicating that the proposed
EEVD devices are suitable for doping and charge carrier-related studies.
Because OCP and surface charge capacitance are related (Batchelor and
Hamnett, 1992; Zhang, 2005), the reasons for AV deviations between
the devices may occur because of local capacitive changes due to
ferrocene adsorption on some active sites on graphene, although some
capacitance parameters (e. g., Cq and Cg) in Table S1 exhibit no relevant
changes. This is, therefore, the objective of further studies to completely
understand the capacitance changes under short-circuit conditions. The
comparison of OCP shifts with those of CNP, however, requires further
interpretation of the origin of OCP. It is known that CNP shifts are
related to charge carrier insertion on graphene and can also be corre-
lated to capacitive features (Reiner-Rozman et al., 2015; Vieira et al.,
2016), as already discussed. Nonetheless, the theoretical treatment of
CNP cannot be applied in our experiments because they were not real-
ized under field-effect conditions, as evidenced by 1) the use of
Ag/AgClg,: as a reference electrode and not a gate electrode; and 2)
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Fig. 3. ssDNA adsorption based on graphene-
fc characterization A) Schematic representation
of graphene-fc heterojunctions formed by van der
Waals adsorption of ferrocene and ssDNA
adsorption and its n doping on graphene; B)
Nyquist plots for bare graphene (black),
graphene-fc (red), graphene-fc-ssDNA (green)
interfaces from 1.10° Hz to 0.1 Hz, under the
OCP potential of each surface (OCP ~ 0.13 V), in
a 0.10 mol L™! phosphate buffer solution (pH
7.2) and potential amplitude of 0.005 V; C)
Impedance modulus vs. applied frequency loga-
rithm plot for bare graphene (black, onset fre-

quency ~ 4.6 Hz), graphene-fc (red) and
graphene-fc-ssDNA (green, onset frequency ~
7.4 Hz); D) Raman spectra for graphene (black),
graphene-fc (red), and graphene-fc-ssDNA
(green) surfaces; E) Close-ups of D band; G
band, and 2D band shifts obtained for each
interface
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potential sweeping from drain to source terminals and not on the gate
electrode. However, charge carrier insertion and OCP potentials are
frequently related by assuming a Schottky barrier junction formation in
the context of semiconductors and Schottky heterojunctions for solar
cells (Behura et al., 2013), which is clearly not the case here. In addition,
the experiments were not performed under photovoltaic conditions, and
therefore Schottky barrier formation can be overcome by vdW hetero-
junctions (Liu et al., 2016) using graphene-fc. Thus, the theoretical basis
for graphene solar cells could not be applied to interpret these results.
There is a need for further theoretical studies involving OCP, charge
carriers, and capacitance changes under short-circuit conditions and
without a photovoltaic experimental setup to correlate these experi-
mental observations.

3.3. Characterization of graphene-fc and graphene-fc-ssDNA
heterojunctions

Many of the observations discussed above rely on the redox behavior
of the graphene-fc interface and its vertical electron transfer charac-
teristics arising from the adsorption of the electroactive ferrocene layer.
To prove these features of the heterojunction, further investigations
were performed using EIS. We also demonstrated the occurrence of n
doping by ferrocene on graphene through Raman spectroscopy, as also
observed based on CNP shifts. In addition, the adsorption of ssDNA on
the graphene-fc interface was investigated (Fig. 3A) to provide proof-of-

2520 2580 2640 2700
Raman shift / cm!

concept and some analytical quantifications for EEVDs as an alternative
to GFETs in biosensing technology.

We studied the electrochemical interfacial characteristics of gra-
phene, graphene-fc, and graphene-fc heterojunction after adsorption of
sSDNA (graphene-fc-ssDNA) through EIS. As ssDNA is a negatively
charged biomolecule at pH 7.2 (Sherbet et al., 1983) and does not
exhibit electron-transfer processes in pristine graphene-based elec-
trodes, we inferred that its adsorption onto graphene-fc would lead only
to capacitive changes. Our intent here is to confirm the redox behavior
of the graphene-fc interface, as already mentioned, as well as to evaluate
the capacitive features of the graphene-fc-ssDNA interface. The Nyquist
plots (Fig. 3B) show that bare graphene exhibits pure capacitive
behavior, with R tending to infinity in the absence of an electroactive
species (Barsoukov and Macdonald, 2005). The graphene-fc interface
presented an incomplete semicircle whose diameter is related to the
electron transfer resistance of the adsorbed ferrocene/ferrocenium
redox pair. The observation of these electron-transfer phenomena
confirmed the behavior of the graphene-fc interface as an electroactive
vdW heterojunction on the z-axis (i.e., vertical electron transfer). As
expected, the adsorption of ssDNA demonstrates purely capacitive ef-
fects on the graphene-fc-ssDNA interface based on experimental evi-
dence based on the disappearance of the semicircle in the Nyquist plot
recorded for fc adsorbed on graphene. Simulation using the most suit-
able equivalent circuit for graphene-fc and graphene-fc-ssDNA was
performed considering previous modeling reported elsewhere (Bard and
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Faulkner, 2001). From the most suitable circuit simulation, Cq; values
could be evaluated (Section 10 of ESI). The Cq; values obtained for all
interfaces studied are in agreement with the Helmholtz double-layer
capacitance model applied to the electrochemical behavior of semi-
conductors (Zhang, 2005). This suggests that capacitance effects are
indeed present on the graphene heterojunctions after adsorption of
ssDNA. Therefore, the presence of capacitance contributions in each
heterojunction becomes clearer when the total interfacial impedance
modulus (Z) is plotted versus the frequency logarithm (Fig. 3C). While
electron transfer resistance effects are notably pronounced in
high-frequency regions of the impedance spectra, capacitive behavior is
highlighted in low-frequency regions (Barsoukov and Macdonald,
2005). Graphene-fc curves do not exhibit a remarkable increase in the
impedance modulus in lower frequency regions, indicating that
double-layer capacitance effects may be negligible on this interface.
However, non-electroactive interfaces such as bare graphene and
graphene-fc-ssDNA presented a remarkable increase in the impedance
modulus in lower frequency regions, corroborating their capacitive
features. In addition, the latter heterojunctions presented similar values
of onset frequencies in the impedance modulus curves, from which
capacitive contributions become more evident and agree with previous
data (reported in Section 9 of ESI) that were obtained through
field-effect experiments using these interfaces). These data suggest that
EEVDs can be successfully employed for the detection of ssDNA through
adsorptive strategies and OCP shift monitoring, as these phenomena are
reflected by the capacitive features of the interfaces.

Raman spectroscopy was then applied for graphene-fc and graphene-
fc-ssDNA heterojunction characterization (Fig. 3D) as well as to obtain
information regarding the occurrence of band-gap opening at these in-
terfaces (see Section 11 of ESI). The bottom-line interface, graphene
supported on SiOy/Si, is automatically p-doped owing to the remaining
atmospheric impurities and thermal annealing under Ar at high tem-
peratures (Nourbakhsh et al., 2010; Wang et al., 2012). The adsorption
of ferrocene on graphene leads to a band-gap opening resulting from
doping, allowing the evaluation of Fermi levels (Er) of the doped in-
terfaces (Zribi et al., 2019). Values of Eg were evaluated from the Raman
data of graphene-fc and graphene-fc-ssDNA using Eq. (3), where A(0)G
is the difference between the G band frequencies of modified and pris-
tine graphene (Wu et al., 2018). The charge carrier concentrations
inserted by ferrocene and ssDNA were estimated using Eq. (4).
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The resulting parameters are listed in Table S2. From Fig. 3E, red-
shifts of the G and 2D bands indicate the insertion of charge carriers in
the heterojunction by ferrocene, leading to n-type doping. Although
ferrocene is a neutral molecule with a Fe?™ metallic center, charge
carriers were inserted by electronic donation of its cyclopentadienyl
rings resulting from n—n stacking, as already mentioned. From the
Raman data obtained after adsorption of 1.0 fmol L™ ssDNA, it is
apparent that charge carriers were also inserted, leading to n-type
doping owing to the negative charge of ssDNA molecules and to n—x
stacking, as expected (Husale et al., 2010; Zhang and Zhou, 2001).
Further evidence of n-type doping with the addition of ferrocene and
ssDNA layers was the decrease in the I5p/IG ratio, as previously reported
in the literature (Wu et al., 2018). These data agree with the previous
results obtained for both GFETs and our novel EEVDs. This indicates that
the OCP shifts (i.e., Eip) obtained using the latter setup can also be
interpreted as an indicator of doping occurrence in graphene-fc in-
terfaces. It is important to mention that other than the pristine mono-
layer graphene experiments, no gate potential was applied during
Raman experiments; thus, the observed charge carrier insertion occurs
solely because of chemical doping. Therefore, the resulting hetero-
junctions are p-n for graphene-fc, and p-n-n for graphene-fc-ssDNA.

3.4. Proof-of-concept of EEVDs as biosensing devices

Next, we performed ssDNA detection using EEVDs based on the
graphene-fc interface. In this case, a miniaturized setup with a 40 pL
volume of electrolyte was employed (Fig. 4A and B). OCP variations
were calculated as a function of ssDNA concentration according to Eq.
(5).
fesDNA_ pfe

int int

)

OCP variations (Aocp) of the graphene-fc heterojunction regarding
the adsorption of ssDNA were monitored over a wide range of sub-
micromolar concentrations (Fig. 4C). We observed that ssDNA adsorp-
tion at 1.0 amol L1 (atto-molar concentration) can alter the OCP
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Fig. 4. ssDNA on drop detection A) Schematic
representation of ssDNA adsorption onto EEVDs using
a graphene-fc vdW heterojunction; B) Photograph of
EEVD analysis on a drop setup during ssDNA detec-
tion; C) Iys vs. Vys plots of graphene-fc EEVDs under
adsorption of ssDNA in a 1 amol L™! — 1 pmol L™}
concentration range; D) Variation of OCP potential as
a function of ssDNA adsorption in a 1.0 amol L™ — 1
umol L' concentration range (in 0.10 mol L'
phosphate buffer solution: pH 7.2) for graphene-fc
EEVD with n = 3.
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potential, indicating the enhanced sensitivity of EEVDs.

By using graphene-fc EEVDs, an unprecedented LOD of 5.1 x 1072
mol L~! was reached for ssDNA detection at atto-molar concentrations.
To obtain the LOD, the noise of the EEVDs was estimated and evalua-
tions were made using the SD (Standard Deviation) of the lowest con-
centration measured. According to the literature, this approach relies on
the signal-to-noise ratio of the device and proves the presence of analyte
in the test sample with a probability greater than 99% (Brunetti B, 2015;
Inczedy et al., 1998). Other reports in the literature also reached
zepto-molar concentrations for LOD using graphene devices (Ganguli
et al., 2020; Hwang et al., 2020). However, in these reports, specific
DNA fragments were detected through DNA fragment amplification
(Ganguli et al., 2020), and functionalization of graphene with specific
DNA probes (Hwang et al., 2020). Although the methodology presented
here can be considered simpler, robust, and more cost-effective than
other approaches, it is important to consider that further studies to
improve the selectivity and robustness of EEVDs are needed for analyses
of real samples and development of reliable analytical methods. EEVDs
exhibit an improved performance when compared to other
non-graphene-based biosensors for ssDNA detection using electro-
chemical (Li et al., 2019) and electrical (Thangaraj et al., 2016)
detection.

The sensitivity of graphene-fc EEVD for ssDNA biosensing was 1.3
mV/decade. This sensitivity is lower than that reported in the literature
for other graphene-based devices (Campos et al., 2019). Low sensitiv-
ities were obtained for crumpled GFETs with respect to simple
double-stranded DNA physisorption (~6 mV of potential shift for 12
decades, i.e., from 1078010 °mol L7 (Ganguli et al., 2020). Based
on the Ganguli study, low sensitivity values generally indicate that
DNA-based molecules do not strongly adsorb onto the graphene-fc
interface. Sensitivity would improve with further functionalization
techniques or additional amplification steps.

In addition, the graphene-fc heterojunction also exhibited improved
linearity in OCP variations with ssDNA concentration, with a dynamic
range of up to 10°. This range is five orders of magnitude greater than
that achieved with the GFET system proposed by Campos (Campos et al.,
2019). This suggests that an EEVD with the latter heterojunction may be
more suitable for the development of a proper analytical methodology
for future analytical quantifications.

The possibility of detecting atto-molar or sub-atto-molar concentra-
tions using graphene monolayer interfaces has been scarcely explored in
the literature. Most of the reports focus on graphene-based field-effect
devices with structural modifications (Basu and Roychaudhuri, 2016;
Hwang et al., 2020). The preliminary results using the proposed EEVDs
are comparable to those obtained elsewhere using conventional GFETs
(Campos et al., 2019; Hwang et al., 2020), which are known for their
remarkable sensitivity. However, contrary to the aforementioned re-
ports, the use of EEVDs in this work did not consider graphene modifi-
cations for enhanced selectivity, as reported by Campos and by Hwang
(Campos et al., 2019; Hwang et al., 2020). To improve the selectivity in
ssDNA detection, non-covalent functionalization of graphene-fc vdW
heterojunctions is mandatory. Immobilization of a probe DNA strand
onto graphene-fc is a simple strategy that can be performed (Hassan
et al., 2020), and ssDNA quantification through in situ DNA hybridiza-
tion can be successfully performed. Other successful strategies previ-
ously reported in the literature can be used as well. As an example, the
immobilization of peptide nucleic bases onto graphene has proven
successful (Cai et al, 2014, 2015). Immobilization of biotinylated DNA
probes (Abad-Valle et al., 2007) onto graphene-fc heterojunctions can be
considered as well, leading to the development of genosensors based on
EEVD architectures. If properly validated, these devices can be applied
for ssDNA detection in biological media containing proteins, whole cells,
and other components of such complex matrices.

