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ABSTRACT: Coronavirus disease 2019 (COVID-19) is a M B A

transmitted respiratory disease caused by the infection of the RNA | Detectabie . [‘} 5

severe acute respiratory syndrome coronavirus 2 (SARS-CoV- ~ ©@ene SOTE o ‘
[ ver-the-counter

2). Although humankind has experienced several outbreaks of ()
infectious diseases, the COVID-19 pandemic has the highest
rate of infection and has had high levels of social and economic
repercussions. The current COVID-19 pandemic has high-
lighted the limitations of existing virological tests, which have
failed to be adopted at a rate to properly slow the rapid spread
of SARS-CoV-2. Pandemic preparedness has developed as a
focus of many governments around the world in the event of a
future outbreak. Despite the largely widespread availability of
vaccines, the importance of testing has not diminished to monitor the evolution of the virus and the resulting stages of the
pandemic. Therefore, developing diagnostic technology that serves as a line of defense has become imperative. In particular,
that test should satisfy three criteria to be widely adopted: simplicity, economic feasibility, and accessibility. At the heart of it
all, it must enable early diagnosis in the course of infection to reduce spread. However, diagnostic manufacturers need
guidance on the optimal characteristics of a virological test to ensure pandemic preparedness and to aid in the effective
treatment of viral infections. Nanomaterials are a decisive element in developing COVID-19 diagnostic kits as well as a key
contributor to enhance the performance of existing tests. Our objective is to develop a profile of the criteria that should be
available in a platform as the target product. In this work, virus detection tests were evaluated from the perspective of the
COVID-19 pandemic, and then we generalized the requirements to develop a target product profile for a platform for virus
detection.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a transmitted
respiratory disease caused by the infection of the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
which was discovered in December 2019 in Wuhan, China."?
With a high rate of infection, the COVID-19 pandemic has
pervaded nearly every facet of society, with a lastin§ impact
across the global economy and health care systems.”* Many
mandates and regulations were put in place as a part of the
effort to slow the spread of the disease. People were asked to
intensify their hygiene practices such as handwashing and to
practice social distancing by limiting close contact with others,
especially in crowded areas. Businesses and schools were
forced to close, or vastly reduce in-person contact,
transitioning to work remotely. These are life-changing events o
that could have been avoided by the effective control of the -
SARS-CoV-2 virus spread. The limited availability of rapid

tests to detect COVID-19 was the major obstacle to containing
the spread of the virus.>~® In addition, the situation got further
out of control because of the way people with stronger
“adaptive” immune systems were able to respond to the
infection. As some people had a stronger “innate” immune
response to the virus, they presented no apparent disease
symptoms. The asymptomatic, yet highly infectious subjects
represented 17.9% of the infected cases where an infected
asymptomatic or presymptomatic patient on average could
infect 5.6 other people.”'”
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-------------- o Nasopharyngeal swabs:63%
: 104 -10® copies/swab
o Sputum: 72%, 106-

10" copies/mL

Virus Information

Diameter: 100 nm, Volume: 1 yL, Mass: 1 fg/100 MDa
1 \Stability: and half life: 1hr in aerosols, 1-10 hours on
/surfaces

- Bronchoalveolar lavage fluid: 93%

------------------------ ~Blood: 15-30%

......... * Stool: 29%, 10* -10° Copies/g

---------- » Rectal swabs: 14-38%

Figure 1. Graphical illustration of the distribution of the SARS-CoV-2 viral load in various bodily fluids (green) and the true positive rate
(TPR) of a reverse transcription polymerase chain reaction (PCR) test as per specimen source (black). Basic information about the SARS-
CoV-2 virus including size, genome, mass, stability, and half-life time is also presented.
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Figure 2. COVID-19 testing can be categorized as either a two-step testing method (top) or a one-step method (bottom). The two-step
testing strategy involves the collection of the patient sample on site and then transporting the samples to a centralized laboratory to perform
the testing; the commonly used test is RT-PCR. In the one-step testing method, the patient’s sample is collected and tested on site at the

patient’s point-of-care side.

Many people have shown no symptoms or mild ones which
prevent the identification of the carriers and facilitate its wide
spread. Thus, easy access to accurate technologies for the early
diagnosis of SARS-CoV-2 is critical to stopping the silent
spread of COVID-19. Frequent testing would also allow us to
gain a realistic estimation of the actual number of infected
subjects. Furthermore, the widespread availability of rapid and
accurate COVID-19 tests enables the detection of positive
cases on the spot to avoid the unnecessary quarantine of
negative cases and allow a physician to take an early step to
save the patient’s life before they develop severe symptoms.

At the peak of the COVID-19 outbreak, it was estimated
that an infected person may carry around one billion to a
hundred billion virions, with a total of 10° to 10® virions per
gram of tissue."”'” The total number of produced virions can
be estimated using the following equation:

I
Nvirions = ? ( 1)

11546

where I represents the integral of the viral load curve (virions X
time), and ¢ is the time the virus resides in the body which is
the reciprocal of the virus recovery rate. The production of the
virus is found to be around 3 X 10° to 3 X 10'* virions during
the whole course of infection, which is about 3—30-fold the
virions during the peak of infection.'""”

Myriad advancements have been made in biosensing
approaches that can aid in the early detection of COVID-19.
In this review article, we will present a comprehensive
landscape of the various sensing strategies adopted during
the pandemic and provide a description, analysis, and
interpretation that will allow readers to assess the value of
the test. This review will evaluate the strengths and weaknesses
of the presented ideas, assess the regulatory guidelines, and
outline a target product profile (TPP) with the necessary
characteristics of an innovative product to address clinical
needs during a future pandemic.
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Table 2. Categories of Available COVID-19 Tests

TYPE OF THE TEST

MOLECULAR

ANTIGEN

SEROLOGICAL

HOW IT WORKS {
é Y
GENETIC PROTEINS ANTIBODIES
Detects the virus genetic Detects the virus proteins Detects the antibodies found in the blood
materials which formed as a response to the virus
infection instead of the virus itself.
SAMPLE TYPE Nasal or nasopharyngeal Nasal or nasopharyngeal Blood
swab or saliva swab or blood or saliva
INFORMATION Current or recent infection Current or recent infection Past infection
ADVANTAGES Accurate, detect the infection Fast and cost effective Immunity check
at its earliest
LIMITATIONS Cost, time, current infection Less accurate, current High false positive rate, not for early
only infection only detection, not for diagnosis

DISTRIBUTION OF SARS-CoV-2

The SARS-CoV-2 virus is 100 nm in diameter with a mass
equivalent to 1 fg and a volume of 1 yL.""'*"> The viral load of
SARS-CoV-2 was found to be sample-dependent, varying
across sputum, serum, stool, and saliva samples (Figure 1)."*

The level of the cell-specific expression of the angiotensin-
converting enzyme-2 (ACE2) receptor was found to be the
main factor governing the spread of SARS-CoV-2 from the
respiratory tract to the other body organs. During the initial
phase of the infection, the amount of SARS-CoV-2 load is high
in the respiratory tract, reaching its maximum in the second
week, followed by the fast clearance of the virus from the body.
On the other hand, in severe cases, SARS-CoV-2 was found to
be high in the third and fourth weeks with a long virus-
shedding period.'®"” Furthermore, plasma samples exhibit the
highest prevalence of SARS-CoV-2 viral load that is
accompanied by lower absolute lymphocyte counts and high
level of inflammation biomarkers such as C-reactive protein
and interleukin 6 (IL-6)."%7%°

OVERVIEW OF THE CHARACTERISTIC REQUIREMENTS
FOR COVID-19 DIAGNOSTIC TESTS

As the world witnessed the rapid spread of COVID-19, the
importance of delivering the test results promptly to slow the
spread of the infection became evident. Current active
infection can be detected through several approaches depend-
ing on the nature of the disease and the causative pathogen.
This can be achieved through one- or two-step diagnostics
strategies as shown in Figure 2. The two-step diagnostic
approach consists of two main stages: first, the collection of the
clinical sample at the patient’s point-of-care, followed by
transporting the sample to a centralized laboratory to run a
virological test. However, in the one-step diagnostic strategy,
the sample collection, preprocessing, and pathogen detection

take place altogether, namely, by using a point-of-care device,
at the patient’s bedside.

Table 1 details the performance characteristics of the three
main test categories used in COVID-19 diagnosis. Here, the
target population refers to people with a medium and high
prevalence of the disease under investigation. The target
operator discusses the person performing the test, and they
vary based on their training level. In the context of the one-step
test, optimally the test should be easily performed by a
community worker with minimal training. Analytical and
clinical performances of the test are correlated with the trust
level of the platform. Among some of the important
characteristics of the test is the sensitivity or the limit of
detection (LOD), which represents the minimum concen-
tration of an analyte that can be detected using a specific
analytical method. Sample preparation may vary with the
testing strategy. For example, a COVID-19 nucleic acid test
that involves an RNA-extraction step is difficult to be
performed outside a traditional laboratory setting. Advanced
nanomaterials can serve as an important component that helps
in reducing the test’s complexity by replacing the time-
consuming RNA-extraction step with a simple capturing
methodology. A test that involves the elution of the virus
RNA by chemical (using lysis buffer) or mechanical (using
magnetic beads) means can be brought near the patient. The
specimen is another test operation characteristic that is critical
to the test performance. For example, after the onset of
symptoms, the viral load in the sputum samples collected from
the throat swabs reaches a peak value of 10*—107 copies/mL in
5—6 days. Whereas using real-time polymerase chain reaction
(RT-PCR), the test positivity varies with the specimen type
and has been found to be 78%, 16%, and 88% for saliva, tears,
and blood samples, respectively, as shown in Figure 1.2

https://doi.org/10.1021/acsnano.2c01697
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Figure 3. Schematic representation of the COVID-19 serological test. The test consists of recombinant antigens specific for the SARS-CoV-2
immobilized onto nitrocellulose paper. Nanoparticles conjugated with mouse anti-human IgM and IgG antibodies immobilized on conjugate
pads. The antibodies in the patient sample will be captured using a SARS-CoV-2-specific recombinant antigen. When SARS-CoV-2-specific

IgG/IgM is available in the sample, the test band will show color on the test strip, indicating a positive test result.

In the following sections, we will analyze the currently
available tests by contrasting the performance alongside the
projected performance using the metrics outlined in Table 1.

Currently, there are many tests available commercially for
the detection of COVID-19.”° Some of these tests received
approval for emergency use authorization (EUA) from the U.S.
Food and Drug Administration (FDA).>"*” These tests fall
into three main categories based on the targeted analyte:
nucleic acid—based (NAT or molecular), antigen-based, and
antibody-based testing methods. NAT or molecular tests can
identify the infected subjects during the acute phase of
infection by detecting the presence of viral nucleic acid in the
tested sample. These molecular tests involve the use of
polymerase chain reaction (PCR)-based techniques'®**** or
rely on DNA—RNA hybridization for the detection of SARS-
CoV-2 viral RNA.>* The second category is the antigen tests
that involve the detection of the virus proteins either from
saliva, nasal, or nasopharyngeal swabs, or even in the
blood.”” *” The third category is the serological or
immunological assay which is an indirect method of detecting
the virus as the test looks for developed antibodies as a
response to the infection rather than detecting the virus
itself.**™** Serological tests detect the presence of antibodies in
the blood when the body is responding to the viral infection.
This type of test is important to identify the potential
convalescent plasma donors and to monitor the subject’s
immune status over time.””~* Many rapid serological tests
were quickly developed;**™***® however, they do not provide
information on active infection as the body takes several weeks
to develop a detectable level of antibodies following the
infection.” Table 2 summarizes the differences between the
three main testing methods currently employed in the
diagnosis of COVID-19.

SEROLOGICAL TESTS

As discussed briefly, serology tests do not detect the virus itself,
but instead, they look for the presence of antibodies produced
by the body’s immune system as a response to the
infection.'®*>** For the serological tests to work, the body
needs to develop a detectable antibody level which takes 5—7
days."*?° Serological tests cannot be used to diagnose acute or
active COVID-19 infection.’***" The performance character-
istics of such tests are assessed based on their clinical sensitivity
and specificity using a 95% confidence interval. The sensitivity
or the true positive rate (TPR) is evaluated based on the ability
of the test to identify the samples with antibodies to SARS-
CoV-2. Specificity or true negative rate (TNR) refers to the
test’s ability to identify the samples that lack SARS-CoV-2
antibodies.

The larger the number of data sets used in the test
evaluation, the smaller the confidence interval, which means
having higher confidence in the estimated sensitivity and
specificity. Although serology tests cannot be used to detect
acute COVID-19 cases, they play a major role in the fight
against COVID-19 by supporting the effort of the healthcare
providers in identifying the subjects who have developed an
adaptive immune response against the infection.”’ Nano-
particles serve as a component in the serological test, being a
key element of the transduction of the antigen—antibodies
interaction.”®>° Gold nanoparticles have been used as a
colorimetric label in a lateral flow-based assay for the rapid
detection of a serological response to SARS-CoV-2.**7>* The
assay uses gold nanoparticles (AuNPs) conjugated to antigens
specific for SARS-CoV-2. The IgG or IgM presented in the
loaded samples (either blood or saliva) would bind to the
SARS-CoV-2 antigen and antibody, which can be viewed as a
clear test band (Figure 3). The assay has a fast turn-around
time of 20 min and high accuracy of ~90%.°' Table 3
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Table 3. Summary of the Performance of Selected FDA-Granted EUA Serological Tests’'

company name test technology target
Abbott Labora-  AdviseDx SARS-CoV-2  semiquantitative high-  spike
tories Inc. IgG II (Alinity) throughput CMIA
Abbott Labora-  AdviseDx SARS-CoV-2  semiquantitative high-
tories Inc. IgG II (Architect) throughput CMIA
Abbott Alinity i SARS-CoV-2 high-throughput CMIA  nucleocapsid
IgG
Abbott ARCHITECT high-throughput CMIA  nucleocapsid
SARS-CoV-2 IgG
Abbott Labora-  AdviseDx SARS-CoV-2  high-throughput CMIA  spike
tories Inc. IgM (Alinity (i)
Abbott Labora-  AdviseDx SARS-CoV-2  high-throughput CMIA  spike
tories Inc. IgM (Architec)
Access Bio, Inc.  CareStart COVID-19 lateral flow spike and nu-
IgM/IgG cleocapsid
ACON Labora- ACON SARS-CoV-2 lateral flow spike and nu-
tories, Inc. IgG/IgM Rapid Test cleocapsid
ADVAITE, Inc. RapCov Rapid COVID- lateral flow nucleocapsid

19 Test

sensitivity (PPA); *TP/TP + FN
Ab“” (95% confidence interval)

IgG 98.1%; 51/52 (89.9-99.7%)

specificity (NPA); *TN/TN + FP
(95% confidence interval)

99.6%, 2000/2008 (99.2—99.8%)

98.1%; 52/53 (90.1—99.7%) 99.6%; (1999/2008) (99.2—

99.8%)

IgG 100%; 34/34 (89.9—100%) 99.0%; 99/100 (94.6—99.8%)
IgG 100%; 88/88 (95.8—100%) 99.6%; 1066/1070 (99.0—99.9%)
IgM 95.0%; 38/40 (83.5—98.6%) 99.6%; 2972/2985 (99.3—99.7%)
IgM 95.0%; 38/40 (83.5— 98.6%)  99.6%; 2952/2965 (99.3—99.7%)
IgM 89.1%; 57/64 (79.1—94.6%) 99.5% (181/182) (97.0—99.9%)
IgG 96.9%; 62/64 (89.3—99.1%) 99.5%; 181/182 (97.0—99.9%)
combined 98.4%; 63/64 (91.7—99.7%) 98.9%; 180/182 (96.1—99.7%)
IgM 96.7%; 29/30 (83.3— 99.4%) 98.8%; 79/80 (93.3— 99.8%)
IgG 100%; 30/30 (88.7— 100%) 97.5%; 78/80 (91.3—99.3%)
combined 100%; 30/30 (88.7— 100%) 96.2%; 77/80 (89.5—98.7%)

IgG 90.0%; 27/30 (74.4—96.5%) 95.2%; 99/104 (89.2—97.9%)

“Ab: Antibody, CMIA: chemiluminescent microparticle immunoassay. *These numbers relpresent the number of samples used to evaluate each test
and calculate the positive predictive value (PPV) and negative predictive value (NPV).?

summarizes the performance in terms of sensitivity and
specificity of several FDA-granted EUA serological tests.”*"**

ANTIGEN TESTS

The antigen test is a diagnostic test designed for the rapid,
direct detection of the SARS-CoV-2 virus, where a fast turn-
around time is the primary advantage.””*>***** The antigen
test detects the proteins present in the sample directly but not
the genetic material as in the case of molecular tests. Typically,
the detection component of the antigen tests are nanoparticles,
which make it a valuable diagnostic tool when laboratory
facilities are not available.”* Although the antigen tests are very
specific for the virus, they are not as sensitive as molecular
PCR tests and cannot detect all of the active cases. It is worth
mentioning that getting a negative result by the antigen test
does not rule out the infection because of the high chance of a
false—negative.55’56 Furthermore, antigen tests were found to be
unable to detect positive COVID-19 samples with a cyclic
threshold (Ct) number > 35, weak COVID-19, which may lead
to missing some of the active COVID-19 cases.”’

The immunochromatographic assay (ICA), lateral flow
immunochromatographic assay, and chemiluminescent enzyme
immunoassay (CLEIA) are three examples of commonly used
antigen tests. All of these tests can produce results within a few
min};tsg and enable large-scale population-based field test-
ing.b "

NUCLEIC ACID AMPLIFICATION TEST (NAAT)

Reverse Transcription Polymerase Chain Reaction
(RT-PCR). PCR remains the gold standard technique since it
can reach a high sensitivity.””*>>” The test procedure begins
with isolating the RNA from the collected sample, followed by
converting the RNA into complementary DNA (cDNA) and
then amplifying the target using a polymerase. The
discrimination of SARS-CoV-2 from other commonly reported
respiratory viruses is also possible using this technique.””®" For
RT-PCR, typically N, E, and RNA-dependent RNA polymer-
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ase (RdRp) genes of SARS-CoV-2 are targeted for detection.
The complete genome sequence of SARS-CoV-2 was revealed
on January 11, 2020, followed by the design of the primers and
probes by the Center for Disease Control and Prevention
(CDC). Other countries followed a similar approach and went
on to develop their own RT-PCR kits.'>*> Although RT-PCR
is a highly sensitive technique, running the test can take a long,
labor-intensive effort using specialized equipment, and the test
must be performed by expert personnel. This multistep
procedure typically takes 2—4 h to finish, which increases the
risk of cross-contamination. Further, the test is usually
conducted in hospitals or centralized laboratories based on
the aforementioned two-step diagnostic strategy model. In
addition, the logistical process of cold chain transportation
from the sample collection location to the testing laboratory
makes the conventional RT-PCR process slower, taking nearly
48—72 h to send the results back to the patients. To overcome
these challenges, nanoenabled approaches have been proposed
recently. Cheong et al®”®* reported the use of gold
nanoparticles with a magnetic core to speed up the
thermocycling process to detect SARS-CoV-2 using in situ
fluorescence. The portable device relies on plasmonic heating
through magnetoplasmonic nanoparticles (MPNs) to decrease
the time needed for the RT-PCR from a few hours to 17 min.
This approach is referred to as high-speed nanoPCR, and it
consists of three main steps. First, RNA is extracted using a
disposable RNA preparation kit with plungers for reagents
mixing. Next, RT-PCR is performed with the assistance of
magnetoplasmonic thermocycling. Finally, the fluorescence
signal is detected to diagnose COVID-19 after applying an
external magnetic field to remove the magnetoplasmonic
nanoparticles (Figure 4).63’64

Recently, a combination of PCR and isothermal nucleic acid
amplification known as loop-mediated isothermal amplification
(LAMP) techniques was explored.®® The idea was to introduce
the speed of the LAMP techniques and the accuracy of the
PCR method in one single platform. It has been shown that
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Figure 4. (A) Elemental mapping for gold and iron, schematic, and transmission electron microscopy (TEM) images of MPNs. (B) The
absorption spectrum of MPNs reveals a peak at 535 nm. (C) Surface plasmon resonance of the MPN as shown by electric field simulation.
(D) Representation of the NanoPCR system and its components. These include a laser for heating steps, a Ferris wheel, optics for output
signal detection, and a screen for a result display. (E) Illustration of the laser array used for the plasmonic heating of the sample. The use of
the Ferris wheel enables the sample rotation with syncing laser illumination to facilitate multisample processing. (F) The time-series change
of the temperature profile of the sample under processing. Reprinted with permission from ref 64. Copyright 2021 American Chemical

Society.
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combining LAMP and RT-PCR in one assay to develop RT-
q(PCR-LAMP) was approximately 100-fold more sensitive
than conventional RT-LAMP. Using RT-q(PCR-LAMP) for
COVID-19 diagnosis enables the detection of SARS-CoV-2
RNA of as few as five copies per reaction within a short time of
35 min for the amplification step (six cycles of PCR).® In
another attempt, Shirato et al.’ explored a real-time RT-PCR-
based assay for the ultrarapid detection of SARS-CoV-2 using
the PCR1100 device. The whole amplification procedure takes
less than 20 min and could achieve a sensitivity and specificity
comparable to those of conventional real-time RT-PCR
performed using thermocycler instruments. The technique is
potentially helpful for COVID-19 mass screening and when
multiple SARS-CoV-2 testing is required, though the system is
capable of testing only one specimen at a time.*’

Although RT-PCR is the gold standard diagnostic test for
COVID-19, it has several limitations in terms of cost, wait
time, RNA-extraction procedure, and sample storage. More-
over, the sensitivity of the RT-PCR test is hampered by
mutation and virus evolution, resulting in false-negative results.
These mutations were seen as a variation in the genetic
materials in the population of the circulating viral strains. The
genetic mutation is the change of the SARS-CoV-2 genetic
sequence when compared to the reference sequence such as
the first genetic sequence identified, Wuhan-Hul, or the one
identified in the United States, USA-WA1/2020. The effect of
these mutations varies: some have no impact, while others can
make the spread of COVID-19 faster. Testing a mutated
patient sample for sure will have an impact on the test
performance, and it depends on the nature of the mutation, the
test design, and the prevalence of the variant. Molecular tests
that rely on multiple genetic targets to provide the results are
less likely to be impacted by the viral mutation. On the basis of
FDA analysis of the viral mutation impact on the test’s
performance, they identify Accula SARS-CoV-2 Test (Mesa
Biotech Inc.) to be slightly affected by genetic mutation at
positions 28881—28883 (GGG to AAC) and 28877—28878
(AG to TC) in patient samples. The same holds for other EUA
FDA-approved kits as detailed in Table 4.

SARS-CoV-2 Detection Using Nucleic Acid Isothermal
Amplification Tests. Reverse transcript loop-mediated
isothermal amplification (RT-LAMP) is a nucleic acid
amplification technique that is carried out at a constant
temperature. RT-LAMP-based tests rely on the turbidity or the
use of colorimetric or fluorescence dye to indicate the
successful amplification of the target.”~"" The test is simple
to perform without the need for complex equipment, and a
simple output that can be visualized by the naked eye with no
background noise or interferences. The RT-LAMP test can be
integrated into a lateral flow strip,”' ™" or it can be made into a
lab-on-chip viral diagnostic device using a microfluidic
system.m_76

The performance of the RT-LAMP-based colorimetric test
in detecting SARS-CoV-2 has been evaluated in the presence
of several dyes. These dyes have been used to indicate the
successful amplification of the SARS-CoV-2 target segment. A
sensitivity of 50 virions/reaction has been reported using
leucocrystal violet (LCV) dye when combined with LAMP
because the LCV dye is insensitive to the sample’s pH. Further,
a two-stage isothermal amplification has been proposed by
combining recombinase isothermal amplification (RPA) and
RT-LAMP in a close tube reaction. The two-stage approach is
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Table 4. Impact of Virus Mutation on the Test’s Performance

The mutation impact on the test sensitivity.

Test Name
Revogene SARS-CoV-2 test

A false-negative result is expected for the SARS-CoV-2 omicron variant (B.1.1.529). This is due to the deletion of nine nucleotides at the N-gene (position 28370—28362).

(Meridian Bioscience, Inc.)

Accula SARS-CoV-2 test

The test results are expected to be affected slightly due to genetic mutation at positions 28881—28883 (GGG to AAC) and 28877—28878 (AG to TC) in patient samples.

(Mesa Biotech Inc.)
Linea COVID-19 assay kit

attributed to the fact that the test targets cover two mutated regions of the S-gene. The viral target of this test has mutations at nucleotide positions 23599 (from T to G) and 23604 (C to A) with deletions

at the amino acid positions 69—70.

B.1.1.7 variant (UK VOC-202012/01) can reduce sensitivity significantly. Further, the test is expected to have false-negative results when testing the SARS-CoV-2 omicron variant (B.1.1.529). This may
B.1.1.7 variant (UK VOC-202012/01) has a significant reduction in sensitivity.

(Applied DNA Sciences,

Inc.)

TaqPath COVID-19 combo

kit (Thermo Fisher
Scientific, Inc.)

Cepheid tests were found to be susceptible to a single-point mutation.
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from ref 79. Copyright 2021 Springer Nature.

referred to as COVID-19 Penn-RAMP, and it exhibited an
improved sensitivity of S virions/ reaction.””

Despite the RT-LAMP approach offering many advantages,
its applicability is limited by its inherent limitations. Utilizing
RT-LAMP tests call for the necessity of skilled laboratory
personnel to optimize the running conditions. Despite the
simplicity and sensitivity of the RT-LAMP method, it suffers
from increased background noise due to contaminants from
irrelevant DNA molecules, which lead to a high false-positivity
rate due to the spurious amplification byproducts.”®””

Nanotechnology may offer a solution to enhance the RT-
LAMP specificity by serving as a secondary check.”” The
specificity of the RT-LAMP has improved dramatically through
the introduction of AuNPs-coated antisense oligonucleotides
(ASOs) due to its dual-targeting approach for SARS-CoV-2
detection. The protocol relies on a synergic targeting
mechanism to compensate for the high false-positivity rate
with the standalone RT-LAMP test. The sensitivity of the RT-
LAMP test improved due to the use of AuNPs to indicate the
presence of SARS-CoV-2 RNA due to the aggregation of the
AuNPs as shown in Figure 5.7 This approach relies on the
hypothesis that the aggregation of AuNPs in a colloidal
solution changes the surface reflective index (RI) and
accordingly shifts in the resonance wavelength because of
localized surface plasmon resonance (LSPR). The sensitivity of
the test was found to be 10 copies/uL after adding the nucleic
acid amplification (NAA) step with a total sample-to-assay
time of ~35 min.”

Several other isothermal approaches have been also
reported, which may overcome the limitations associated
with RT-LAMP tests. Carter et al.*” reported the development
of the SARS-CoV-2 test with a sample-to-assay time of 10 min
using the reverse transcription—free exponential amplification
reaction (RTF-EXPAR).*” The fast turn-around time of the
RTF-EXPAR is due to the generation of cDNA while
bypassing the slow reverse transcription method and utilizing
an exponential amplification process.”” Woo et al.*' reported
the development of a sensitive fluorescence sensor for the
detection of multiple viruses and bacteria including SARS-
CoV-2, MERS-CoV, V. vulnificus, and E. coli 0157:H7 with the
ability to multiplex. The test relies on the ligation of promoter
probe and reporter probe segments in the presence of the
target genetic material.®! Next, the ligated segment was
transcribed using the T7 RNA polymerase leading to the
formation of a fluorescent light-up aptamer that binds to
fluorogenic dyes to indicate the presence of the target

pathogen. When evaluated using 40 nasopharyngeal COVID-
19 samples, the assay showed 95% and 100% of positive and
negative predictive values, respectively, with a LOD of 0.1
attomolar. Further, the test was evaluated using a direct
samples testing protocol, without RNA extraction. Thermal
lysing offers an alternative to conventional RNA-extraction
methods.”’ However, the need for specialized heating
equipment to reach the high temperature for thermal lysing
limited the method’s applicability to in-field testing and limited
resources.

RNA extraction is a time-consuming, laborious, and
expensive procedure that prevents the use of the technology
for patient point-of-care use. It requires several centrifugation
steps and special reagents, and must be conducted in sterilized
conditions to avoid cross-contamination. Although the RNA-
extraction step can be replaced by chemically lysing the virus,
nanoparticles provide a better alternative to capturing the virus
within a complex matrix of interferences. The EasyCOV RT—
LAMP-based COVID-19 test is a technology that bypasses the
RNA-extraction step to make the detection of SARS-CoV-2
easier and straightforward. The performance evaluation of the
EasyCOV test showed a sensitivity of about 73%.**

Recently, Lucira COVID-19 All-in-One test kit (Lucira
Health, Inc.) received EUA FDA approval as a home-based
self-testing device. This test is out in the market, and it utilizes
RT-LAMP in a single-use home-based test for COVID-19
diagnosis. The test employs a hand-held battery-powered
heating device for isothermal amplification. The test is fast,
with 30 min turn-around time and is easy to use by a
layperson; however, each test cost around $85 and is not
economically feasible for mass use.”* Other isothermal
amplification techniques were also explored including the
nicking enzyme amplification reaction (NEAR),*”** tran-
scription-mediated amplification (TMA),*® transcription re-
verse-transcription concerted reaction (TRC),*® and smart
amplification process (SmartAmp).”” The NEAR amplifies
DNA exponentially at a constant temperature from S5 to 59
°C. A reverse transcription step is needed to use the NEAR for
RNA amplification.®”** RNA targets can be amplified using
SmartAmp in the presence of optimized ssDNA amplification
probes. First, the amplification probes are mixed with the
sample, followed by separating the amplification probes—target
RNA complex from the unbonded capturing probes—magnetic
beads complex.”” Recently, the RNA-extraction-free test
known as “Accula SARS-CoV-2”** has been released into the
market. Accula eliminates the RNA-extraction step by enabling
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Figure 6. (A) Schematic representation of the principle behind the colorimetric tests. Several biorecognition (bioreceptors) elements can be
used with the colorimetric tests. These bioreceptors include antibodies, antigens, CRISPR/gRNA complex, aptamers, and ssDNA. (B) The
sequences of the ssDNA were used to develop an amplification-free colorimetric test. ASOs-coated AuNPs are used to induce a color change
in the presence of the genetic target. Reprinted with permission from ref 34. Copyright 2020 American Chemical Society. (C) Schematic
diagram of the workflow used in detecting SARS-CoV-2 using a CRISPR/Cas12a system and representative results of the visual detection of
SARS-CoV-2 virus RNA. Reprinted with permission from ref 147. Copyright 2021 American Chemical Society.

the release of virus genetic materials using a proprietary lysis
solution, and recently, it has been granted FDA EUA approval.
The test addresses the time and complexity limitations
associated with the gold standard RT-PCR while maintaining
a comparable accuracy and selectivity. Using a proprietary
NAA procedure, the test was successful in reducing the
thermocycling time and enabling a rapid exponential
amplification of the target. Thus, the test has a short turn-
around time and a simple readout system using lateral flow
strips. The test workflow consists of the following four steps:
(1) lysing of the virus, (2) reverse transcription (RT) of viral
RNA to complementary DNA (cDNA), (3) nucleic acid
amplification, and (4) detection. The test cost is less than $1,
and no refrigeration is required for the reagents. Despite the
advantages claimed for the Accula test, the widespread
availability of the test is still a limitation.*® In-situ hybridization
and immunohistochemistry are commonly used alternatives for
the gold standard RT-PCR;**~"* however, the inability to
conduct large sample testing has limited their applicability in
clinical practice. Further, the immunohistochemistry results are
dependent on the type of antibody used to perform the test.”
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DIAGNOSTIC TESTS OF SARS-CoV-2 BASED ON
NANOMATERIALS AND 2D MATERIALS

The manipulation of material near the atomic scale allows the
development of nanomaterial which exhibits g)roperties
superior to the same material in the bulk state.”””® Nanoma-
terials facilitate the development of devices and technologies
that may replace the gold standard RT-PCR to accurately
detect viruses.”*”°>7*7771% Nanoparticles can play several
roles in the sensing platform by acting as capturing elements,
signal reporters, or being involved in sample preprocessing.
The sample preprocessing protocol for COVID-19 diagnosis
involves the extraction of RNA from the clinical sample to
perform RT-PCR. Nanoparticles would enable the elimination
of the conventional RNA-extraction step by using a magnetic
beads-based RNA-extraction technique. Several RNA-extrac-
tions kits with magnetic nanoparticles as a capturing agent are
available commercially.'*" '

Nanosensors enable high sensitivity and selectivity and a
large surface-to-volume area for the probe-target interaction.
Nanosensors rely on a “nano” recognition element which is
designed to interact with the target, an event that can be
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detected through recording optical, mechanical, electrical, or
magnetic signals. These systems are an excellent candidate for
analytes sensing with a high LOD, sensitivity, and specificity.
Gold nanoparticles,"''™"'* carbon nanoparticles,””' %" >!1¢
silver nanostructures, metal—organic framework,''>1%°

. 121,122 .
covalent organic framework, nanoparticles/polymer
123,124 105,125

117,118

composite,
dots 126127
)
nanosensing. The inherent optical, electrical, mechanical,
electrochemical, and magnetic properties of the nanoparticles

carbon nanotube, and quantum
are examples of nanostructures utilized for

make them favorable to develop nanosensors to compose the
patient’s molecular profile and enable a high signal-to-noise

ratio (SNR J28mise Here, we are focusing on the nanosensor’s
applications in detecting the presence of a pathogen to
establish an effective treatment plan, guarantee early diagnosis,
and monitor the infectious disease progression. Nanosensors
should be able to detect an extremely low concentration of
nucleic acid or whole virus even in the presence of other
biological interferences. This is critical because the virus or its
genetic materials can be present in ultralow concentrations at
very early stages of the infection, where the symptoms have not
yet developed, but treatments are still effective. Another
important consideration when developing a nanosensor is that
the test should be simple, without the necessity of
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sophisticated instrumentation or significant technical training.
Further, test affordability is important when it is implemented
in healthcare systems. The nanosensors should exhibit a short
response time, enabling the clinical team to take the necessary
steps as soon as possible. The nanomaterial-based sensors can
be categorized based on the platform output signal into (1)
colorimetric tests, (2) fluorescence tests, (3) electrochemical-
based tests, and (4) spectrometry-based tests as detailed in the
following sections.

Sensors With Visual Readout. Tests which rely on a
color change to indicate the presence of the target analyte are
easy to use and interpret by a layperson. The test reporter can
be a dye or small molecule,"””"** or nanoparticle;**?”'**
however, the use of nanomaterial as a reporting agent offers
several advantages. Nanomaterials have a high surface-to-
volume ratio providing a large surface for the analyte to
interact with the capturing probes. Further, these nanomateri-
als can act as both reporting agents and capture probes
simultaneously. Gold nanoparticles (AuNPs) have been
studied extensively in colorimetric sensors due to their
LSPR.!1139136 However, color-based tests with YES/NO
answers based on LSPR for COVID-19 are not yet available
commercially. This may attributed to the necessity to find the
best binding protocol which can capture the target molecule in
a pile of many interferences present in the sample. Examples of
the capturing probes which hold a promise to address these
challen$es include antibodies,"””'* aptamers,'*”'** pepti-
des,""""* and molecularly imprinted polymers (MIPs)'*>'**
(Figure 6A).

Several platforms which rely on the detection of the viral
RNA have been proposed for COVID-19 diagnosis. The
nanosensors consist primarily of two main components: the
recognition element and the output reporter. The nanosensor
platform translates the hybridization between the target genetic
materials and the nanoprobes into a detectable output. Qui et
al.'® introduced the use of two-dimensional gold nanoislands
(AuNIs) for the detection of SARS-CoV-2. A combination of
the localized surface plasmon resonance (LSPR) and plasmon
photothermal (PP) effect of the AuNIs has been used for
SARS-CoV-2 RNA detection. The AuNIs have been function-
alized with DNA probes complementary to the target RNA to
enable the detection of the target sequence via RNA—DNA in
situ hybridization, with high sensitivity and a high limit of
detection (0.22 pM)."*> However, the necessity of specialized
equipment to measure the LSPR limited the applicability of
this technology.'*® The overarching goal is to develop a home-
care device that offers quick reliable information about the
infectious pathogen and to make the device accessible for
everyone. Moitra and Alafeef et al’* showed that gold
nanoparticles capped with an antisense oligonucleotide
(ASO) can be used to develop a naked-eye-based test for
the detection of COVID-19.** The technology was successful
in detecting the presence of the SARS-CoV-2 within ~10 min
and a LOD of 0.18 ng/mL without nucleic acid amplifica-
tion.”* Figure 6B shows the ASO’s sequences used for the
SARS-CoV-2 targeting and the aggregation of the AuNDPs-
capped ASOs as confirmed using transmission electron
microscopy (TEM). The AuNPs form a large aggregate in
the presence of the SARS-CoV-2 gene due to the hybridization
of the SARS-CoV-2 RNA (N-gene) strand with the Au-
ASOmix. Using a thermostable RNase H, a color change was
observed in the sample due to the recognition and cleavage of
the phosphodiester bonds in SARS-CoV-2 RNA (N-gene)

nanoconjugate, while the ASO strands are left intact. The
RNase H influences the agglomeration propensity among the
AuNPs for an immediate color change in the tested sample.”

In another work, a colorimetric test has been proposed to
detect COVID-19 with a LOD of 50 copies per reaction using
Casl2 protein/guide RNA complex.'"” The test uses the
collateral cleavage activity of the Casl2 protein/guide RNA
complex to facilitate the detection process. To begin with,
SARS-CoV-2 RNA has been extracted from the clinical sample
followed by an isothermal amplification using recombinase
polymerase amplification (RPA). Next, the successfully
amplified segment is recognized by the Cas12/gRNA complex
and thus activates the trans-cleavage mechanism. Two
complementary probes have been used in this assay,
biotinylated probes and their complementary sequence
conjugated to AuNPs. In the presence of the target, the
trans-cleavage activity of the CRISPR complex cleaves the
probes and thus prevents their hybridization. On the other
hand, in the absence of the target (i.e., SARS-CoV-2 RNA), the
CRISPR complex will be inactivated, and thus the AuNPs
probes will be hybridized with the biotinylated probe (Figure
6C). Magnetic nanoparticles with streptavidin coating help in
pulling the biotin/AuNPs assembly to aggregate, shifting the
LSPR and changing the color from pink to purple.'*” CRISPR
technology can also be integrated into lateral flow strips for the
molecular diagnosis of pathogens. For example, DETECTR is
a lateral flow sensin% technology that relies on Casl2 to
diagnose COVID-19.

Using ASOs instead of antibodies as capturing probes,
a lateral flow-based molecular test has been developed for the
diagnosis of COVID-19.'"%" This can be achieved by first
capturing the target segment of SARS-CoV-2 on the test line
by ASOs labeled with either biotin/fluorescein amidites
(FAM) (Figure 7A). These ASOs are designed to recognize
and bind two consecutive regions of the SARS-CoV-2 genome
and bind to the anti-FAM antibodies immobilized on the test
line, leaving biotin exposed to the surface. Streptavidin-
conjugated AuNPs or plasmonic particles then bind to the
exposed biotin and aggregate to show color on the test line
(Figure 7B). This approach has been validated using 60
COVID-19 clinical samples, and the test shows a sensitivity,
specificity, and accuracy of 100% with a LOD of 20 copies/
mL.'”" The high sensitivity of the test may attribute to the
chemical augmentation using gold nanoparticles (AuNPs) to
enhance the color intensity at the test band in the presence of
the target (Figure 7C—E). This was achieved by using
positively charged AuNPs to interact with the negatively
charged streptavidin-coated AuNPs.'""

Fluorescence Sensors. The fluorescence sensors rely on
the detection of the emitted photon from a reporter which
recognized the presence of the pathogen either through a
molecular probe or in a label-free manner. Several nano-
particles have been used to construct fluorescence sensors
including carbon dots (CDs),"'*!*? quantum dots
(QDs),"*>"3°715% or up-conversion NPs.'> Using multicolor
QDs, Zhang et al.">' showed the feasibility of detecting SARS-
CoV-2 using a portable system. A smartphone-based portable
device is used to read a barcode-like signal to track the SARS-
CoV-2 infection."”' QDs are characterized by their discrete
fluorescence spectra, which enables the multiplex detection of
analytes. AuNPs can act as a quencher for the QDs
fluorescence that enables tracking the binding events at a
molecular level.">* Gold nanoparticles (AuNPs) and quantum
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Figure 8. (A) Schematic representation of the SARS-CoV-2 diagnostic protocol. The test running procedure is envisioned to start with
sample collection, followed by nucleic acid extraction. The test sample was then loaded into a microfluidic channel that contains
functionalized nanodiamonds. The excitation of the nanodiamonds NV with a green laser resulted in a red fluorescence signal which can be
recorded using a digital camera or confocal microscope. (B) Band-gap model represents the NV center and the optical transitions. (C)
Schematic illustration of the magnetic noise quenching mechanism. A capturing cDNA sequence is adsorbed onto the surface of
functionalized nanodiamond containing NV centers. These cDNAs are used as a capturing element, and they will cover the nanodiamond
surface due to the cationic polyethylenimine (PEI) coating. To introduce strong magnetic noise, Gd** complex molecules can be connected
to the cDNA structure. In the presence of target RNA, c-DNA will be hybridized with the RNA leading eventually to the detachment of a c-
DNA-Gd** complex from the nanodiamond surface. This can cause a weaker magnetic interaction between the Gd** complex and NV centers
inside the nanodiamond. Reprinted with permission from ref 150. Copyright 2021 American Chemical Society. (D) Cell phone fluorescence
image of Alexa-488-labeled virus particles. (E) The screen of the cell phone shows the fluorescence image of 1 pgm diameter green-
fluorescent beads and image of fluorescent beads that have been used as location markers for scanning electron microscopy (SEM)

comparison images. Reprinted with permission from ref 154. