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There is a growing interest in the development of portable, cost-effective, and easy-to-use biosensors for
the rapid detection of diseases caused by infectious viruses: COVID-19 pandemic has highlighted the
central role of diagnostics in response to global outbreaks. Among all the existing technologies, screen-
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discussed in the context of early-stage detection of diseases caused by HIV-1, HBV, HCV, Zika, Dengue,
and Sars-CoV-2. A detailed table is reported to easily guide readers toward the “right” choice depending

on the virus of interest.
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1. Introduction

Today the world is more interconnected than ever before, and as
a result of the tremendous increase in global travel, there are more
chances of spreading contagious pathogens. Among those, viruses
play a fundamental role as the causative agents of various diseases.
The infectious pathogens like the Influenza virus, Middle East
Respiratory Syndrome Coronavirus (MERS-CoV), henipaviruses
(Hendra and Nipah), Ebola, Zika, Dengue, West Nile virus, and
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
have caused severe global disease outbreaks [1,2]. Therefore, the
development of reliable methods for the early-stage detection of
emerging viruses is a vital requirement of time. The recent
pandemic of SARS-CoV-2 has made it obvious that portable, rapid,
and highly sensitive diagnostic devices are the critical need of the
day. The early-stage detection of infected patients plays a huge role
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in reducing the spread of infectious diseases [3,4]. Viruses are
usually identified using various laboratory-based assays, including
immunological assays, Polymerase Chain Reaction (PCR), plaque
assays, and transmission electron microscopy [5—7]. These
methods are laboratory-bound and require specialized personnel
and sophisticated equipment. In addition to these practical limi-
tations, nanometer size and an extremely small level of the viruses
in human bodily samples further exacerbate their monitoring. Af-
terward, alternative analytical approaches such as colorimetric
[8—10], chemiluminescent [11], fluorescence-based [12,13], elec-
trochemical [14,15] have been utilized for viral quantification.
Among these, the electrochemical ones are characterized by a
unique advantage regarding real samples: electrochemical-based
methods are not affected by the color/turbidity of biological
matrices [16,17], i.e.,, blood, serum, saliva. Among the diverse
technologies around the world of electrochemical methods, screen-
printed electrodes (SPEs) are without any doubt the platforms that
highlight the portability and easiness of electroanalysis.

SPEs can be manufactured on various substrates such as plastic,
paper, tattoo, etc., and they are characterized by high versatility in
selecting the size, geometry, dimensionality, and customization
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methods [18—22]. The use of screen-printed electrodes (SPEs) could
be of the highest interest to develop new methods and research.

The advancement in material science highlights the funda-
mental role of novel nanomaterials in enhancing specificity, sta-
bility, and sensitivity of portable diagnostics: metal nanoparticles,
magnetic nanoparticles, carbonaceous-based nanomaterials,
conductive polymers are only some of the enhancers that are
generally exploited [23—32]. Thus, this paper aims to give a critical
overview of the role of various nanomaterials, the manufacture
methods for screen-printed electrodes, and the strategies for the
forthcoming sustainable detection of Human Immunodeficiency
Virus (HIV), Hepatitis B and C Viruses, Zika Virus, Dengue Virus and
Sars-CoV-2 [33—37], Fig. 1.

2. Tips on SPEs manufacture and customization

The main feature of screen printing is the easiness of fabrication
and application. This manufacturing method does not require
cleanroom facilities and can be easily performed using low-cost
materials, even with hand-made settings. The screen printing
process requires conductive inks, a mesh screen with electrode
patterns, a squeegee, and an oven [44,45]. The patterns can be of
various geometrical shapes, and they can be designed using com-
mon drawing softwares such as AutoCAD, Adobe Illustrator, Pow-
erPoint. Successively masks are obtained using that initial design,
and they can be manufactured on plastics, fibers, or stainless-steel
platforms. The conductive inks are successively spread with a
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squeegee onto various substrates like plastic, paper, fabric, tattoo,
etc. The analytical features of SPEs (sensitivity, specificity, stability)
can be enhanced through the use of different customization ap-
proaches, i.e, drop-casting, screen-printing, inkjet printing,
langmuir-blodgett, spray, etc. [46—48]. Depending on the nature of
the modifier and the final application of the devices, the right
approach can be chosen: for instance, working with porous paper-
based device that exploits paper-based flow needs to have whole-
modified ink and screen-printing is suggested, while surface
modification by drop casting/inkjet printing is enough if a classic
drop-based configuration is used, perhaps on rigid substrates like
plastic and office paper [49—51]. Metallic nanoparticles (Ag, Pt, Au,
etc.), carbonaceous nanomaterials (carbon black, graphene, carbon
nanotubes, etc.), Reduced Graphene Oxide (RGO) nanocomposite in
situ decorated with gold nanoparticles, Au nanorods-functionalized
nanostructured TiO, transparent electrodes, conductive polymers
(polypyrrole, polyaniline polythiophene, etc.) have demonstrated
to enhance the features of SPEs in terms of cost-effectiveness,
biocompatibility, conductivity, mechanical resistance and micro-
environment stabilizers [52—65].