Therefore, by combining these selectivity strategies with an EEVD, it
is possible to predict the successful development of unprecedented
miniaturized robust electroanalytical methodologies for a wide range of
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samples using a limited volume, such as blood, serum, and plasma, with
high sensitivity, selectivity, rapid analysis, low generation of residues,
and cost-effectiveness. The increased drain-source current density ob-
tained with EEVDs enables the monitoring of redox processes and label-
free detection of biomolecules at extremely low concentrations. These
findings open the way for the emergence of new electrochemical ap-
proaches toward more sensitive and stable graphene devices with elec-
trical and electrochemical hybrid detection mechanisms.

4. Conclusions

In this study, we proposed a new short-circuit setup for hybrid
electrochemical applications that provides basal plane current flow
contributions, using a novel graphene-fc heterojunction. Contrary to
field-effect experiments, Ag/AgCls,;; is not polarized by potential
sweeping, thus approximating our setup to that of a pure vertical elec-
tron transfer electrochemical process. Short-circuiting source and drain
terminals allowed us to obtain remarkably higher currents through the
basal plane graphene electron conductivity, which was not modulated
by an external field (as would be the case in field-effect approaches). As
expected, faradaic electron transfer processes could be successfully
monitored in short-circuit setups owing to ferrocene adsorption, as
evidenced by Nyquist EIS plots and the appearance of ferrocene oxida-
tion and reduction peaks in short-circuit sweeps. This proved to be
useful in the study of adsorbed redox molecules present in low excess
quantities on a surface, as in the case of the graphene-fc interface.
Furthermore, capacitance changes caused by ssDNA adsorption were
also investigated, and we found that the OCP potential can be applied as
a target parameter for monitoring some interfacial features of graphene-
fc heterojunctions under short-circuit conditions. Using this novel setup,
we were able to reach an LOD of 5 x 102! mol L™! for ssDNA detection.
Although in-depth discussions regarding the experimental observations
were made, further theoretical developments will be necessary to fully
understand EEVD behavior. Although ssDNA detection in real samples
has not been performed in this study, studies regarding its applicability,
reproducibility, and selectivity in complex media are of great impor-
tance and are being carried out.
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1. Electrochemical etching
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Figure S1. Cyclic voltammetry of bare graphene devices in 0.10 mol L2 HCI for electrochemical
removal of Cu residues at 1 cycle (black), 3 cycle (red) and 16" cycle (blue). v =100 mV s*



2. Monolayer features of graphene
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Figure S2 — A) Raman spectra for monolayer graphene on Si/SiO, after EEVD’s
confection collected at basal plane (black line) and edge (red line) of graphene; B) AFM
micrograph obtained for graphene on Si/SiO; at its basal plane; C) graphene sheet
thickness plot collected by AFM tip on contact mode operation

Figure S2A presents Raman spectra obtained for graphene on Si/SiO, after
graphene transfer procedure. In both cases, it is noticeable the presence of typical
graphene bands (Malard et al., 2009; Wu et al., 2018) as G band, in ~1588 cm™ and 2D
mode in ~ 2650 cm™. While 2D band appears in every graphite-derived material, G band
is typical of graphene and is related to its sp? lattice and active phonons around the
Brillouin symmetry point I'. (Wu et al., 2018) The D mode, in ~1383 cm, is frequently
related to the presence of point defects on graphene sp? lattice and intervalley one-phonon
processes. (Wu et al., 2018) The higher D mode, the higher the amount of point defects
on the graphene sheet. Therefore, from Figure S2A, it is observable that D band intensity
of graphene’s edge is pronounced in comparison to the same band in the basal plane

graphene spectrum. This is an indicative of a low number of defects of our graphene sheet.
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Furthermore, 2D and G band intensities can be related to the number of layers of the
analyzed material. If 2o/l = 2, the studied graphene sheet is ideally presented in a single
layer. (Hao et al., 2010; Wall, 2011) Based on basal plane spectra of Figure S2A, 2o/l

= 1.7, indicating that the graphene used in this work is monolayer.

AFM micrographs and graphene layer thickness plot (Figures S2B and S2C,
respectively) also confirmed the monolayer nature of graphene. Figure S2B topology
scale ranges 2 — 12 nm. Although the expected graphene width is approximately 1.0 nm,
(Fei et al., 2011; lost et al., 2016), the topological scale obtained in this work can be
considered acceptable if unavoidable impurities adsorption during the EEVDs handling,
insertion of point defects and sheet eventual deformations during transferring

methodologies are taken into account.

Graphene thickness was measured from height vs. position of the tip plots in three
different regions of graphene’s basal plane. The average graphene thickness obtained was
(1.1 £0.1) nm. Figure S2C presents one of these plots. Despite theoretical reports predicts
a graphene thickness value of ~0.34 nm, literature considers that monolayer graphene
sheets supported on Si/SiO> substrate presents a thickness of 1.0 nm. This value considers
the adsorption of impurities, graphene sheet deformation due to transferring processes
and the distance between Si/SiO. and graphene sheet due to their van der Waals

interactions. (Fei et al., 2011; lost et al., 2016)
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3. Field-effect experiments with bare graphene and graphene-fc interfaces

Output curves were previously obtained in order to optimize Vgs to be applied in
transfer curves (lgs vs. Vg) and verify the linear region of response under field-effect
conditions of each interface. The obtained results also indicate that all studied interfaces
present ohmic behavior in the studied Vgs interval. No significant change was observed in

these curves as a function of Vgs variation.

To evaluate n, a series of field-effect transfer curves experiments of bare
monolayer graphene in SiO2 were performed (Figures S3, S4), in which a Vene ~ 0.075
V (vs. Ag/AgClsa) was obtained. These data are similar to the results reported elsewhere
in phosphate buffer pH ~7.4 media.(Ohno et al., 2009; Vieira et al., 2016) The expression
n = 7.Vene Was applied, in which h factor (2.4x10 cm V1) represents a parallel plate
capacitor formed by monolayer graphene and 90 nm thick SiO2. (Nourbakhsh et al., 2010)
In sequence, Fermi energy could be evaluated by the classical formulation (Eq. 4 of the
main text) in which ve is Fermi velocity (1.1 x 108 cm s%), 7 is Planck constant and n is

the charge carrier concentration (cm2)(Wu et al., 2018).
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Figure S3. Igs vs. Vgs plots for A) bare graphene, under Vg = 0, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4
and 0.45 V. Gray dashed line correspond to a no electrolyte and no gate voltage applied
measurement; B) graphene-fc under Vg =-0.2, -0.1, 0, 0.1 and 0.2 V; C) Expanded red-circled
region on Figure S2A for better observing lgs variations as a function of different Vq. All voltages

applied vs. Ag/AgCls: as electrolyte-gated electrode. Experiments carried out in 0.01 mol L*
phosphate buffer pH 7.4
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Figure S4. Bare graphene-SiO; transfer curve from -0.3 V to 0.5 V in 0.01 mol L PBS under
Vgs = 0.01V
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4. EEVD scan rate variation study
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Figure S5. Output curves of bare graphene EEVDs in 0.1 mol L-1 phosphate buffer pH 7.2 taken
in short circuit conditions with different scan rates: a) 5 mV s*; b) 10 mV s? and ¢) 25 mV s™.



5. Surface excess of adsorbed ferrocene onto graphene

= — (S1)

Where , n = number of electrons involved in Fe?*/ Fe®* redox pair, F = Faraday’s
constant = 96485 C mol?, A = geometric area of the electrode (in all devices, A ~ 0.01
cm?) and Q = charge obtained by integration of peak current of graphene-fc cyclic
voltammogram in 0.10 mol L phosphate buffer pH 7.2 after subtraction of background

current. (Bard and Faulkner, 2001)
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6. Ferrocene cyclic voltammetry

Electrochemical behavior of graphene-fc interface was investigated in 0.1 mol L*
phosphate buffer pH 7.2 by cyclic voltammetry. The adsorbed ferrocene onto graphene’s
surface acts as a redox probe, allowing us to observe faradaic processes using pristine
graphene as a substrate. The graphene-fc interface presented a quasi-reversible profile,
with a peak potential separation; AE, value of ~ 159 mV and formal potential E> = 0.239
V (vs. Ag/AgClsa). As an adsorbed system, i vs. E curves (i.e, voltammograms) for
graphene-fc interface can be described by Eq. S2, which depends on overpotential; E-E?
and adsorption rate ratio between oxidized (bo) and reduced (br) forms of ferrocene,

following Langmuir’s adsorption model.(Bard and Faulkner, 2001)

F _go'
TlZ'FZ'V'A'FO'(bO/bR)'en /rT (E-E°")

(&)

i = (S2)

RT'[1+(bO/bR)'enF/RT 12
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Figure S6. Cyclic voltammetry of adsorbed ferrocene onto graphene in A) 0.10 mol L* KCI (30™
scan), scan rate = 25 mV s’*; B) Cyclic voltammogram of bare graphene (black) and adsorbed
ferrocene (red) 0.10 mol L™ phosphate buffer pH 7.2, (3" scan), v =25 mV s
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7. Ferrocene redox behavior in short-circuit EEVD approach
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Figure S7. Short-circuit transfer curves for EEVD with graphene-fc interface in 0.10 mol L*
phosphate buffer pH 7.2 from 0 to 0.6 V (vs. Ag/AgClsx) and from 0.6 V to 0 V (vs. Ag/AQClsa),
at5mv st
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8. Output curves for graphene and graphene-fc in short-circuit conditions
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Figure S8. lgs vs. Vg curves In short-circuit conditions for bare graphene on SiO; (black; gray
dots), graphene-fc (red; red dots). Dotted curves correspond to the non-modified ones while solid
curves correspond to signal modified ones, as presented in Figure 2G of the main text.
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9. Field-effect parameters evaluation of bare graphene, graphene-fc and
graphene-fc-ssDNA heterojunctions

Firstly, double-layer capacitance, Cqi, was evaluated according to Eqg. S3, (Ohno
et al., 2009) in which g, = vacuum permittivity, h = double-layer thickness (estimated by
Debye-Length) ~ 1nm, e = electrolyte dielectric constant (H2O) ~ 80 and r = graphene
radius without structural defects (assuming that it acts as a metal disk) ~ 799um. In
sequence, the number of charge carriers (n) inserted by ferrocene on graphene and the on
graphene-fc heterojunction was estimated using Eq. S4. (Islam et al., 2019) For this we

used Cal, as usually advised for electrolyte-gated devices. (Vieira et al., 2016)

2mgg (egp+1)

Cdl = tan—1 [zh-(£R+1)] (83)
ER
Cc
Ap= %' (Acnp) (S4)

In order to evaluate the total gate capacitance (Cg), we estimated the quantum
capacitance of graphene, Cq, using Eq. S5, (Vieira et al., 2016) where: vr = Fermi velocity
(1.108 cms) h = Planck’s constant (1.034x10734 J.s) e = elementary charge n = number
of charge carriers obtained from Eq S4. For pristine graphene interface, Cq was evaluated
from charge carriers concentration due to graphene p doping obtained by n = n.Vcne.
(Nourbakhsh et al., 2010) Total gate capacitance Cq was then evaluated (Eq. S6)
considering it as a series association of Cqi and Cq (Ohno et al., 2009; Vieira et al., 2016).
Next, we obtained transconductance, gm, for both electrons and holes linear regions as
described by Eq. S7. With transconductance values, channel length L ~ 799 um, channel
width W ~1424 um and Vgs = 0.01V, we estimated the charge carrier mobility (Eq. S8)
using the transconductance model (Li et al., 2013) for electrons and holes in our graphene

and graphene-fc devices. In this equation, L = channel length, W = channel width, tox =

13
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thickness of substrate oxide (90 nm); sox = SiO2 dielectric constant (3.9). All results from

these evaluations are presented in Table S1.

A= T )
Cai-Cq

Cg - Ca1 +Cq (86)
_ dIdS

m= s7)

p= e (58)

W eo€ox Vs

Table S1. Field effect parameters evaluated for bare graphene interface, graphene-fc and
graphene-fc-ssDNA heterojunctions

Ca/ uF Cq/ puF Cy/ pF gm €/  Om P/ pe/cm3V  pp/cm?V
Interface An/cm?
cm cm? cm? TR} TR} S S
Graphene 3.2 3.4 1.65 1.5x10%? -2.76 2.86 4037.9 4184.2
Graphene-
¢ 3.2 2.93 1.53 1.14x10%? -1.13 0.82 1653.2 1199.7
c
Graphene-
8.33 2.93 2.16 1.15x10%? -1.58 1.23 23115 1799.5
fc-ssDNA
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10. Circuit simulation observations

For a suitable circuit simulation from Nyquist plots for graphene, graphene-fc and
graphene-fc-ssDNA interfaces, both double-layer capacitance (Cq) and adsorbed
ferrocene layer capacitance (Cads) Were replaced by constant phase elements (CPE) due
to non-ideal surface charge distributions, surface roughness and structural defects of both
graphene monolayer and adsorbed ferrocene . (Barsoukov and Macdonald, 2005)
Furthermore, Cq can be interpreted as an association between diffuse layer capacitance
(Caifr) and Helmholtz layer capacitance (Cr), 1/Ca = 1/Cqitf + 1/Cn, and in higher ionic
concentrations Cgisf contributions are minimized. (Reiner-Rozman et al., 2015) For bare
graphene interfaces, however, simulations were made considering a conventional
Rs[RctCai] circuit owing to the lack of an electroactive adsorbed layer. Considering the
optimized circuit simulations, for bare graphene, Cqi = (11.5 + 0.09) pF cm™ was obtained
and for graphene-fc, Ret = (30.6 + 2.3) kQ and Cqi = (8.05 + 0.08) uF cm™ were obtained
Graphene-fc-ssDNA heterojunction presented capacitive profile without the appearance
of semicircle in the high frequency regime corresponding to electron transfer resistance ,
similar to bare graphene interface, thus no Rct could be obtained. A Cq = (3.7 £ 0.09) uF
cm? was obtained through the same circuit simulation. The value obtained for Cq is
significantly lower than those obtained for bare graphene and graphene-fc interfaces.
These values are more coherent than the values obtained with field-effect experiments
and previous estimative methods reported elsewhere. (Ohno et al., 2009) They are also
in accordance to the Helmholtz electrochemical model for double-layer capacitance,(Bard
and Faulkner, 2001) in which an increase in double layer length due to molecules

adsorption leads to smaller Cgq values.
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Figure S9. Equivalent circuit simulated for graphene-fc and graphene-fc-ssDNA heterojunctions
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11. Raman Spectroscopy

The fabricated graphene devices were studied by Raman spectroscopy in order to
obtain essential information about the bare monolayer graphene interface, such as density
of defects (np), average distance between defects (Lp), and Ip/lg ratios. Doping effects of
ferrocene and ssDNA adsorption onto the graphene interface were also investigated by
evaluating lop/lg ratio, charge carrier concentrations, and Fermi levels, once the
adsorption of ferrocene onto graphene by m—n stacking can open a band gap in the
heterojunction. (Zribi et al., 2019) The studies concerning these three interfaces by Raman
spectroscopy will serve as a guidance for our DNA biosensor based on our hybrid EEVDs
with graphene-fc interface. Raman spectra obtained for bare graphene presented typical
bands of graphene structure. The D mode in ~1324 cm™ is associated to one-phonon
intervalley processes and presence of point defects on graphene’s basal plane. G band,
typical in monolayer graphene sheets, in ~1588 cm™ appears owning to active phonons
around the Brillouin symmetry point I'. 2D mode, in ~2650 cm™, associated to two-
phonon intervalley processes which generally occurs in graphite structures. (Wu et al.,
2018) We did nor observed typical ferrocene bands near 1000 cm™ (Bodenheimer et al.,
1969) for both graphene-fc and graphene-fc-ssDNA interfaces due to the significantly
low concentration of adsorbed ferrocene (~10"2° mol L). For a 0.1 cm? graphene sheet,
we obtained an Ip/lg ratio of 0.11 for pristine graphene, 0.37 for graphene-fc, and 0.25
for graphene-fc-ssDNA, indicating the presence of low number of defects on the basal
plane. Using this data, for bare graphene we obtained a density of defects of 1.1x10°
cm? and an average distance between defects (Lp) value of 53 nm on the basal plane,
according to Egs. S9 and S10, respectively. (Cangado et al., 2011) Graphene-fc and

graphene-fc-ssDNA presented values of 4.2x10° and 2.8x10%° cm defects, respectively.

17
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These data were also in agreement to what is expected for low defect-density pristine

graphene interfaces. (Young et al., 2019)

22
_oy _ 1810220
np(cm™*) = T
LG

1.810%A;
L%) (an) = p .

Ig

(S9)

(S10)

Table S2. Raman spectroscopy parameters obtained using a 633 nm laser for pristine graphene,

graphene-fc and graphene-fc-ssDNA interfaces

Do/l Er/eV n/cm?
Graphene 1.676 +0.155 1.510"
Graphene-fc 1.564 -0.061 2.7 10"
Graphene-fc-ssDNA | 1.445 -0.198 2.9 10"
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CHAPTER 1V - Graphene-based hybrid electrical-electrochemical point-of-care device for
serologic COVID-19 diagnosis

Author Contributions: Isabela A. Mattioli: conceived the project, manufactured the

device, collected and analyzed the data, wrote and revised the manuscript; Karla R Castro:

manufactured the device, wrote and revised the manuscript; Lucyano J. A. Macedo: conceived the

project, analyzed the data, revised the manuscript; Graziela C. Sedenho: collected and analyzed

the data, revised the manuscript; Mona N. Oliveira: collected the samples, performed protein

synhtesis; Iris Todeschini: collected the samples, performed protein synthesis, revised the

manuscript; Phelipe M. Vitale: collected the samples, performed protein synthesis, revised the

manuscript; Suzete C. Ferreira: collected and treated the human samples, revised the manuscript;

Erika R. Manuli: collected and treated the human samples, revised the manuscript; Geovana M.

Pereira: collected the samples, revised the manuscript, Ester C Sabino: collected the samples,

revised the manuscript; and Frank N. Crespilho: conceived the project, wrote and revised the

manuscript.

In this article, a graphene EEVD interface is presented for IgG detections produced in
response for COVID-19 infections, aiming POC COVID-19 diagnosis in a rapid, easy-to-handle
and highly sensitive assay. For this, a monolayer graphene interface was modified by subsequent
non-covalent modifications. Initially, it was carried out an electropolimerization of a redox probe
(poly-neutral red polymer, PNR). In sequence, antigen-antibody interactions established between
IgG and RBD domain of S1 protein of SARS-CoV-2 was explored, by immobilization of a RBD
bioconjugate with gold nanoparticles (AuNP). This strategy was adopted based on the affinity
between AuNP-based species and PNR structure, which are capable of establishing van der Waals
interactions. 1gG detections were explored by employing the hybrid electrical-electrochemical
detection methodology already developed in the previous work presented in Chapter I1l. In this
sense, an LOD of 1.0 pg mL™ for IgG was obtained, in a linear range of 1gG concentrations varying
from 10712 to 107 mol L. Finally, the device was applied for IgG detections in real human serum
samples, with a positive/negative response based on the AVocp obtained. ELISA standard method

for serologic detections was performed for validation of the obtained results.
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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
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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)
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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

Biosensors and Bioelectronics 199 (2022) 113866

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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Fig. 1. G-PNR EEVDs. A) Optical image of a pristine graphene EEVD after confection; B) Raman spectrum for pristine graphene EEVD (graphene on Si/SiO5); C)
Cyclic voltammograms of PNR electropolymerization under Ar atmosphere in a graphene large area (~0.1 cm?) 2D electrode in PBS (0.01 mol L'}, pH 7.4), KNO3
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=50mVs?;D) Cyclic voltammograms of graphene interface in bare PBS (0.01 mol L1, pH 7.4) before PNR functionalization (black) and after PNR functionalization
(red), leading to G-PNR interface; E) Schematic representation of hybrid EE experiments with graphene-based EEVDs; F) Pristine graphene (black) and G-PNR (red)
EE Igs vs. Vg, curves in PBS (0.01 mol L, pH 7.4). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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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

87



LA. Mattioli et al.

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
References

Abramed, Sbac, Cbdl, Sbpc/Ml, 2021.

Akbari Nakhjavani, S., Afsharan, H., Khalilzadeh, B., Ghahremani, M.H., Carrara, S.,
Omidi, Y., 2019. Biosens. Bioelectron. 141, 111439.

Ali, M.A., Hu, C., Jahan, S., Yuan, B., Saleh, M.S., Ju, E., Gao, S.J., Panat, R., 2021. Adv.
Mater. 33, 1-15.

Biswas, S., Kumar Saha, M., 2015. Inmunochem. Immunopathol. 1-5, 01.

Bleu, Y., Bourquard, F., Loir, A.S., Barnier, V., Garrelie, F., Donnet, C., 2019. J. Raman
Spectrosc. 50, 1630-1641.

Brownson, D.A.C., Varey, S.A., Hussain, F., Haigh, S.J., Banks, C.E., 2014. Nanoscale 6,
1607-1621.

Brunetti B, D.E., 2015. Pharm. Anal. Acta, 06.

Brunner, H., Mayer, U., Hoffmann, H., 1997. Appl. Spectrosc. 51, 209-217.

Busch, R.T., Karim, F., Weis, J., Sun, Y., Zhao, C., Vasquez, E.S., 2019. ACS Omega 4,
15269-15279.

Carter, L.J., Garner, L.V., Smoot, J.W., Li, Y., Zhou, Q., Saveson, C.J., Sasso, J.M.,
Gregg, A.C., Soares, D.J., Beskid, T.R., Jervey, S.R., Liu, C., 2020. ACS Cent. Sci. 6,
591-605.

Chaibun, T., Puenpa, J., Ngamdee, T., Boonapatcharoen, N., Athamanolap, P.,
O’Mullane, A.P., Vongpunsawad, S., Poovorawan, Y., Lee, S.Y., Lertanantawong, B.,
2021. Nat. Commun. 12, 1-10.

Charles A Janeway, J., Travers, P., Walport, M., Shlomchik, M.J., 2001. Immunobiol.
Immune Syst. Heal. Dis. 1-9.

Chen, W.H., Hotez, P.J., Bottazzi, M.E., 2020. Hum. Vaccines Immunother. 16,
1239-1242.

Danielson, E., Sontakke, V.A., Porkovich, A.J., Wang, Z., Kumar, P., Ziadi, Z.,
Yokobayashi, Y., Sowwan, M., 2020. Sensor. Actuator. B Chem. 320, 128432.

de Oliveira, T.R., Martucci, D.H., Faria, R.C., 2018. Sensor. Actuator. B Chem. 255,
684-691.

Devineau, S., Anyfantakis, M., Marichal, L., Kiger, L., Morel, M., Rudiuk, S., Baigl, D.,
2016. J. Am. Chem. Soc. 138, 11623-11632.

Filik, H., Aslihan Avan, A., 2020. Microchem. J. 158, 105242.

Georgakilas, V., Tiwari, J.N., Kemp, K.C., Perman, J.A., Bourlinos, A.B., Kim, K.S.,
Zboril, R., 2016. Chem. Rev. 116, 5464-5519.

Guo, S., Wang, E., 2007. Anal. Chim. Acta 598, 181-192.

Hashemi, S.A., Bahrani, S., Mousavi, S.M., Omidifar, N., Behbahan, N.G.G., Arjmand, M.,
Ramakrishna, S., Lankarani, K.B., Moghadami, M., Shokripour, M., Firoozsani, M.,
Chiang, W.-H., 2021. J. Electroanal. Chem. 894, 115341.

Hassan, A., Macedo, L.J.A., Mattioli, I.A., Rubira, R.J.G., Constantino, C.J.L., Amorim, R.
G., Lima, F.C.D.A., Crespilho, F.N., 2021. Electrochim. Acta 376, 138025.

Imai, K., Tabata, S., Ikeda, M., Noguchi, S., Kitagawa, Y., Matuoka, M., Miyoshi, K.,
Tarumoto, N., Sakai, J., Ito, T., Maesaki, S., Tamura, K., Maeda, T., 2020. J. Clin.
Virol. 128, 104393.

Inczedy, J., Lengyel, T., Ure, A.M., 1998. International Union of Pure and Applied
Chemistry.

Tost, R.M., Crespilho, F.N., Zuccaro, L., Yu, H.K., Wodtke, A.M., Kern, K.,
Balasubramanian, K., 2014. ChemElectroChem 1, 2070-2074.

Isho, B., Abe, K.T., Zuo, M., Jamal, A.J., Rathod, B., Wang, J.H., Li, Z., Chao, G., Rojas, O.
L., Bang, Y.M., Pu, A., Christie-Holmes, N., Gervais, C., Ceccarelli, D., Samavarchi-
Tehrani, P., Guvenc, F., Budylowski, P., Li, A., Paterson, A., Yun, Y.F., Marin, L.M.,
Caldwell, L., Wrana, J.L., Colwill, K., Sicheri, F., Mubareka, S., Gray-Owen, S.D.,
Drews, S.J., Siqueira, W.L., Barrios-Rodiles, M., Ostrowski, M., Rini, J.M.,
Durocher, Y., McGeer, A.J., Gommerman, J.L., Gingras, A.C., 2020. Sci. Immunol. 5,
1-14.

Jiang, Z., Feng, B., Xu, J., Qing, T., Zhang, P., Qing, Z., 2020. Biosens. Bioelectron. 166,
112471.

Kudr, J., Michalek, P., Ilieva, L., Adam, V., Zitka, O., 2021. TrAC Trends Anal. Chem.
(Reference Ed.) 136, 116192.

Lan, J., Ge, J., Yu, J., Shan, S., Zhou, H., Fan, S., Zhang, Q., Shi, X., Wang, Q., Zhang, L.,
Wang, X., 2020. Nature.

Biosensors and Bioelectronics 199 (2022) 113866

Lew, T.T.S., Aung, K.M.M., Ow, S.Y., Amrun, S.N., Sutarlie, L., Ng, L.F.P., Su, X., 2021.
ACS Nano.

Li, Z., Yi, Y., Luo, X., Xiong, N., Liu, Y., Li, S., Sun, R., Wang, Y., Hu, B., Chen, W.,
Zhang, Y., Wang, J., Huang, B., Lin, Y., Yang, J., Cai, W., Wang, X., Cheng, J.,
Chen, Z., Sun, K., Pan, W., Zhan, Z., Chen, L., Ye, F., 2020. J. Med. Virol.

Liang, Y., Yan, H., Huang, L., Zhao, J., Wang, H., Kang, M., Wan, Z., Shui, J., Tang, S.,
2021. J. Virol. Methods 292, 114141.

Liu, H., Dai, E., Xiao, R., Zhou, Z., Zhang, M., Bai, Z., Shao, Y., Qi, K., Tu, J., Wang, C.,
Wang, S., 2021. Sensor. Actuator. B Chem. 329, 129196.

Liu, H., May, K., 2012. mAbs 4, 17-23.

Liu, J., Li, Q., Zou, Y., Qian, Q., Jin, Y., Li, G., Jiang, K., Fan, S., 2013. Nano Lett. 13,
6170-6175.

Macedo, L.J.A., lIost, R.M., Hassan, A., Balasubramanian, K., Crespilho, F.N., 2019.
ChemElectroChem 6, 31-59.

Macedo, L.J.A., Lima, F.C.D.A., Amorim, R.G., Freitas, R.O., Yadav, A., lost, R.M.,
Balasubramanian, K., Crespilho, F.N., 2018. Nanoscale 10, 15048-15057.

Malard, L.M., Pimenta, M.A., Dresselhaus, G., Dresselhaus, M.S., 2009. Phys. Rep. 473,
51-87.

Mattioli, Isabela A., Crespilho, F.N., 2020. CC-PI-2020-0101.

Mattioli, Isabela Alteia, Crespilho, F.N., 2020. An. Acad. Bras. Cienc. 1-3.

Mattioli, I.A., Hassan, A., Oliveira, O.N., Crespilho, F.N., 2020. ACS Sens.

Mattioli, I.A., Hassan, A., Sanches, N.M., Vieira, N.C.S., Crespilho, F.N., 2021. Biosens.
Bioelectron. 175, 112851.

Mazar, F.M., Alijanianzadeh, M., Molaeirad, A., Heydari, P., 2017. Process Biochem. 56,
71-80.

Minamiki, T., Minami, T., Kurita, R., Niwa, O., Wakida, S.I., Fukuda, K., Kumaki, D.,
Tokito, S., 2014. Materials (Basel) 6, 6843-6852.

Montesinos, 1., Gruson, D., Kabamba, B., Dahma, H., Wijngaert, S. Van Den, Reza, S.,
Carbone, V., Vandenberg, O., Gulbis, B., Wolff, F., Rodriguez-Villalobos, H., 2020.
J. Clin. Virol. 128, 104413.

Pauliukaite, R., Brett, C.M.A., 2008. Electroanalysis 20, 1275-1285.

Pauliukaite, R., Ghica, M.E., Barsan, M., Brett, C.M.A., 2007. J. Solid State Electrochem.
11, 899-908.

Pingarrén, J.M., Yanez-Sedeno, P., Gonzélez-Cortés, A., 2008. Electrochim. Acta 53,
5848-5866.

Prakash, A., Pathrose, B.P., Mathew, S., Nampoori, V.P.N., Radhakrishnan, P.,

Mujeeb, A., 2018. Opt. Mater. (Amst). 79, 237-242.

Prasad, K.S., Cao, X., Gao, N., Jin, Q., Sanjay, S.T., Henao-Pabon, G., Li, X.J., 2020.
Sensor. Actuator. B Chem. 305, 127516.

Premkumar, L., Segovia-Chumbez, B., Jadi, R., Martinez, D.R., Raut, R., Markmann, A.J.,
Cornaby, C., Bartelt, L., Weiss, S., Park, Y., Edwards, C.E., Weimer, E., Scherer, E.M.,
Rouphael, N., Edupuganti, S., Weiskopf, D., Tse, L.V., Hou, Y.J., Margolis, D.,
Sette, A., Collins, M.H., Schmitz, J., Baric, R.S., de Silva, A.M., 2020. Sci. Immunol.
5, 1-10.

Qing, Z., Li, Yacheng, Li, Younan, Luo, G., Hu, J., Zou, Z., Lei, Y., Liu, J., Yang, R., 2020a.
Microchim. Acta 187.

Qing, Z., Luo, G., Xing, S., Zou, Z., Lei, Y., Liu, J., Yang, R., 2020b. Angew. Chem. Int. Ed.
59, 14044-14048.

Raffle, A.E., Pollock, A.M., Harding-edgar, L., 2020. BMJ 10-11.

Ragavendar, M.S., Anmol, C.M., 2012. Proc. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc.
EMBS 2408-2411.

Raoof, M., Jans, K., Bryce, G., Ebrahim, S., Lagae, L., Witvrouw, A., 2013. Microelectron.
Eng. 111, 421-424.

Reddy, D., Register, L.F., Carpenter, G.D., Banerjee, S.K., 2012. J. Phys. D. Appl. Phys.
45,

Roy, E., Patra, S., Tiwari, A., Madhuri, R., Sharma, P.K., 2017. Biosens. Bioelectron. 89,
234-248.

Sedenho, G.C., Hassan, A., Macedo, L.J.A., Crespilho, F.N., 2021. J. Power Sources 482,
229035.

Seo, G., Lee, G., Kim, M.J., Baek, S.-H., Choi, M., Ku, K.B., Lee, C.-S., Jun, S., Park, D.,
Kim, H.G., Kim, S.-J., Lee, J.-O., Kim, B.T., Park, E.C., Kim, S. II, 2020. ACS Nano.

Sun, B., Feng, Y., Mo, X., Zheng, P., Wang, Q., Li, P., Peng, P., Liu, X., Chen, Z.,
Huang, H., Zhang, Fan, Luo, W., Niu, X., Hu, P., Wang, L., Peng, H., Huang, Z.,
Feng, L., Li, Feng, Zhang, Fuchun, Li, Fang, Zhong, N., Chen, L., 2020. Emerg.
Microb. Infect. 1-36, 0.

Suresh, L., Brahman, P.K., Reddy, K.R., Bondili, J.S., 2018. Enzym. Microb. Technol. 112,
43-51.

Theel, E.S., Harring, J., Hilgart, H., Granger, D., 2020. J. Clin. Microbiol. 58.

Torrente-Rodriguez, R.M., Lukas, H., Tu, J., Min, J., Yang, Y., Xu, C., Rossiter, H.B.,
Gao, W., 2020. Matter 3, 1981-1998.

Tré-Hardy, M., Wilmet, A., Beukinga, I., Favresse, J., Dogné, J.M., Douxfils, J.,

Blairon, L., 2020. J. Med. Virol. 93, 803-811.

Turkevich, J., Stevenson, P.C., Hillier, J., 1951. Discuss. Faraday Soc. 55, 55-75.

Vieira, N.C.S., Borme, J., Machado, G., Cerqueira, F., Freitas, P.P., Zucolotto, V., Peres, N.
M.R., Alpuim, P., 2016. J. Phys. Condens. Matter 28.

Vu, C.A., Pan, P.H,, Yang, Y.S., Chan, H.W.H., Kumada, Y., Chen, W.Y., 2021. Sensors
(Switzerland) 21, 1-12.

Wang, Q.H., Jin, Z., Kim, K.K., Hilmer, A.J., Paulus, G.L.C., Shih, C.J., Ham, M.H.,
Sanchez-Yamagishi, J.D., Watanabe, K., Taniguchi, T., Kong, J., Jarillo-Herrero, P.,
Strano, M.S., 2012. Nat. Chem. 4, 724-732.

Wang, Z., Zheng, Z., Hu, H., Zhou, Q., Liu, W., Li, X., Liu, Z., Wang, Y., Ma, Y., 2020. Lab
Chip 20, 4255-4261.

Wen, T., Huang, C., Shi, F.J., Zeng, X.Y., Lu, T., Ding, S.N., Jiao, Y.J., 2020. Analyst 145,
5345-5352.

Who, 2020. Situation by WHO Region.

91


https://doi.org/10.1016/j.bios.2021.113866
https://doi.org/10.1016/j.bios.2021.113866
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref2
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref2
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref3
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref3
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref4
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref5
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref5
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref6
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref6
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref7
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref8
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref9
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref9
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref10
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref10
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref10
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref11
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref11
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref11
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref12
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref12
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref13
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref13
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref14
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref14
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref15
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref15
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref16
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref16
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref17
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref18
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref18
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref19
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref20
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref20
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref20
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref21
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref21
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref22
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref22
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref22
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref23
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref23
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref24
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref24
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref25
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref25
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref25
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref25
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref25
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref25
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref25
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref26
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref26
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref27
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref27
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref28
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref28
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref29
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref29
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref30
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref30
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref30
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref31
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref31
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref32
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref32
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref33
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref34
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref34
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref35
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref35
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref36
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref36
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref37
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref37
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref38
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref39
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref40
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref41
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref41
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref42
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref42
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref43
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref43
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref44
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref44
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref44
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref45
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref46
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref46
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref47
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref47
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref48
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref48
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref49
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref49
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref50
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref50
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref50
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref50
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref50
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref51
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref51
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref52
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref52
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref53
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref54
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref54
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref55
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref55
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref56
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref56
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref57
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref57
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref58
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref58
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref59
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref59
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref60
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref60
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref60
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref60
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref61
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref61
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref62
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref63
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref63
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref64
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref64
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref65
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref66
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref66
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref67
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref67
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref68
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref68
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref68
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref69
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref69
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref70
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref70
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref71

L.A. Mattioli et al.

Yakoh, A., Pimpitak, U., Rengpipat, S., Hirankarn, N., Chailapakul, O., Chaiyo, S., 2021.
Biosens. Bioelectron. 176, 11912.

Yang, D., Kroe-Barrett, R., Singh, S., Laue, T., 2019. Antibodies 8, 24.

Yang, Jingyun, Wang, W., Chen, Z., Lu, S., Yang, F., Bi, Z., Bao, L., Mo, F., Li, X.,
Huang, Y., Hong, W., Yang, Y., Zhao, Y., Ye, F., Lin, S., Deng, W., Chen, H., Lei, H.,
Zhang, Z., Luo, M., Gao, H., Zheng, Y., Gong, Y., Jiang, X., Xu, Y., Lv, Q., Li, D.,
Wang, M., Li, F., Wang, S., Wang, Guanpeng, Yu, P., Qu, Y., Yang, L., Deng, H.,
Tong, A., Li, J., Wang, Z., Yang, Jinliang, Shen, G., Zhao, Z., Li, Y., Luo, J., Liu, H.,
Yu, W, Yang, M., Xu, J., Wang, J., Li, H., Wang, H., Kuang, D., Lin, P., Hu, Z.,
Guo, W., Cheng, W., He, Y., Song, X., Chen, C., Xue, Z., Yao, S., Chen, L., Ma, X.,

10

92

Biosensors and Bioelectronics 199 (2022) 113866

Chen, S., Gou, M., Huang, W., Wang, Y., Fan, C., Tian, Z., Shi, M., Wang, F.S., Dai, L.,
Wu, M., Li, G., Wang, Guangyu, Peng, Y., Qian, Z., Huang, C., Lau, J.Y.N,, Yang, Z.,
Wei, Y., Cen, X., Peng, X., Qin, C., Zhang, K., Lu, G., Wei, X., 2020. Nature 586,
572-577.

Zeng, L., Li, Y., Liu, J., Guo, L., Wang, Z., Xu, X., Song, S., Hao, C,, Liu, L., Xin, M., Xu, C.,
2020. Mater. Chem. Front.

Zhang, Y., Liu, X., Wang, L., Yang, H., Zhang, X., Zhu, C., Wang, W., Yan, L., Li, B., 2020.
Sci. Rep. 10, 9604.

Zhu, Y., Murali, S., Cai, W., Li, X., Suk, J.W., Potts, J.R., Ruoff, R.S., 2010. Adv. Mater.
22, 3906-3924.


http://refhub.elsevier.com/S0956-5663(21)00903-9/sref72
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref72
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref73
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref74
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref74
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref74
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref74
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref74
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref74
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref74
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref74
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref74
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref74
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref74
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref75
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref75
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref76
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref76
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref77
http://refhub.elsevier.com/S0956-5663(21)00903-9/sref77

93

Supporting information

Graphene-Based Hybrid Electrical-
Electrochemical Point-of-Care Device for
Serologic COVID-19 Diagnosis

Isabela A. Mattioli*, Karla R. Castro®, Lucyano J. A. Macedo®; Graziela C. Sedenho® Mona N
Oliveira?, Iris Todeschini?, Phelipe M. Vitale?, Suzete C. Ferreira*®, Erika R. Manuli®®,

Geovana M. Pereira®, Ester C. Sabino *® and Frank N. Crespilho'*

1S40 Carlos Institute of Chemistry, University of Sdo Paulo, Sdo Carlos, SP 13560-970, Brazil
2 Biolinker Synthetic Biology EIRELI, Sdo Paulo, 05508-000, Brazil

% Institute of Tropical Medicine, Faculty of Medicine, University of Sdo Paulo, 05403-000,
Brazil

4 Laboratory of Medical Investigation in Pathogenesis and Targeted Therapy in Onco-
Immuno-Hematology (LIM-31), Department of Hematology, Clinical Hospital HCFMUSP,
Faculty of Medicine, University of Sdo Paulo, Sdo Paulo, 01246903, Brazil

5 Division of Research and Transfusion Medicine, Sdo Paulo Hemocentre Pro-Blood
Foundation, Sdo Paulo, 05403000, Brazil

® LIM-46 HC-FMUSP — Laboratory of Medical Investigation, Clinical Hospital, Faculty of
Medicine, University of Sdo Paulo, 01246903, Brazil

Keywords: SARS-CoV-2, COVID-19, serologic detections, graphene, IgG, biosensor



1. EEVD preparation
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Preparation of electrical
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nanometric-scaled films of
Ti and Pt

Deposit of polystyrene in
toluene films on CVD
graphene

- C__
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Figure S1 - Pristine graphene EEVD confection. Schematic representation of the steps involved
on the monolayer graphene EEVD confection by wet graphene transfer procedure, mediated by

polystyrene polymer.



Si/SiO, device
edge

Electrical contact Channel

Figure S2 - Pristine graphene EEVD. Photograph of pristine graphene EEVD ready-to-use.
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2. Electrochemical etching
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Figure S3 - E-etching of Cu residues. Cyclic voltammograms of Cu residues removal of EEVD
graphene surface after wet transfer procedure in 0.1 mol L™ HCI, v = 100 mV s. The color scale
varies from clearer pink to darker pink, between 1%, 3¢, 5% 10" and 15" scans.
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3. PNR Electropolymerization

A

After PNR

Bare graphene ST
polymerization

Figure S4 — Optical images of PNR polymerization. Optical image of large area pristine
graphene 2D electrode (A) before and (B) after PNR electropolymerization.

The electropolymerization coating of the graphene sheet is also observed by the
color contrast in the optical micrographies, where the PNR-coated graphene sheet

becomes much less translucid on Si/SiO> substrate.



4. Raman Spectroscopy for G-PNR interface
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Figure S5 - Raman spectra of graphene and G-PNR electrode surfaces. Comparison between
graphene and G-PNR after PNR electropolymerization.

The adsorption of electropolymerized PNR led to the occurrence on n-doping onto
graphene, according to EEVDs Igs vs. Vs results. According to literature, tendencies on n
or p-doping can also be inferred by Raman Spectroscopy, by evaluating G and 2D modes
wavenumber shifts.(Wu et al., 2018) However, Raman spectra obtained for both graphene
and G-PNR interfaces presented subtle blueshifts of both G and 2D modes,
controversially indicating p-doping. In fact, evidences of p-doping can appear due to sp*-
like defects creation by oxidation of some parts of graphene lattice during
electropolymerization by cyclic voltammetry, similarly to what is observed for GO.(Wu
et al., 2018) This is corroborated by the increase in D band, generally correlated to point
defects on graphene lattice.(Malard et al., 2009) The formation of graphene-polymer
composites can also involve stress and strain of graphene lattice and, for this reason,

blueshifts are also expected.(Wu et al., 2018)
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5. G-PNR Electrochemical Impedance Spectroscopy studies
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Figure S6 - EIS G-PNR characterization. A) Nyquist plots obtained by EIS for bare graphene
(black) and G-PNR (red) EEVD interfaces in a non-electroactive reaction medium (0.01 mol L*
PBS pH 7.4), from 1x10° to 0.1 Hz under DCy.: = each interface OCP potential, variating with 5
mV of amplitude. B) Impedance modulus curves for graphene (black) and G-PNR (red) interfaces
in 0.01 mol L PBS pH 7.4, from 1x10° to 0.1 Hz, amplitude = 5 mV and DCp.: = OCP of each
interface

Nyquist plots (Figure S6A) were obtained under OCP potential polarization in a non-
electroactive electrolyte, no Ret semicircle was clearly observed, due to the absence of
charge transfer processes. For G-PNR, however, a tendency to a semicircle formation can
be noticed owing to the faradaic features of electroactive PNR layer. Differences in the
plots inclination are generally attributed to capacitive alterations, (Barsoukov and
Macdonald, 2013) and in this context, it was possible to infer that PNR modifications
decreased the total interfacial capacitance (Figure S6B). This is coherent to the Helmholtz
double-layer capacitance model, in which the double-layer capacitance (Cq) is inversely
proportional to the double-layer width.(Bard and Faulkner, 2001) This was corroborated
by Cal values obtained after best electrochemical circuit fitting (Figure S7): 99.5 £ 5.8 uF
cm for bare graphene and 84.6 + 14.1 uF cm for G-PNR. Both circuits were simulated
based on a typical Randles circuit for electrochemical interfaces. However, ideal double-
plate capacitance was replaced by a Constant Phase Element (CPE) in order to take into
account interfacial imperfections as roughness, non-homogeneous surface charge
distributions, and structural defects.(Barsoukov and Macdonald, 2013) The adsorbed
PNR electroactive layer was also considered on equivalent circuit in Figure S7 by adding
an extra CPEags in series to Ret.(Bard and Faulkner, 2001)
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Figure S7 - Equivalent circuits. Equivalent circuits for A) graphene and B) G-PNR interfaces
after best electrochemical circuit fitting on NOVA software.



6. UV-Vis for AUNP/RBD bioconjugate
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Figure S8 — Bioconjugates UV-Vis spectra. UV-Vis spectra for individual steps of BSA and
protein additions for A) AuNP/RBD bioconjugates for the following involved reagents: AuNP
(—), PBS + borate buffer (—), PBS + BSA protein (—), PBS + RBD protein (—) and the final
AuNP/RBD bioconjugate (—).

All spectra were obtaining considering the spectrum of an aqueous 0.01 mol Lt PBS
pH 8 solution as baseline. As expected, AUNP spectrum presented its typical absorption
band in 525 nm for AuNP, indicating that insignificant nanoparticles aggregation
occurred and the used AuUNP may present a diameter value between 15-20 nm.(Cervini et
al., 2019) RBD individual spectrum in 0.01 mol L PBS pH 8 presented an absorption
band in 280 nm, expected due to its proteinaceous nature and the predicted presence of
some chromophore residues, as Trp and Tyr.(Nelson and Cox, 2005) This was also valid
for individual BSA spectra. Finally, AUNP/RBD spectrum presented a shift in AUNP-525
nm absorption band to higher wavenumbers (537 nm). This redshift is expected for
AuNP-based bioconjugates formation and is associated with alterations in the dielectric
constant of the electrostatically bonded proteins.(Kozlowski et al., 2018) This is an
indicative of interaction establishment between AuNP and RBD and can be used to

conclude that the bioconjugate synthesis was successful.
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TEM characterization for AUNP
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Figure S9 — TEM micrograph for bare AuNP. A) TEM micrograph for bare AuNP colloidal
suspension; B) AuNP diameter distribution obtained from TEM micrograph in A), average

diameter of (15.3 £ 1.9) nm.
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8. Interferents tests
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Figure S10 — Possible interferents in 1gG detection in human sera samples. Experiments were

performed in 0.01 mol L PBS pH 7.4 as support electrolyte with 1.0 ug mL* human IgM, BSA

and bilirubin oxidase, respectively.
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CHAPTER V - Interfacial SARS-CoV-2 RBD femtomolar detections through graphene
electrical-electrochemical vertical devices in serum and saliva

In this original work, two different detection devices were developed for COVID-19
diagnosis though serological and viral quantification strategies. For this, the same G-PNR interface
employed in the work presented in the Chapter IV was used. A similar strategy in which AuNP-
bioconjugates were employed for immobilized probes was adopted, however, with AuNP/IgG
species, capable of attaching RBD through antigen-antibody interactions. Further studies on the
G-PNR interface were carried out by Micro-Raman mapping, in order to understand the extension
of defects generation by PNR electropolymerization. After AUNP/IgG immobilization by drop-
casting, Micro-FTIR images were collected to check the distribution of the bioconjugate
throughout the surface. Hybrid EE experiments also proved that OCP variations can be used for
monitoring RBD interfacial interaction with G-PNR-AuNP/IgG device by the establishment of
specific antigen-antibody bondings. Moreover, these OCP shifts were showed to follow a linear
relationship as a function of detected RBD. These results were already expected based on the
reports of our EEVDs behavior in the previous chapters. A remarkably low LOD of 2.86 fmol L™
with a sensitivity of 6.1 mV/decade was obtained for RBD detections in a wide linear range (from
10?2 to 107" mol L'1), showing the promising sensitivity of the device for early-stage viral diagnosis
of COVID-19. Studies on synthetic saliva and bovine fetal serum showed that the device can
maintain its sensitivity in more complex matrixes and differentiate positive than negative infected

samples in a rapid, easy-to-handle and miniaturized assay.
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1. INTRODUCTION

One of the most effective strategies for controlling COVID-19 pandemics and SARS-CoV-
2 rapid spread throughout the global communities is performing rapid detections of active viral
infections in early stage. (SHAO et al., 2021) Several strategies have been presented with these
purposes, mainly relying on antigen and genetic detections. (BAKER et al., 2020; CORMAN et
al., 2020; LEE et al., 2021; ROH; JO, 2011; SHAO et al., 2021; TORRENTE-RODRIGUEZ et
al., 2020; ZHANG, Xiaoyan et al., 2020) Among them, antigen detection strategies are attractive
because they are inexpensive, with a short turnaround time and high specificity if adequate probes
are used. (SHAO ef al., 2021) Recently, Lateral Flow Devices (LFD) and POC antigen SARS-
CoV-2 for rapid detections have been massively employed due to its high specificity, low cost,
facility of operation and rapidness of the analyses. However, their low sensitivity frequently
claimed in literature make LFD’s reliability and robustness dubious for early stage
diagnosis.(MOYSE, 2021; SHAO ef al., 2021) Furthermore, its high false negative rates are also
disadvantages for patients social isolation maintenance. (MOYSE, 2021) On the other hand, when
compared to genetic detections, mainly performed by RT-PCR (Reverse Transcription Polymerase
Chain Reaction), antigen detections do not require expensive and specific primers, dedicated
laboratory facilities, and highly-skilled operators. (BAKER et al., 2020; MATTIOLI et al., 2020;
SHAO et al., 2021) Therefore, these issues related to antigen detections by LFD and genetic
detections by RT-PCR are challenges to be overcame in diagnosis research area.

For antigen detections, an antigen domain must be chosen as target for assay development.
SARS-CoV-2 Spike (S) protein is one of the most employed encoded genes, due to its primordial
importance for infection establishment, cells invasion, and immunity induction through vaccines.
(WALLS et al., 2020; YANG et al., 2020) S protein is divided into two subunits, S1 and S2. Its
main binding site, the Receptor Binding Domain (RBD), located at S1 subunit, is capable of
binding to host cells and allowing cell invasion, specially through interactions with Angiotensin
Conversion Enzyme (ACE2). (MATTIOLI et al., 2020) In addition, RBD is a highly specific and
dominant target for antibodies response and infection combat in a infected patient.
(PREMKUMAR et al., 2020) In this context, literature present several methodologies described
for SARS-CoV-2 antigen detection based on optical, (PINALS et al., 2021) electrochemical,
(AYDIN; AYDIN; SEZGINTURK, 2021; MOJSOSKA et al., 2021), and electrical detections,
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(SEO et al., 2020; SHAO et al., 2021) as well as immunochromatographic (BAKER et al., 2020)
and ELISA (BARLEV-GROSS et al., 2021) assays.

Among these, electrical detections are advantageous due to its rapidness of analyses, high
sensitivity and possibility of miniaturization, and delivering POC assays for COVID-19 large-scale
infection mapping. Graphene detection devices, by its turn, are promising for application in
bioelectronics due to its unique intrinsic properties, as high charge carrier mobility, high electrical
conductivity, chemical stability and biocompatibility, being a suitable 2D platform for
biomolecules immobilization. (SAN ROMAN; GARG; COHEN-KARNI, 2020) In this sense, for
a proper electrical detection by a graphene device with maximum exploration of its high basal
plane conductivity, charge carrier mobility, and low basal plane resistivity, the graphene sp? carbon
lattice must be preserved. (MACEDO et al., 2019; MATTIOLI et al., 2021; SUN; SUN; XIE,
2017) Simultaneously, for improving some analytical features of these devices, as Limit of
Detection (LOD), specificity and sensitivity, functionalization is often required. In order to
overcome these challenges without harming graphene carbon lattice and decreasing its electrical
performance, non-covalent functionalization is the most suitable strategy to be adopted. (SHOWN;
GANGULY, 2016) In some cases, the adsorption of compounds onto graphene by n—n stacking
can lead to interesting graphene-based heterojunctions with redox behavior, enabling the
application of a hybrid electrical-electrochemical detection methodology.(MATTIOLI et al.,
2021) Moreover, by choosing a suitable modifier, these heterojunctions can act as efficient
biosensing platform for anchoring proteins and other biomolecules without the need of extensive

reactions and covalent modifications.

2. OBJECTIVES

In this work, a miniaturized graphene device modified with COVID-19 monoclonal IgG
antibodies was developed for highly sensitive early-stage SARS-CoV-2 detections by specific
interactions with RBD domain of S protein. To the best of our knowledge, there are few reports
on SARS-CoV-2 viral detections through Spike/RBD antigen targeting using graphene-based
electrical devices [7,16] and further studies for analytical performance improvements are needed.
For this, a gold nanoparticle (AuNP)-based bioconjugate was employed as immobilized probes for
RBD protein, similar to that demonstrated in our previous work. (MATTIOLI et al., 2021) The

detection is based on interfacial potential variations due to specific antigen-antibody interactions,
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similarly to field-effect transistors Dirac’s point shifts monitoring, (DONNELLY et al., 2018;
MATTIOLI et al., 2021) enabling detections with high sensitivity, device stability, and rapidness.
Moreover, the miniaturized features of this working device required only 40 pL of sample in an
on-drop configuration. This allowed in-field POC detections with the use of miniaturized

potentiostat equipment for mass COVID-19.

3. METHODS
3.1. Reagents and materials

Ethanol, isopropanol, monobasic sodium phosphate, potassium phosphate and sulfuric
acid were purchased from Synth®, Brazil. Neutral red dye, hydrochloric acid (37% v/v), toluene,
polystyrene (MM ~192.000 g mol™), tetrachloroauric acid trihydrate, potassium chloride, lactic
acid (85% v/v), ethanolamine, Tween 20, bovine fetal serum (BS) and bovine serum albumin
(BSA) protein were acquired from Sigma Aldrich®. Hydrogen peroxide (30-32%, v/v) was
purchased from Vetec®, Brazil, and acetone was obtained from Chemis®, Brazil. Monoclonal IgG
human antibodies from SARS-CoV-2 (ab273073) were acquired from Abcam®, (USA).
Recombinant SARS-CoV-2 S1-RBD with His tag (MW ~35 kDa) was obtained from Biolinker®,
(Brazil). p-doped Si/SiO> (dsioz = 90 nm) substrates were acquired from Graphene Supermarket®,
USA. CVD (Chemical Vapor Deposition) monolayer graphene was purchased from Graphenea®,
Spain. Electrical contact films were made through deposition of Ti and Pt metallic spots obtained
from Electron Microscopy Sciences®, USA. All aqueous solutions were prepared with deionized

water with resistivity > 18 MQ cm.

3.2. Samples preparation

BS (Bovine Serum) was used as matrix for RBD detections. Spiked RBD positive samples
were prepared according to the literature, (STAMATATOS et al., 2021) by diluting 0.2 mg mL"!
RBD in BS matrix (1:500, v/v). The negative ones concerned bare BS matrix. Synthetic saliva
samples were prepared according to Bao and collaborators. (BAO; KAUR; KIM, 2019) Briefly,
12 uL of lactic acid (85%), NaCl (13.2 mg). KCI (96.5 mg), CaCl, (17.2 mg), urea (20.4 mg),
KH>PO4 (65 mg) and carboxymethylcelullose (5 mg) were added to 100 mL of deionized water.
Positive saliva samples were spiked with RBD in the 1:500 (v/v) proportion.
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3.3. AuNP synthesis

Colloidal AuNP was synthetized according to previous literature methods. (TURKEVICH;
STEVENSON; HILLIER, 1951) For this, 20 mL of 1.0 mmol L' AuCls:3H,0 aqueous solution
were heated until it reached boiling point under vigorous stirring. Next, 2.0 mL of 1.0 % (m/v)
sodium citrate was added and the resulting mixture was kept under vigorous stirring at boiling
point until reaching a dark-red color. The resulting AuNP colloidal suspension was cooled at ice

bath under light protection. The final suspension was stored at 4 °C and kept protected from light.

3.4. Bioconjugates synthesis

AuNP/IgG bioconjugates were prepared according to a previous reported
procedure.(TAGHIPOUR; KHARRAZI; AMINI, 2018) Briefly, 1.5 mL of colloidal AuNP was
mixed with 60 uL of 0.1 mol L"! NaOH and 0.6 uL of monoclonal IgG antibody. After incubation
at room temperature for 30 min under stirring, 25 pL of 0.4 mg mL™! BSA in deionized water was
added, and the resulting mixture was again incubated for 30 minutes at room temperature. Finally,
it was centrifuged at 10,000 rpm and 4 °C for 20 minutes, then the AuNP/IgG bioconjugate was
resuspended into deionized water, in order to keep the pH between 5.5-6.0, close to the IgG

isoelectric point.(TAGHIPOUR; KHARRAZI; AMINI, 2018)

3.5. Micro-FTIR measurements

Micro-FTIR (Fourier Transformed Infrared Spectroscopy) characterizations were
performed in a Vertex 70v Fourier Transform Infrared Spectrometer coupled to an Infrared
microscope Hyperion 3000 (Bruker). Chemical 2D and 3D images of PNR and AuNP/IgG
deposited onto graphene interfaces were obtained using a liquid nitrogen-cooled 64x64 Focal
Plane Array (FPA) detector over a 200 x 200 um? area. The measurements were performed in a
thin Au layer substrate at room temperature and room atmosphere, with 128 scans acquisition at 8
cm’! resolution. 2D and 3D chemical map of AuNP/IgG bioconjugate onto G-PNR (Graphene
modified with PNR after electrodeposition) surface was made according to amide I (1652 cm™)

and amide II (1570 cm™) bands integration.
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3.6. UV-Vis measurements

UV-Vis measurements were carried out in JASCO V-670 UV-Vis spectrophotometer,
using an halogen-tungsten light source ranging from 800 to 190 nm, with scan speed of 200nm
min’!. Dilutions of 50x from the original stock solutions were performed for all samples containing
proteins (IgG, BSA) used in bioconjugate synthesis. Final bioconjugate samples were diluted 10x.
All spectra were presented with normalized absorbance values from 0 to 1 for maximum

absorbance.

3.7. Dynamic light scattering measurements (DLS)

These measurements were performed in a Zetasizer Nano ZS Nanoseries equipment
(Malvern). AuNP and AuNP/IgG bioconjugate samples were diluted in in water at 1:8 proportion
prior to analyzes. The used parameters were: refraction index of 1.33; temperature of 25°C,
viscosity of 0.8872 cP and material absorption index of 3.320. All experiments carried out in

triplicate.

3.8. EEVDs confection

Initially, EEVD (Electrical Electrochemical Vertical Devices) electric contacts were made
by deposition of thin films of 10 nm Ti and 20 nm of Pt at Si/SiO substrates by sputtering at
Brazilian Nanotechnology National Laboratory (LNNano) at the Brazilian Center for Research in
Energy and Materials (CNPEM). Then, CVD monolayer graphene was transferred to Si/Si0O chips
by polymer-mediated graphene process.(HASSAN et al., 2021; MACEDO et al., 2018) For this,
a drop of polystyrene dissolved in toluene was deposited onto small-area pieces of CVD monolayer
graphene on Cu foil and let to dry at 70 °C. The Cu foil was subsequently removed by etching in
an aqueous oxidizing solution containing HCl and H»>O» (3:1, v/v). After this, substrates with
monolayer graphene already transferred were kept at 90 °C for 15 min. Then, the polystyrene layer
was dissolved in toluene. A thermal annealing under Ar atmosphere at 585 °C was finally

performed.
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3.9. EEVD modification

The pristine graphene surfaces of EEVDs were modified with poly-neutral red (PNR) by
electropolymerization. For this, cyclic voltammetry was performed in 2 mmol L' PNR in 0.5 mol
L' KNO; solution from -1.0 to 1.2 V (vs. Ag/AgClsa) at v =50 mV s’ for 2 scans, and from -1.0
to 0.5 V (vs. Ag/AgCls), v = 50 mV s for 15 scans. (PAULIUKAITE et al., 2007;
PAULIUKAITE; BRETT, 2008) The immobilization of AuNP/IgG bioconjugate was made by
drop-casting with adsorption time of 30 minutes. Then, 10 puL of 3% BSA in PBS (0.01 mol L!
pH 7.4) were used for blockage purposes of AuNP/IgG extra active sites.(DE OLIVEIRA;
MARTUCCI; FARIA, 2018) This step was adopted in order to avoid non-specific interactions

between these biomolecules and any other matrix component.

3.10. Raman Spectroscopy

Raman spectra of graphene, G-PNR and G-PNR-AuNP/IgG will be collected using an
HeNe laser (A =633 nm) in a LabRAM HR Evolution Spectrophotometer (Horiba Scientific), from
1100 to 2800 cm™! with 2 spectra acquisition per second, using 40x objective lens. Raman mapping
of graphene, G-PNR and G-PNR-AuNP/IgG surfaces were obtained in a 55 x 60 um? area, in the

same conditions detailed above.

3.11. Electrical-Electrochemical experiments

All Electrical-Electrochemical (EE) experiments were performed in a PGSTAT 128N
potentiostat/galvanostat (Metrohm), with an Ag/AgCls: electrode as reference electrode,
connected to potentiostat RE (Reference) terminal. WE and CE terminals (Working and Counter
Electrode, respectively) were directly connected to the graphene’s basal plane through Pt electrical
contacts of the EEVD. The applied potential range for each EE experiment was defined after
obtaining the OCP potential of each interface. The V-shaped curve was obtained after applying
mathematical modulus of the obtained current using OCP as inflexion point. All experiments were

performed in a drop of ~40 pL of 0.01 mol L' phosphate buffered saline (PBS) as supporting

electrolyte medium. For IgG and RBD interactions experiments, 20 uL 1.0 pg mL™! RBD in 0.01
mol L' PBS pH 7.4 were dropped onto the G-PNR-AuNP/IgG EEVD. let to interact for 10
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minutes. The resulting surface was rinsed with 10 uL of PBS prior to the experiment. All curves

were obtained in 0.01 mol L' PBS pH 7.4; v=5mV s\,

3.12. Analytical quantifications by EEVDs

Calibration curves for RBD detections by G-PNR-AuNP/IgG EEVDs were obtained by
hybrid Iss vs. Vs electrical-electrochemical experiments. The LOD of EEVDs 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; LENGYEL; URE, 1998) Positive or negative analyzes of spiked bovine fetal serum
and synthetic saliva samples were carried out by the obtention of OCP shift for each aliquot

compared to the G-PNR-AuNP-IgG interface in bare 0.01 mol L' PBS electrolyte.
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4. RESULTS AND DISCUSSION

4.1 Graphene EEVD working features

Prior to any experiment, a final electrochemical etching by cyclic voltammetry was
performed in 0.1 mol L' HCI, from -1.0 V to 1.0 V (vs. Ag/AgClsx), v =100 mV s (Figure 1),
where v = scan rate. This procedure is needed for cleansing and removing of the remaining Cu
traces from the graphene surface. (IOST et al., 2014) Then, the success of graphene wet
transferring procedure was evaluated by optical images collected for each EEVD (Figure 2A).

Figure 1 — Successive cyclic voltammograms obtained for pristine monolayer graphene cycling in 0.1
mol L' HCI, from -1.0 to 1.0 V (vs. Ag/AgCls), 16 scans, v=100 mV s
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Source: own author.

The proposed graphene-based EEVD devices for viral detections through RBD
quantifications are constituted of a monolayer graphene supported on Si/SiO> substrate, with an
intrinsic resistivity Rs, given by 1/ney, where n 1s number of charge carriers, e is elementary charge
and w is charge carrier mobility. (KIM, Chang Hyun; FRISBIE, 2014; WANG et al., 2012) It is
strongly dependent on the pristine features of the deposited CVD graphene after the wet
transferring procedure. In this case, structural features of monolayer CVD graphene can be
investigated by Raman Spectroscopy by monitoring its D, G and 2D typical bands. G band (1595
cm™) is typical of graphene and correlated to the presence of active phonons around Brillouin
symmetry I point and its sp” lattice. (WU et al., 2018) D band (1328 cm™') is frequently related to

the presence of point defects on sp® lattice, and is generated from intravalley one-phonon
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processes. (WU et al., 2018) 2D band (2652 cm™), by its turn, is typical of graphite-derived
materials. Moreover, Ip/lc ratio can be used to analyze how defective the graphene sheet is. The

closer to zero the Ip/IG ratio is, the higher the integrity of sp? graphene lattice. (BLEU et al., 2019;
LIU et al., 2013)

Figure 2 — A) Optical image of monolayer graphene deposited onto EEVD channel on Si/SiO- substrate;
B) Raman spectrum of monolayer graphene device showed in Figure 1A presenting typical graphene
bands at 1328 (D band), 1595 (G band) and 2652 cm™ (2D band); C) Schematic representation of
EEVD’s hybrid electrical-electrochemical working principles and Equations 1 and 2 representation
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For Raman spectrum showed in Figure 2B, an Ip/IG ratio of 0.10 was obtained, indicating
that the graphene in the produced devices present a highly intact basal plane sp? lattice. l>p/IG ratio
is another parameter employed to obtain a confirmation of the graphene monolayer features by
estimating a number of layers.(BLEU et al., 2019) In this case, an /2p/IG ratio of 1.61 was obtained.

As a value ranging between 1.3 and 2.0 is considered of pristine monolayer graphene in
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literature,(BLEU et al., 2019) we inferred that in fact a monolayer sheet was employed for

manufacturing the devices.

As elucidated in our previous work (MATTIOLI et al.,, 2021), a hybrid electrical
electrochemical detection methodology is possible by the direct connection of working (WE) and
counter (CE) terminals of the device, similarly to the direct connection of drain and source
terminals in Graphene Field-Effect Transistors (GFETs), exploring the direct current passage from
these terminals through graphene basal plane. The success of this strategy is based on the intrinsic
resistivity when the device is supported on Si/SiO2, avoiding harmful short-circuit risks, and
graphene’s intrinsic high basal plane conductivity when kept with pristine features. (MATTIOLI
et al., 2021) As WE and CE are directly connected, an Ag/AgClsa reference electrode (RE) is
vertically positioned and electrolyte-gated with graphene interface (Figure 2C). This allows the
application of an intrinsic potential of ~0.197 V (vs. standard hydrogen electrode) on graphene
interface for electrical field modulation, as it is made in GFETs with gate electrodes. (BARD;
FAULKNER, 2001; VIEIRA ef al., 2016) Moreover, the applied potential between WE and CE is
made in relation to RE. The main advantage of using a reference electrode instead of a gate
electrode is the possibility of modulating and reading the interfacial potential of the device without

the external polarization of an ideally non-polarizable electrode. (BARD; FAULKNER, 2001)

Therefore, the measurable signal in EEVDs concerns the interfacial potential of the device
(Figure 2C). In this case, the open circuit potential (OCP) reflects the interfacial potential with
individual contributions of each interface component. These contributions are related to capacitive
alterations of the interface due to charge accumulation, existence of redox potentials, and surface
charge layer alterations in the absence of external polarization, i.e., in OCP conditions, for
semiconductor materials, as graphene. (BATCHELOR; HAMNETT, 1992; ZHANG, Xiaoge
Gregory, 2005) The measured OCP reflects individual potential contributions of bare graphene
(Ey), electrical double-layer (EpL), reference electrode (Erg) and possible adsorbed modifiers onto
graphene interface (Emod), as described in Equation 1. As Epr and Erg are constant, Equation 1 can
be reduced only to the individual potential contributions from graphene and modifier components,
as shown in Equation 2. (MATTIOLI et al., 2021)

OCP = Eg+ Emoq + EpL + Egre (1)
OCP = Eg + Emod T Econstant (2)
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4.2 Non-covalent modification of EEVD interface with PNR and AuNP/IgG bioconjugate

As our device working principles rely on the passage of current through graphene’s basal
plane while a potential (vs. Ag/AgClsa) is swept between WE and CE terminals, the integrity of
graphene sp” lattice is of great importance for the performance of the EEVD. Because of that, non-
covalent functionalization by electrodeposition was performed, instead of covalent modification.
PNR was chosen as modifier due to its redox behavior and chemical structure, capable of interact
with graphene sp” lattice by m—n stacking. PNR electrodeposition was conducted according to
previous reports in literature, (PAULIUKAITE et al., 2007, PAULIUKAITE; BRETT, 2008),
leading to G-PNR surface (Figure 3A). The success of G-PNR modification with a resulting stable
surface is indicated by the prevalence of PNR redox peaks in the cyclic voltammogram of G-PNR
obtained in 0.01 mol L' PBS (pH 7.4) showed in Figure 3B. The redox behavior of G-PNR surface
was investigated by electrochemical impedance spectroscopy (EIS) (Figure 3C). As no semi-circle
related to charge transfer resistance was observed and only imaginary Z” component alterations

occurred, it was inferred that only capacitive changes would be present under these conditions.
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Figure 3 — A) Cyclic voltammograms obtained during the PNR electrodeposition from -1.0 to 1.2 V (vs.
Ag/AgClgy), 2 scans and from -1.0 to 0.5 V, 15 scans, v =50 mV s'; B) Cyclic voltammograms for bare
graphene surface (black) and G-PNR surface after electrodeposition (red) in 0.01 mol L' PBS pH 7.4; C)
Nyquist plots for bare graphene surface (black) and G-PNR surface after electrodeposition (red) in 0.01
mol L' PBS, pH 7.4, obtained from 1x10° to 0.1 Hz, DCpo = OCP with 5.0 mV amplitude, with the
resultant equivalent circuit for G-PNR in the inset figure. D) Best electrochemical circuit fit for EEVD’s
bare graphene surface using NOVA software.
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To properly attach human IgG on G-PNR surface as probe for further RBD detection,
AuNP-based bioconjugate was employed. The resulting AuNP/IgG bioconjugate is established by
electrostatic interactions between AuNP and IgG, which is evidenced by the shift of the AuNP
main band in the UV-Vis spectra (Figure 4A), from the typical wavelength at 525 nm (AuNP +
NaOH, ie. AuNP in NaOH adjusted electrolyte medium) (CERVINI; MATTIOLI,
CAVALHEIRO, 2019) to 532 nm after interaction with IgG. This shift for higher wavelength is

expected for electrostatic interactions between AuNP and proteinaceous species and reflects
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alterations in the dielectric constant values due to the bioconjugate formation. (KOZLOWSKI,
RAGUPATHI; DYER, 2018) Proteinaceous band at 280 nm is observed in the spectrum of bare
IgG in PBS buffer (Figure 5), which is related to the presence of Tyr and Trp residues. (NELSON;
COX, 2006) In addition, as the bioconjugate formation is also indicated by the presence of both
AuNP and IgG bands in the spectrum of AuNP/IgG spectrum (green line, Figure 4A).

Figure 4 — A) UV-Vis spectra obtained for each step of AuNP/IgG bioconjugate synthesis; B) Schematic
representation of AuNP/IgG immobilization onto G-PNR EEVD
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Figure 5 — UV-Vis IgG spectrum in 0.01 mol L"! PBS pH 8.
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The bioconjugate formation is also evidenced by the difference in the hydrodynamic radius
(Ru) of bare AuNP and AuNP/IgG obtained by DLS (Figure 6). AuNP/IgG showed a Ry equal to
32.7 £ 1.3 nm, whereas AuNP Ry is 22.2 = 0.3 nm. This increase of 10.5 nm in the Ry of the
bioconjugate compared to bare AuNP is attributed to the IgG attaching in AuNP by electrostatic
interactions, corroborating with UV-Vis results. Therefore, we inferred that the proposed

bioconjugate was successfully synthetized and is suitable for immobilization on G-PNR surface.

Figure 6 — DLS size distribution by intensity of A) AuNP; B) AuNP/IgG bioconjugate.
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The distribution of AuNP/IgG bioconjugate onto G-PNR after the immobilization process
was investigated by Micro-FTIR imaging. Before AuNP/IgG immobilization, G-PNR surface was
also analyzed by Micro-FTIR in order to differentiate AuNP/IgG bands from PNR ones (Figure
7). Optical image of AuNP/IgG adsorbed on G-PNR in an Au substrate in Figure 8A indicate the
region where the FTIR spectra were collected to generate the chemical map of Figure 2D. Despite

of the presence of few and small agglomerates, a quite homogeneous distribution of the
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bioconjugate can be observed. It is important to mention that this homogeneity is dependent on the
solvent evaporation rate after a careful immobilization of the AuNP/IgG bioconjugate is performed
by drop-casting. Consequently, these are important aspects to be controlled for obtaining an

homogeneous final G-PNR-AuNP/IgG surface.

Figure 7 — A) Optical image of G-PNR surface onto Au substrate; B) 2D chemical mapping showing the
distribution of PNR typical bands (SEELAJAROEN et al., 2019).
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Figure 8 — A) Optical image of G-PNR interface with immobilized AuNP/IgG bioconjugate in an Au
substrate; B) 2D and C) 3D chemical map of immobilized AuNP/IgG onto G-PNR based on amide I (1652
cm™) and amide II (1570 cm™) bands of the antibody.
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The physical adsorption of AuNP/IgG species onto PNR film is expected to occur through
non-covalent interaction between PNR and AuNP through PNR nitrogen atoms, based on the
affinity of Au and N. (MATTIOLI et al, 2019; MAZAR et al., 2017) However, PNR
electropolymerization is not free from creating structural defects on graphene, but expected to do
it in a smaller extent in comparison to covalent modifications. Therefore, the insertion of few
defects on graphene lattice are likely to happen based on the adopted modification strategy. To
ensure this, Raman mapping of graphene, G-PNR and G-PNR-AuNP/IgG surfaces were carried
out by monitoring both D- and G- typical bands of graphene. Prior to Raman mapping, optical
images were collected for each analyzed surface, as presented in Figure 9, to obtain information
on the visual integrity of the device after each preparation step until G-PNR-AuNP/IgG was

reached and for mapping guidance.

Figure 9 — Optical images collected for each surface analyzed by Raman mapping: A) bare graphene, B)
G-PNR and C) G-PNR-AuNP/IgG
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Source: own author.

Figure 10 present the resulting Raman mappings for bare graphene, G-PNR and G-PNR-
AuNP/IgG surfaces. We observed in Figures 10A, 10B and 10C the predominance of G graphene
bands in bare graphene surface in comparison to D band. This result was expected based on its
punctual Raman spectrum presented in Figure 2B and bare graphene Ip /G ratio, indicating major
pristine features of the sp? lattice. After PNR electrodeposition, G band 3D mapping (Figure 10E)
still present a homogeneous distribution of this band intensity, indicating little alteration in this
mode. A small increase in D band normalized intensity is observed in Figure 10F, indicating the
generation of some point defects on graphene sp? lattice. This result agrees to previous studies
reporting the occurrence of stress and strain of graphene lattice by the formation of a graphene-
polymer, which by their turn lead to the generation of some point defects. (MATTIOLI et al., 2022;
WU et al., 2018) The immobilization of AuNP/IgG bioconjugate onto G-PNR surface led to an



increase in D and G graphene bands. Literature reports on human sera Raman spectra with IgG,
IgM and other related compounds describe the probable presence of some IgG intrinsic Raman
contributions in 1518 and 1656 cm™ by a careful resulting scores analyzes. (GOULART et al.,
2021) Moreover, a typical IgG spectrum show Raman contributions of different modes between
~1557-1674 cm'. (ETTAH; ASHTON, 2018) The proximity of wavenumbers from these bands
to G graphene band can lead to some band convolution during Raman mapping. Likewise, D
graphene band (1328 cm!) is near to typical amide III antibody band region (~1230 — 1340 cm™)
and can also convolute, leading to an increase in D band intensity in Raman mapping. (ETTAH;
ASHTON, 2018; GOULART et al., 2021) This information corroborates to the homogeneous
increase in D and G bands in AuNP/IgG in 3D Raman mapping of G-PNR-AuNP/IgG interface
(Figures 10H, 10I).
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Figure 10 — 2D and 3D Raman mapping by D (Red color) and G (Green color) graphene bands integration for A), B) and C) bare graphene surface; D),
E) and F) G-PNR and G), H) and I) G-PNR-AuNP/IgG surface. All 3D plots are normalized by highest band intensity of each surface
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4.3 Hybrid electrical electrochemical studies

Hybrid EE studies were performed with G-PNR-AuNP/IgG and G-PNR-
AuNP/IgG after incubation in 1.0 ug mL"' RBD target for 10 minutes. Figure 11A
presents hybrid EE results for bare graphene and G-PNR-AuNP/IgG interface before
(green curve) and after (pink curve) interaction with RBD. Here, Ips represent the WE-
to-CE current, as drain-to-source GFET current. Similarly, Vps represent WE-to-CE
potential, however, in our experiments, the swept potential is normalized by bare
graphene OCP voltage (Vocp) to produce a symmetrical curve and set graphene OCP as
“zero”. An OCP shift (AVocp) of G-PNR-AuNP/IgG for more positive potential after the
incubation in RBD solution, AVocp = 0.0243 V, was observed and can be attributed to
the specific antigen-antibody bonding onto the EEVD surface. This positive shift can be
interpreted as an indicative of p-doping of graphene caused by RBD interaction, as it
structure present an overall positive net charge. (PAWLOWSKI, 2021) Moreover, the
AVocp observed for AuNP/IgG modification, as well as RBD adsorption are caused by
capacitance alterations on EEVD interface due to surface charge layer width alterations
and presence of charge excess on band edges. (MATTIOLI et al., 2021; ZHANG, Xiaoge
Gregory, 2005) The capacitive nature of OCP changes is confirmed by EIS measurements
(Figure 11B) obtained at the OCP of each interface. The absence of charge-transfer
semicircles and visualization of a quasi-vertical Nyquist profile (BARD; FAULKNER,
2001; BARSOUKOV; MACDONALD, 2013) confirm the above-mentioned

interpretations.
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Figure 11 — A) Hybrid EE /4 vs. (Vas — Vocp) curves for graphene (black), G-PNR-AuNP/IgG
(green) and G-PNR-AuNP/IgG (pink) after interaction with 1.0 ug mL"! RBD for 10 minutes
and B) EIS Nyquist plots for graphene (black), G-PNR-AuNP/IgG (green) and G-PNR-
AuNP/IgG (pink) after interaction with 1.0 ug mL"' RBD for 10 minutes collected from 1x103
Hz to 0.1 Hz with direct-current potential, DCpot, equal to OCP, amplitude of 5 mV. All plots
obtained in 0.01 mol L' PBS, pH 7.4
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Moreover, this capacitive phenomena behind AVocp were confirmed by cyclic
voltammetry for each EEVD surface (bare graphene, G-PNR, G-PNR-AuNP/IgG). The
absence of redox processes in the voltammograms of Figure 12, except the oxidation peak
atc.a. 0.81 V (vs. Ag/AgClsa) of G-PNR attributed to the irreversible oxidation of some
NR sites (PAULIUKAITE et al., 2007), confirm our insights on the origins for the
observed OCP shifts. Besides, as no electroactive co-factor is presented in RBD structure,
it was inferred that this target protein only led to capacitance changes onto the interface
where it is adsorbed. Therefore, these results demonstrate that RBD and IgG interaction
can be monitored by an electrical-electrochemical experimental setup based on interfacial

changes of the EEVDs.



Figure 12 - Cyclic voltammogram of graphene (black), G-PNR (red) and G-PNR-AuNP/IgG
(green) obtained from -1.0 to 1.0 V (vs. Ag/AgClsa), v =50 mV s, in 0.01 mol L' PBS, pH 7.4.
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4.4 Viral detections through RBD quantifications

The results indicate that RBD and IgG interaction can be studied by EE
experiments through the monitoring of AVocp. As detailed in previous works
(MATTIOLI et al., 2021), AVocp were observed to be proportional to the adsorbed

analyte concentration, and can be monitored by the difference between interfacial OCP

E(G—PNR/AuNP—IgG)—RBD
int

values of G-PNR-AuNP/IgG after RBD interaction ( ) and before

(G-PNR/AUNP-I1gG)

the interaction (E;;, ), as indicated in Equation 3.

G—PNR/A NP—-1gG)—RBD G—PNR/A NP-I1gG
Docp= Eime = ESS UNPoLIGO)=RED _ g UNP=1g6) 3)

In this sense, a calibration curve was constructed based on several “on drop”
interfacial RBD detections. For this, G-PNR-AuNP/IgG EEVD surface was incubated in
different RBD concentrations, ranging from 10'? to 10”7 g mL™! (Figures 13A, 13B). It is
noticed a well-defined linear OCP response with increasing concentrations, with low
standard deviation in each curve point, indicating satisfactory precision and repeatability
of the analyzes, within a wide linear range of response. The sensitivity of the device was
calculated to be 6.1 mV/decade and represents the slope of the calibration curve. Although

this value is lower than other sensitivity values reported elsewhere by GFETs for several
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biomolecules (KIM, Duck Jin et al, 2013; PAPAMATTHAIOU; ESTRELA;
MOSCHOU, 2021; PICCININI et al., 2017), it is higher than the previous sensitivity
obtained for EEVDs without specific probes functionalization onto its surface.
(MATTIOLI et al., 2021) Despite other field-effect devices have been developed for RBD
and/or Spike protein detections, (KE et al., 2021; SEO et al., 2020; SHAO et al., 2021)
the sensitivity of the present hybrid electrical-electrochemical device cannot be
compared to them, as frequently LOD is misinterpreted as sensitivity. (MATTIOLI;
CRESPILHO, 2020) Additionally, a LOD of 0.1 pg mL! (or approximately 2.86 fmol L
) was obtained with G-PNR-AuNP/IgG EEVDs for RBD hybrid EE detection,
considered advantageous in relation to other lower LOD values reported in literature for
RBD/Spike protein detections by different methodologies. (EL-SAID; AL-BOGAMI;
ALSHITARI, 2020; MOJSOSKA et al.,2021) Although some reports show lower LODs
for RBD detection, (AYDIN; AYDIN; SEZGINTURK, 2021; KE et al., 2021), this is the
first hybrid detection methodology proposed for the development of detection
technologies related to COVID-19.
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Figure 13 — A) Schematic representation of RBD detection in a 40 pL drop by interaction with
IgG in G-PNR-AuNP/IgG surface by hybrid EE methodology; B) Calibration curve for RBD
detections from 1072 to 107 g mL™! concentrations (n = 3) in 0.01 mol L' PBS, pH 7,4; C)
Positive (green) and negative (red) RBD detections in spiked bovine fetal serum (left, n = 20);
and positive (blue) and negative (pink) RBD detections for spiked synthetic saliva
(right, n = 30)
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The above-mentioned analytical parameters of G-PNR-AuNP/IgG EEVD proved
that it can be a suitable alternative device for RBD detection aiming early stage COVID-
19 diagnosis, by the return of an OCP value that can be interpreted as a binary positive or
negative diagnosis response in a rapid and easy-to-handle miniaturized assay. Then, to
establish a proof-of-concept of its applicability, spiked bovine fetal serum and synthetic
saliva samples were analyzed for positive RBD diagnosis, and this same studied matrixes
without RBD were employed as negative samples (See Section 3.2 for sample preparation
details). Bovine fetal serum analyzes were performed with a replicate of 20 positive and
20 negative samples, whereas 30 positive and 30 negative saliva samples were analyzed.

This matrix was chosen for proof-of-concept studies to evaluate the device performance



in a matrix of such complexity. The results of AVocp shifts obtained with G-PNR-
AuNP/IgG EEVDs are presented in Figure 13C. The average AVocp for positive spiked
serum samples is 0.027 + 0.007 V, whereas negative serum samples presented a AVocp
of (0.009 + 0.002) V. Likewise, saliva positive samples present a AVocp shift of 0.041 =
0.005 V, whereas as negative samples show a AVocp shift of 0.019 + 0.008 V. It can be
noticed that no false-positive or false-negative result was obtained in the synthetic saliva
samples, as no positive and negative samples showed same AVocp value. This can be
facilitated by the low complexity of this matrix and absence of other biomolecules.
However, for bovine fetal serum samples a poorer separation from positive and negative
diagnosis is observed, which can be attributed to the higher matrix complexity and to the
smaller population size analyzed. Despite that, it can be assumed that AVocp values of
approximately 0.009 V or smaller can be inferred as a true negative result for COVID-19
diagnosis. Similarly, AVocp values of approximately 0.020 V or higher can be interpreted
as true positive result for COVID-19 diagnosis in serum samples. However, to better
endorse the application of our G-PNR-AuNP/IgG EEVDs for COVID-19 diagnosis in
real human fluid samples with high precision, further studies on real human serum, human
saliva and nasal fluid need to be carried out in a sample population higher than n = 50.
After all these analytical studies, a concise comparison between the present hybrid EE

device with different techniques reported in literature is presented in Table 1.
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Table 1 — Comparison between different detection methodologies for RBD/Spike S1 protein

quantification aiming COVID-19 diagnosis

Detection method Device LOD Sensitivity Reference
components
Sandwich (AYDIN;
. Immunosensor 1 0.238 kQ2 pg AYDIN;
Electrochemical with 0.577 fg mL mL-em?2 SEZGINTU
MUA@GNPs RK, 2021)
Magnetic beads
Duplex Digital ELISA encoding 20.6 fgmL™* Not informed (C,;\(I)Ze;)al.,
technology
LFIA- (LI, Ge et
Immunochromatography  AuNP/monoclon 62.5ng mL* Not informed ’
T al., 2021)
al antibodies
Sandwich ELISA with . (BARLEV-
. Europium .
time resolved . S/N ratio= 1.7 66% GROSS et
lanthanides
flurorescence al., 2021)
SWCNTSs
Near-Infrared functionalized 12.6 nmol L* Not informed (IZIIN?(I)_ZSl)e t
with ACE2 B
| eleditode | (MOJSOSK
Electrochemical . 20 pg mL*t Not informed Acetal.,
coupled to anti-
. o 2021)
spike antibodies
(EL-SAID;
ITO electrode / 2 AL-
SEVFf/i\f;{’/Fgﬁgr;"mse‘t‘“are GNPs@reduced  39.5 fmol L. 6.23 ASTTL BoGAMI
Yy porous graphene P ALSHITAR
1, 2020)
G-PNR- 1
Hybrid EE detections AUNP/IgG 0-1pg mL (_)f 2.86 6.1 mV/decade This work
EEVDs fmol L

LFIA = Lateral Flow Immunoassay; MUA = 11-mercaptoundecanoid acid; GNPs = gold nanoparticles;
SWCNTs = Single-Walled Carbon Nanotubes; ACE2 = Angiotensin Conversion Enzyme; ITO = Indium
Tin Oxide; SERS = Surface-Enhanced Raman Scattering.



5. CONCLUSIONS

In this work, a hybrid electrical electrochemical detection methodology was
developed for rapid COVID-19 early-stage diagnosis. For this, an EEVD based on G-
PNR heterojunction was successfully manufactured and modified with AuNP/IgG
bioconjugate, which acts as detection probes. The bioconjugate was based on human
monoclonal antibodies produced in response to COVID-19 infection, providing high
specificity and sensitivity to the proposed detection methodology. As a result, the EEVD
showed a wide linear range of interfacial AVocp response in relation to RBD
concentrations, varying from 102 to 10”7 g mL"!, and sensitivity equals to 6.1 mV/decade.
Moreover, the remarkably low LOD obtained with this device in femtomolar order of
magnitude (2.86 107> mol L™ or 0.1 pg mL™') evidenced that G-PNR-AuNP/IgG device
can be a suitable alternative for viral detections in early stage of COVID-19 infections.
The miniaturized on drop assay configuration, in which less than 40 puL of sample/support
electrolyte are needed for analyzes, allows the application of the proposed devices for on-
site mass testing. Finally, a proof-of-concept of device applicability was demonstrated in
samples of RBD-spiked bovine fetal serum and synthetic saliva. Satisfactory discrepancy
between AVocp values of the positive and negative samples led to small percentage of
false-positive or false-negative results, making this analytical approach suitable for early

stage detection of COVID-19 infections.
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APPENDIX
DESCRIPTION AND DISCUSSION OF EEVDs WORKING PRINCIPLES

The EEVDs working principles are based on the novel hybrid electrical-
electrochemical methodology developed in this Thesis. As explained, EEVDs are devices
consisting of a graphene monolayer deposited onto a Si/SiO; substrate with two metallic
electrical contacts separated by a non-metallic covered region of pure Si/SiO», as

illustrated in Figure 1.

Figure 1 — A) Schematic representation of an EEVD; B) Optical image of EEVD channel with
monolayer graphene deposited onto Si/SiO;
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It is known from literature that graphene present exceptional -electrical
conductivity and near-to-zero intrinsic resistance (NOVOSELOV et al., 2004). However,
when deposited onto Si/SiOs, it is reported an increase in graphene’s resistivity sheet Rs,
as a function of charge carrier mobility, £, number of charge carriers » and elementary

charge e, as shown in Equation 1. (WANG et al., 2012; KIM; FRISBIE, 2014)

Ry = — (1)

neu

This property is of particular interest when the EEVD hybrid electrical-
electrochemical working principles are discussed. They consist, initially, of connecting
each of metallic contacts of the device to WE (Working Electrode) and CE (Counter
Electrode) terminals of a potentiostat. In this system, it is possible to observe current flow
from WE to CE terminals (in relation to a reference electrode connected in RE terminal)
through graphene’s basal plane, similar to a short-cut configuration. At this point, the
presence of an intrinsic resistivity avoids the occurrence of accidents and overload of the

entire EEVD system. Consequently, it is possible to evaluate graphene sheet resistance in
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an EEVD by experimental data, using Equation 2 based on 2™ Ohm’s law, taking into
account the geometric parameters ' (Width) and L (Length) of monolayer graphene and,
WE to CE current and potential (/ps, V'bs, respectively).

W Vps

R, = @)

L Ips

Besides, the passage of current through graphene’s basal plane allow the
exploration of some of its most promising electrical properties, as high charge carrier
mobility and high basal plane conductivity, giving the “electrical” feature to the EEVDs

and electrical-electrochemical detection methodology.

The electrochemical approach arises from the use of an Ag/AgClsa electrode as a
pure non-polarizable reference electrode, connected to RE terminal of a potentiostat. This
application of reference electrodes in this electrical-based device was chosen in order to
avoid dubious robustness of Dirac potential readings due to instabilities in internal
chemical equilibrium of such electrodes. (MATTIOLI et al., 2021) This is a typical
problematic thar can be found when they are applied as gate electrodes as in graphene
field effect transistors (GFETs). In this sense, every potential reading from WE to CE
terminals was made versus Ag/AgClsy reference electrode, as in a conventional
electrochemical cell. The electrochemical features were corroborated in one of the works
presented in this Thesis in which the hybrid electrical-electrochemical characteristic of
the proposed device allowed the observation of faradaic peaks of an EEVD with adsorbed
ferrocene. (MATTIOLI et al., 2021) The use of this electrode as a pure reference one also
gives to the entire system a potential contribution of ~ 0.197 V (vs SHE), in non-
polarizable conditions. Therefore, the application of this external voltage vertically to the

current flow plane also led to some field effect in the EEVD.

Another interesting aspect of EEVDs regards the possibility of monitoring the
variation of interfacial potential FEin¢ of the employed device based on the adsorbed
analytes onto graphene surface or any non-covalent heterojunction formed with an
adsorbed redox modifier. This is possible once Eiy is obtained by the individual
contributions of each interfacial component of the entire electrical-electrochemical
system, as described in Equation 3, where Epr is the double-layer potential, Err is the

reference electrode intrinsic potential (these both are constant and can turn into a single
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E° component, as described in Equation 4), Ein& is the graphene individual contribution

and Ein™ is the adsorbed modifier individual contribution.
Einc= EpL+ Erer + Ein® + EintmOd (3)
Eig = E'+ Ein® + Eip™d @

Interestingly, it was observed that the EEVD Open Circuit Potential (OCP)
shifted as the scan rate of potential sweepings of hybrid electrical-electrochemical Ips vs.
V'ps varied. Moreover, when the adsorption of an analyte onto graphene occurred, OCP
shifts were also observed. (MATTIOLI et al., 2021) OCP is simply the Vps potential
between WE and CE EEVD terminals read in a condition of zero current. This alteration
can be associated with total interfacial capacitance changes, by a correlation of interfacial
potential Ein with some semiconductor electrochemical features that graphene can
manifest, due to its semiconducting characteristics when deposited on Si/SiO2. To better
understand this, it is necessary to interpret OCP not only as a mixed potential that
indicates a condition of overall current equals to zero, but also a potential in which the
sum of electron and holes charge carrier types currents (e, ip, respectively) is also equals
to zero. (ZHANG, 2005; MATTIOLI et al., 2021) On the other hand, Vps can be seen as
a sum of individual contributions of flatband potential V' and potential drop in space

charge layer Vs (Equation 5).
OCP = Vps =V, + Vs )

These potentials are correlated to the absence of charge excess and band edge,
band bending and space charge layer features (as width) which are, by their turn, deeply
correlated to capacitance variations. (ZHANG, 2005) It is also possible to interpret Ve,
and Vs as part of the individual Ein& and Ein™ contributions once they depend on
intrinsic characteristics of graphene and modifier materials. Therefore, the observed OCP
variations in EEVD experiments were assumed as interfacial Eiy alterations, and then, it
was possible to conclude that EEVD hybrid electrical-electrochemical methodology are
capable of observing interfacial capacitance alterations of the studied surface (i.e. bare
graphene, or modified graphene through non-covalent functionalization) by the

adsorption of an analyte of interest. (MATTIOLI et al., 2021)
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Another interesting behavior observed in graphene EEVDs concerns the variation
of OCP as a consequence of the adsorbed analyte onto the device surface. It was observed
that OCP follows a similar tendency in comparison to Dirac point for GFETs.
(MATTIOLI et al., 2021) It means that depending on the residual charge of the adsorbed
analyte, a n-or-p-type doping can be observed. For n-doping, OCP displaces towards
more negative potentials while for p-doping, a displacement towards more positive
potentials occurred. (LIU; LIU; ZHU, 2011; MATTIOLI et al., 2021)This hypothesis was
confirmed by Raman Spectroscopy experiment, evaluating the G band shifts as a function
of the adsorption of ferrocene and ssDNA in the work presented in Chapter III of this
Thesis. (MATTIOLI et al., 2021) With the performed experiments, it became noticeable
that as chemical doping of graphene by insertion of n or p charge carriers on graphene
altered its band structure near its K point of first Brillouin zone. (LIU; LIU; ZHU, 2011)
In this sense, it can be considered that OCP potential shifts can be used as an indicative
of doping, evidencing another interesting feature of EEVDs provided by the hybrid

electrical-electrochemical features.
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