A printed electrochemical sensor consists of layers of conductive
as well as dielectric pastes printed on an inert substrate [66]. Pastes
are mainly consisting of nanoparticles colloidal suspension, con-
taining additive, solvent, and binders. To obtain sustainable elec-
trochemical devices, greener materials like polylactic acid, silk
protein, and biochar have also been utilized. The next sections will
be dedicated to the comprehension of the role and the effectiveness
of nanomaterials when coupled to SPEs.

Fig. 1. Illustration of virus structures and their detection using the screen-printed electrodes. HIV-1 [38], Hepatitis C virus [39], Dengue virus [40], Zika Virus [41], Hepatitis B virus

[42] and Sars-CoV-2 [43].
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3. SPEs for detection of viruses
3.1. Human Immunodeficiency Virus (HIV)

In 1981, the Human Immunodeficiency Virus (HIV) type I was
discovered by Luc Montagnier's team at the Pasteur Institute in
Paris. Later in 1984, Robert Gallo's team at the National Cancer
Institute in Bethesda, Maryland, established that HIV-1 is the
etiological agent of Acquired Immunodeficiency Disease (AIDS).
HIV-1 is currently affecting an estimated 38 million people
worldwide [67,68]. Berta et al. detected the presence of the HIV-1
virus in the Peripheral Mononuclear Cell (PMC) and bone marrow
of 22 out of 45 randomly selected patients with AIDS [69]. The
effective management of this disease is dependent on early-stage
detection, rapid antiretroviral therapy (ART) initiation, and regu-
lar monitoring of HIV-1 viral load [70]. HIV-1 viral infections are
routinely diagnosed with anti-HIV1 antibody-based tests. Molec-
ular biology-based techniques can be utilized to quantify the HIV-1
virus with higher sensitivity and accuracy. But nucleic acid-based
tests are quite time time-consuming and labor-intensive. Highly
Active Antiretroviral Therapy (HAART) has successfully reduced the
mortality associated with HIV-1/AIDS and kept the viral load under
control. Nowadays, the major dilemma is that HIV-1 viral infections
are highly prevalent in those resource-limited regions where
healthcare facilities are not sufficient. Hence, it is of the utmost
importance to develop cost-effective, simple, and easy-to-use de-
vices that can help early-stage HIV-1 detection. Several researchers
have demonstrated the detection of HIV-1 viruses using screen-
printed electrodes. A plastic microchip containing screen-printed
electrodes was utilized for the viral load quantification purpose
[34]. The silver-vinyl ink was mixed with silicon adhesive in a ratio
of 1:5 (w/w) to print the microelectrodes. A printed flexible plastic
microchip, through capacitance spectroscopy of bioagent lysate,
has been adopted for detecting and quantifying multiple Human
Immunodeficiency Virus (HIV) subtypes (A, B, C, D, E, G and panel
(circulating recombinant forms, CRFO1_AE and CRF02_AG)). HIV-1
particles were captured by biotinylated polyclonal anti-gp120 an-
tibodies anchored to streptavidin-coated magnetic beads. Succes-
sively, glycerol was used to remove residual high electrically
conductive background, and a solution containing 1% Triton x-100
has been used to release the charged molecules: the release pro-
vokes a change of the electrical properties of the solution, that has
been used to detect the viral lysate samples at the silver SPEs. The
conductive silver ink-based SPEs printed on flexible plastic material
provided a good platform to quantify HIV-1 subtypes A, B, C, D, E, G
and panel, respectively, down to 103103102107 10% 10 and 10*
viral load spiked plasma samples. The experimental setup has been
characterized by a cost lower than $2 with a 1-h total assay time.
The preliminary results on spiked samples have demonstrated that
capacitance spectroscopy allowed a more sensitive method than
impedance spectroscopy [33]. In another effort to detect the HIV-1
virus, capsid protein p24 has been revealed in untreated human
serum samples [71]. The platform consists of a single-walled car-
bon nanotube functionalized with screen-printed electrodes.
SWCNT-SPCEs are the key to the detection process due to their
superior properties of carbon nanotubes, including efficient
immobilization of bioreceptors, enhancement of biochemical active
area, and significant improvement in the electronic transfer pro-
cess. The protein p24 was conjugated on the surface of SWCNT-
SPCEs modified with chitosan/glutaraldehyde (CS/GA). The detec-
tion results were very promising, and a linear detection range of 10
pM to 1 nM was achieved, with a detection limit equal to 2 pM in
spiked human serum. Another interesting target for HIV moni-
toring is CD4 cells. Their quantification provides information about
the overall health of the immune system. In this regard, a flow-free
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automatic immunoassay was developed to quantify CD4" T cells
[52]. CD4™ T cells were isolated from whole blood using antibody-
coated magnetic beads. SPEs fabricated on the base layer of the
composite microfluidic chip were used to perform the electrical
impedance spectroscopy. SPEs consisting of 20% (w/w) graphene-
modified silver conductive paste and were printed on PMMA that
provided an ample platform for CD4" T cells quantification.
Fig. 2(a,b) presents the process of making a screen for the fabrica-
tion of interdigital microelectrodes and the final interdigitated
electrodes printed using this developed screen. This assay suc-
cessfully quantified CD4™" T cells from whole blood down to 25 cells/
pL. This test is completed within 5 min time frame, and setup
provided a fully automated assay for the quantification of CD4" T
cells. Antibody-tagged magnetic beads were utilized to isolate
CD4* T cells from the whole blood sample, and impedance spec-
troscopy was performed to quantify the CD4 cells (on lysate).
Another route is represented by serological assays that are capable
of detecting the presence of HIV-1 antibodies in human bodily
samples. HIV-1 antibodies are detectable after 1—3 months of initial
infection [72]. SPEs can also be utilized for the detection of the anti-
human HIV1 antibody. In one such effort, an immunosensor has
been realized for the detection of HIV-1 antibodies in serum [73].
The biofunctionalization process of the working electrode was
carried out with 3-amino-propyldimethylethoxysilane (APDES)
and glutaraldehyde (GA). The GA bound with —NHy groups of
APDES and provided aldehyde groups for the immobilization of
proteins. Then HIV p24 core antigen was immobilized to the surface
of the electrode. This method was utilized for the accurate detec-
tion and quantification of HIV-1 antibodies in mouse serum at a
limit of detection (LOD) of 300 pg/mL. The developed platform
consists of an array of paper-based immunosensors and a handheld
multi-channel potentiostat. The distinct advantage of this platform
is the ability to rapidly conduct enzyme-linked immunosorbent
assays simultaneously on 8 samples in only 20 min. Another
example has been represented by the use of electrolyte-gated field-
effect transistor (EGOFET) [74]. The gate of the transistor was
functionalized with the anti-HIV-1 p24 antibody. The process
consisted of the attachment of a self-assembled chemical mono-
layer (SAM) to the surface of the gold electrode and subsequent
immobilization of the antibodies. Screen printing was utilized to
print anode and cathode electrodes on a polyethylene tere-
phthalate (PET) substrate, and the anode and cathode were sepa-
rated by a glass-fibre-paper disk that includes the analyte to be
tested, as shown in Fig. 2b. The bio-recognition takes place at this
gate electrode after the addition of HIV-1 p24 protein. This sensor
is powered by a paper-based biofuel cell (BFC). Carboxyl-
functionalized multi-walled-carbon-nanotubes dispersed in iso-
propanol was deposited on these carbon-based anode electrodes. A
final layer was deposited with a cross-linker ethylene glycol
diglycidyl ether in ultrapure water (10% v/v) with naphthoquinone-
linear poly(ethylenimine) (NQ-LPEI) polymer solution (67% v/v in
deionized water) and FAD-GDH (30 mg/mL in deionized water)
mixture. The developed setup was able to detect down to 1 fM HIV-
1 p24 antigen (the range of p24 antigen in acute infection is 50 aM
to 15 fM). It should be noted that the presence of multi-walled in
printed transistor can be utilized for HIV-1 detection at the acute
infection stage, although the viral load is at a peak at this stage
(105—108 virus copies per mL) [75—78]. Individuals in acute HIV-1
infection state are unaware of their disease status, are highly in-
fectious due to higher viral load, and, as a result, can significantly
contribute to the further spread of HIV-1 [79].

In another work, a screen-printed platform was utilized for the
detection of double-stranded DNA sequences of HIV in serum
samples. Electrodes were fabricated on different types of paper-
based substrates (Copy and filter papers) [80]. Paper-based
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Fig. 2. (a,b) The actual picture of developed disposable microchip containing screen-printed electrodes for CD4" T cell quantification (Reprinted from Ref. [52]. Copyright 2019,
Elsevier). (c) Illustration of the self-powered platform consisting of EGOFET and paper-based BFC for the quantification of HIV-1 p24 protein (Reprinted from Ref. [74]. Copyright

2020, Elsevier).

substrates allows to obtain numerous advantages like cost-
effectiveness, ease of availability, and environment-friendly na-
ture [81]. Carbon-based electrodes were coupled with gold nano-
particles (AuNPs) dispersion to immobilize the DNA probes. AuNPs
were purposely chosen for this application due to their good elec-
trical properties and higher surface-to-volume ratio—the AuNPs
increase the charge transfer kinetics occurring at the surface of the
electrode and allowed to covalently immobile recognition probes
for DNA. These platforms were used for ssDNA and dsDNA detec-
tion. The developed platform was successfully utilized to detect
single and double-stranded sequences with a detection limit of
3 nM and 7 nM, respectively. The performance of the developed
setup was also tested in undiluted serum samples, and it provided
similar results compared to the measurements performed in a
buffer solution. The method provided the direct quantification of
the dsDNA and ssDNA sequences and eliminated the need for the
benchtop PCR instrument.

3.2. Hepatitis

3.2.1. Hepatitis C virus (HCV)

Hepatitis C virus (HCV) causes various chronic liver diseases
such as hepatocellular carcinoma, cirrhosis, and end-stage liver
disease [82]. HCV is a single-stranded positive-sense RNA virus
with a relatively small size (40—80) nm [83]. HCV has six known
genotypes and multiple subtypes. Genotype 1 is the most prevalent
worldwide [84]. It is estimated that there are approximately 71
million people worldwide are infected with HCV [85]. HCV can be
diagnosed with various different methods. Enzyme-Linked Immu-
nosorbent Assay (ELISA) and Reverse-Transcriptase Polymerase
Chain Reaction (RT-PCR) are the two most common detection
methods of HCV. Here, we summarize the screen-printing methods
utilized for the detection of HCV. Spencer et al. have used SPEs to
detect HCV antibodies [86]. The anti-HCV antibodies were detected
with the help of yeast bio-bricks. Yeast cells were genetically nano-
engineered to display HCV core antigen protein linked to the gold-
binding peptide. The screen-printed electrodes sensor was made
up of high-temperature curing ink. These genetically engineered
yeast cells were used to functionalize the surface of gold-coated
SPEs demonstrated in Fig. 3(a). This method has provided a LOD
of 2 nM. This antigen-based antibody capture method offers a cost-

effective solution for POC diagnostics. In another research, an
electrochemical sensor was developed for the detection of core
antigen of HCV [87]. Gr-IL-Fu nanocomposites were utilized to
modify the screen-printed carbon electrodes, and then rhodium
nanoparticles (RhNPs) were deposited on the surface of the
modified electrode. The addition of RhNPs thin-film facilitates the
immobilization of the primary antibody. Initially, the HCV core
protein was loaded on the surface of this electrode. TiO; nano-
particles doped with Celestine Blue were used as a label to identify
the captured HCV. CB/Nafion@TiO, composite nanoparticles were
utilized to quantify the captured HCV antigen. The utilization of
Nafion@TiO? composite nanoparticles enhances the electro-
chemical output signal down to a LOD of 25 fg/mL. Alternatively,
Au-SPEs were utilized for the detection of HCV [88]. These elec-
trodes, screen-printed with high-temperature inks, are suitable
candidates for analyte sensing from micro volumes (up to 50 pL)
samples in decentralized settings. The surface was nanostructured
by CV cycles in sulfuric acid. HCV-core gold-binding-peptide fusion
protein was used to bind primary anti-HCV antibodies, and a
detection limit of 32 nM was achieved (Fig. 3b).

3.2.2. Hepatitis B virus (HBV)

Hepatitis B virus (HBV) is causing a global chronic viral disease.
It is a double-stranded DNA virus that belongs to the Hepadnavir-
idae family [39]. As per estimates of the Center for Disease Control
and Prevention (CDC), there are 257 million people worldwide
infected with HBV [85]. Immunoassays and polymerase chain re-
action (PCR) are reported to detect HBV [89]. Various SPE-based
examples have been reported in the literature. For instance, a
paper-based electrochemical sensor was developed for HBV-DNA
detection [85]. The device was in the shape of a pop-up micro-
pad. These graphene-based electrodes were fabricated on the front
of the device, and the working electrode was printed on the back of
the pop-up device, as shown in figure Fig. 4(a). Their developed
device had a separate sample zone and the reagent zone. The de-
vice's design enabled the establishment of a fluidic path, electrical
connectivity and reaction time controlled by folding the pop-up.
The developed device reached a limit of detection of 1.45 pM and
worked in the liner range from 0.05 to 100 nM. In another research,
HBV-DNA was detected with the use of AgNPs in the electro-
chemical experimental setting [90]. AgNPs were modified with the
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Fig. 3. (a) Genetically engineered yeast cells based electrochemical immunoassay for detection of HCV (Reprinted from Ref. [86]. Copyright 2016, Elsevier). (b) The illustration of
GBP yeast fusion proteins immobilization to the surface of a gold electrode (Reprinted from Ref. [88]. Copyright 2018, Elsevier).

recognition DNA probe. The utilization of AgNPs provided an
amplification factor of approximately 250k-fold. In addition, 2.8
micron-sized magnetic microbeads (MuBs) have been involved as
mobile solid phase supports for the capture probes. These magnetic
microbeads were concentrated at the detection electrode using a
magnet, and this arrangement enhanced the amplification by
approximately 25-times. The assay did not involve any antibody or
enzyme and consists of a single-step sample incubation. The two
steps amplifications enabled picomolar detection of HBV-DNA
target. This paper-based electrochemical sensor achieved a LOD of
85 pM. A simple and user-friendly biosensor was developed
exploiting the use of a smartphone to establish a near field
communication (NFC) enabled platform [91]. The entire setup was
consisting of an NFC antenna, potentiostat circuit, and connections
to an electrode. The screen-printing method was used for the
printing of electrodes on Polyvinyl chloride (PVC) substrate using
graphene ink and a nano-layer of gold was electrodeposited on top
of the printed platform to host the -cyclodextrin (-CD) that was
utilized to immobilize highly sensitive antibodies, as demonstrated
in Fig. 4b. The immunosensor was used to successfully detect
HBsAg in serum samples in the range 10—200 pg/mL, with a LOD of
0.17 pg/mL.

3.3. Zika Virus (ZIKV)

Zika virus (ZIKV) is a flavivirus that spreads through the bite of
an Aedes species mosquito. Zika virus can cause Guillain—Barré
Syndrome, microcephaly, and other birth defects [92]. This
mosquito-borne pathogen is usually detected using RT-PCR and

ELISA in a laboratory setting. Several biosensors have been fabri-
cated for the rapid detection of ZIKV. Mohamed et al. have devel-
oped a paper-based microchip with printed electrodes for the
quantification of the viral lysate [37]. The biosensor was fabricated
using a screen-printing process, and 4-finger-like interdigitated
electrodes were printed on paper using graphene-modified silver
nanocomposite in a 4:1 ratio (graphene: silver), to promote good
conductivity and measurement stability. The whole detection
process is showed in Fig. 5a. The viral particles of interest were
isolated from the biological samples with the help of Anti-ZIKV
monoclonal antibodies coated magnetic beads and tagged with
platinum nanoparticles (PtNPs). In addition, PtNPs were incorpo-
rated to enhance the electrical signal. ZIKV-PtNPs complexes were
lysed using a detergent solution, and the limit of detection was
approximately 100 viruses per microliter in the complex sample
matrix, i.e., serum. Electrochemical nucleic acid biosensing, also
known as genosensing utilizes sequence-specific probes as a bio-
recognition element, and as a result of nucleic acid hybridization,
electrochemical transduction produces a measurable signal [93,94].
Another strategy focused on genosensor that was developed to
detect ZIKV in saliva, urine, and serum samples [95]. A biotinylated
capture probe was anchored to streptavidin-coated magnetic par-
ticles. The target was prehybridized with the digoxigenin (Dig)-
coated signal probe and further hybridized to the capture probe-
coated magnetic particles. The addition of an anti-Dig monoclonal
antibody tagged with the HRP resulted in recognition of a signal
probe. The beads were magnetically attracted to the surface of Au-
SPE and as a result of this process, genosensor was successfully
used to detect ZIKV and discriminate it from the dengue (DENV)
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and chikungunya (CHIKV) viruses. The LOD was 0.7 and 3 pmol/L
for two regions R1 and R2, respectively. However, the effectiveness
of nanomaterials modification can help to achieve a lower detec-
tion limit [95]. In addition, the use of zinc oxide nanorods (ZnO
NRs) also provided a suitable surface for attaching anti-ZIKV NS1
antibody [96]. Fig. 5(b) ZnO nanorods, that were grown onto Au-
SPE, allowed to attach ZIKV-NS1 antibody via cystamine (Cys) and
glutaraldehyde (Glut). Electrochemical measurements were per-
formed using cyclic voltammetry, and spiked urine containing
the ZIKV was successfully analyzed in the linear range comprised
between 0.1 and 100 ng/mL and a LOD of approximately 1 pg/mL.
An elegant approach involving electrochemical impedance

spectroscopy has also been reported with application in serum and
saliva samples [97]. In this case, a SPE has been nano-engineered
with a portion of the recombinant structural proteins domain III
of the envelope protein (EDIII). This architecture was characterized
by high selectivity, and the biosensor obtained with the ZIKV EDIII
was capable of detecting 53 fg/mL mAb.

3.4. Dengue virus
Dengue virus is a single positive-stranded RNA virus that be-

longs to the Flavivirus family. It is transmitted by infected Aedes
female mosquitoes and causes dengue hemorrhagic fever (DHF)
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and dengue shock syndrome [98]. Even if RT-PCR and ELISA are
normally utilized for the detection of DENV, the use of SPE-based
biosensors has been demonstrated for the early-stage detection
of DENV. The adoption of a nanocomposite formed with silicon
nanowires (SiNWs) and AuNPs has been reported in the literature
[99]. The major role of SINWs/AuNPs was to increase the conduc-
tivity of SPGE, and it also provided a good site for DNA probe
immobilization and hybridization. A thiolated ssDNA probe was
immobilized on the surface SiNWs/AuNPs modified SPE. The
developed biosensor was tested with various concentrations of
complementary DNA, and it was able to detect DENV-DNA oligomer
in the linear range of 100 nM-10 pM with a detection limit of 1.63
pM. In another work, to avoid interferents species, an SPE has been
engineered by electrografting a protein layer, with the results of
obtaining a conductive and anti-fouling surface [100]. A non-
structural 1(NS1) monoclonal antibody was attached to the graf-
ted surface, as indicated in Fig. 6a and DENV protein was linearly
detected up to 200 ng/mL, with a limit of detection of 0.3 ng/mL. In
another research, an immunosensor was developed for the detec-
tion of DENV IgG antibodies [101]. In this case, graphene was used

to provide a better electron transfer and a high surface to volume
ratio to SPE. The envelope glycoprotein domain III (cEDIII) was
immobilized on the nanostructured SPE, and the immunosensor
allowed to determine the dengue antibodies in mouse serum
samples with a detection limit of 22.5 ng/mL (Fig. 6b).

3.5. SARS-CoV-2

SARS-CoV-2 has recently caused a global pandemic in the form
of coronavirus disease 2019 (COVID-19). Due to its wide infectivity,
SARS-CoV-2 has exacerbated the outbreak's management [102]. It
is of utmost importance to quickly identify the infected patients
and isolate them to reduce the further spread of the virus. Sars-
CoV-2 is a single-stranded RNA virus. It has four structural pro-
teins: envelope protein (E), spike surface glycoprotein (S), matrix
protein (M), and nucleocapsid protein (N) [103]. Various diagnostic
assays have been developed to detect SARS-CoV-2. Some of these
assays are classified as direct tests that detect the presence of viral
RNA, while other indirect tests measure the antibodies against the
virus [104]. Various biosensors using SPEs have also been adopted
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to detect SARS-CoV-2 [56]. Recently, a biosensor was developed to
rapidly detect SARS-CoV-2 coronavirus [102]. The immunoassay
was introduced for the detection of Nucleocapsid (N) protein or
Spike (S) protein utilizing magnetic beads and carbon black-based
screen-printed electrodes. The magnetic beads act as a support of
the immunological chain. As a result of the high surface-to-volume
ratio of these magnetic beads, it is possible to immobilize a higher
amount of primary antibody resulting in an increase of sensitivity.
The antibodies for S and N proteins were conjugated to magnetic
beads. The binding of the Sars-CoV-2 was evaluated by utilizing a
secondary antibody labeled with Alkaline Phosphatase as the in-
dicator enzyme. The enzymatic by-product 1-naphtol was detected
with screen-printed electrodes. These SPEs were modified with
carbon black that demonstrates enhanced electrochemical sensi-
tivity if compared to the bare counterpart. The whole process of
SARS-CoV-2 detection is shown in Fig. 7a. The LOD for this assay
was 8 ng/mL and 19 ng/mL in unprocessed saliva samples,
respectively, for N and S protein. The cultured virus samples and
clinical saliva samples were also successfully detected with the
developed immunoassay. In another effort, a biosensing device was
developed for the detection of nCovid-19 spike antigen in human
saliva samples [105]. The biosensor was developed by attaching
nCovid-19 monoclonal antibody on screen-printed carbon elec-
trodes. Gold nanoparticles were utilized as the signal amplifiers
due to their biocompatibility, stability, and higher conductivity. The
Ab-Ag interactions provide a change in the electrical signal that can

Trends in Analytical Chemistry 143 (2021) 116374

be measured using the transducer, as shown in Fig. 7b. This device
has been demonstrated to detect nCovid-19 antigen down to 10 fM
in standard buffer and a detection limit of 90 fM when tested with
spiked saliva samples. The developed device termed “eCovSens”
has allowed response within 10—30 s. Similarly, ZnO nanowires
(ZnO-NWs), in combination with paper-based microfluidics, have
been used to develop an immunoassays for the serological testing
of antibody markers (IgA, IgM, and IgG) [106]. After the electrodes
were screen-printed, ZnO-NWs were grown on top of the sensing
surface. This biosensor was utilized for the detection of specific
antibody, i.e., CR3022 antibody, in human serum. It was demon-
strated that the paper-based ZnO-NW biosensor allowed detection
in spiked human serum samples at different concentrations in the
range of ng/mL and pg/mL in less than 30 min.

In the following Table 1, a comprehensive guide that summa-
rizes the various strategies for detecting viral pathogens at SPEs is
reported. Each example is associated with experimental features.

4. Role of nanomaterials for improving SPEs’ performance

Nanomaterials are primarily used as labels or carriers that
remarkably enhances the detection capacity of SPEs. Among
various classes of nanomaterials, nanoparticles are the most widely
used nanomaterials for the modification of SPEs. The application
of metal nanoparticles is a standard practice employed for the
enhancement of SPEs. In this aspect, AuNPs are extensively
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Table 1
Summary of various methods of viral pathogens detection.
Target Platform Sensing element LOD Time Matrix Ref.
HIV
HIV-1 viral particles  Printed flexible plastic Biotinylated polyclonal anti-HIV1 100 copies/mL 60 min Plasma [34]
microfluidic chip gp120 antibodies attached to
streptavidin-coated magnetic
microbeads.
CD4" T cells Point-of-care (POC) CD4 Biotinylated monoclonal anti-CD4 25 cells per pL 5 min Blood [52]
enumeration platform. antibody-coated magnetic beads
HIV-Antibodies Microfluidic paper-based HIV p24 protein 300 pg/mL 20 min Serum [73]
HIV-1 p24 protein Electrolyte-gated field-effect anti-HIV1 p24 antibody Approximately 1 fM range of — Blood [74]
transistor (EGOFET) proteins.
HIV-DNA Paper-based strip Triplex forming oligonucleotides 3 nM and 7 nM respectively for — Serum [80]
ssDNA and dsDNA.
HIV p24 capsid protein CNT-SPE Monoclonal anti-HIV-1 p24 IgG1 2 pM Serum [71]
HCV
anti-HCV core IgG Au-SPE HCV-core antigen 32 nM Approximately Serum [88]
a few minutes
time frame.
HCV core antigen Nafion@TiO,-SPE Primary antibody 25 fg/mL - Serum [87]
HCV antibodies Smartphone-based HCV core antigen linked to a gold 12.3 pM — PBS [86]
binding peptide (GBP)
HBV
Hepatitis B virus target Paper-based Pyrrolidinyl PNA 1.45 pM — Culture [85]
DNA extracted from supernatants
plasmid constructs.
Hepatitis B Virus DNA Paper-based Magnetic microbeads, DNA probe, 85 pM - PBS buffer  [90]
AgNPs
Hepatitis B surface Immunosensor Primary antibody 0.17 pug/mL - Serum [91]
antigen (HBsAg)
SARS-CoV-2
SARS-CoV-2 particles  CB-SPE immunosensor Anti-S/N antibodies on magnetic beads 19 ng/mL and 8 ng/mL 30 min Saliva [102]
in unprocessed saliva samples
for S and N proteins,
respectively
nCovid-19 spike Fluorine doped tin oxide nCovid-19 monoclonal antibody 90 fM 10-30s Saliva [106]
antigen (nCovid- electrode + AuNPs
19Ag)
Zika Virus
Zika Virus particles. Paper-based microchip Magnetic beads conjugated with anti- 100 viral particles per Assay time is  Urine, [37]
ZIKV monoclonal antibody microliter. not specified. plasma,
semen
Zika Virus NS1 antigen ZnO nanostructures Anti-ZIKV NS1 antibody. 1 pg/mL Assay time is  Urine [96]
not mentioned.
ZIKV-specific Screen-printed electrodes ZIKV non-structural protein 1(NS1) and LOD is not specified. Assay time is  Serum, [97]
antibodies modified with carbon-nanotubes domain III of the envelope protein not specified.  saliva
containing ZIKV-derived proteins. (EDIII) as biorecognition element.
Dengue Virus
Dengue virus NS1 Impedimetric immunosensor anti-NS1 monoclonal antibody 0.30 ng/mL Assay time is  Serum [100]
consisting of BSA-SPCE modified not specified.
with antibody.
Dengue Virus DNA Au-SPE SiNWSs/AuNPs 1.63 pM Assay time is  TE buffer [99]
Oligomer not mentioned.
Dengue virus Graphene-SPE Envelope glycoprotein domain III 22.5 ng/mL Assay time is  Serum [101]
antibodies (EDIII) antigen. not specified.

reported to provide an anchoring platform due to many features
that make them the favorite choice for a wide range of applications.
To list a few, flexible size, shape, fabrication capacity offers exten-
sive applications in the development of low-cost, portable elec-
trochemical sensors. AuNPs, due to their easy fabrication, high
conductivity, biocompatibility, and electrochemical activity, they
have been utilized to detect HCV [88], and in another work a
dispersion of AuNPs has been exploited both to immobilize the DNA
probes and for the efficient detection of HIV-related DNA [80].
AuNPs combined with silicon nanowires were utilized to detect the
Dengue virus [99].

Besides, magnetic particles like Iron NPs are mainly utilized as a
carrier due to excellent stability and their capability in the sepa-
ration/accumulation of probe/target conjugates [90], as antibody-
coated magnetic beads for HIV detection [52] and coupled to

streptavidin for HIV and Zika virus detection [34,95]. Also, Platinum
NPs have been capable of providing remarkable enhancement in
signal transduction anti-ZIKV antibodies detection [37]. Rhodium
NPs along with TiO; have played a significant role in HCV detection
due to their high biocompatibility towards the recognition probe
[87]. Apart from nanoparticles, SPEs modified with carbon-based
nanomaterials and their derivatives have drastically revolution-
ized diagnostics. Owing to the high surface area, immobilization
capacity, excellent electrical conductivity, solvent dispersibility,
rapid reaction Kkinetics, and eco-friendly nature, several studies
have reported carbon-based electrodes for effective detection of
viruses [85,97,100,101]. Graphene is often reported with other
nanoparticles such as AgNPs to improve catalytic activity (with
respect to bulk Ag electrodes) when peroxide-based assay is
involved. In another study, carbonaceous porous structure allowed
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ZnO-NWs to be synthesized and providing a stable support for
immobilizing probe for protein-SARS-CoV-2 detection [105]. ZnO
nanorod were also employed as an efficient platform for detecting
Zika antibodies, even without the use of carbon-based enhancers
[96]. Polymers, on the other hand, also stand significant in di-
agnostics; likewise, carbon nanotubes are typically utilized thanks
to their increase of analytical performances demonstrated by
SWCNT-SPCEs modified with chitosan/glutaraldehyde (CS/GA) [71].
Carbon black, even if less famous than graphene and carbon
nanotubes, has displayed a great sensitivity enhancement in
detecting both S and N-protein of SARS-CoV-2 [102]. SPEs have
been also modified with biomolecules such as portion of proteins
and nucleic acids for identifying causative agents of various dis-
eases, as for the case of genetically engineered yeast cells that have
been able to detect HCV antigen protein [86]. Nanoengineering
SPEs has provided multiple portable platforms for effective viruses’
detection with the use of low volume of samples. It should be noted
that, even if their presence has been able to improve selectivity and
stability, the majority of the studies have been demonstrated onto
spiked samples. Even if the advantages related to the use of
nanomaterials are obvious, the further development of SPE for
novel strategies in virus sensing should be coupled to other tech-
nologies like microfluidics and chemometrics tools [107—111], with
the aim in reducing complexity of in real-worlds scenarios.

5. Conclusion

The present paper reports a comprehensive overview of the
principal strategies that have been developed for viral disease
diagnostic by employing screen-printed technologies. The role of
nanomaterials and magnetic particles has been highlighted for the
enhancement of portable electrochemical methods. As the study
case, nanomaterial-modified SPEs applied to HIV, HBV, HCV, Zika
virus, Dengue virus, and SARS-CoV-2 detection have been consid-
ered. The adoption of nanomaterials as customizers for SPEs
implementation represents a valuable tool for obtaining low-cost,
user-friendly, and eco-designed diagnostics. In our opinion, the
examples reported within the field of SPEs represents a good
starting point for next-generation sensing and biosensing; how-
ever, to make these methods suitable for the real environment, they
should be coupled to complementary technologies such as micro-
fluidics, chemometrics, and artificial intelligence, with the aim of
reducing background signals and interferents from non-processed
samples, i.e., blood.
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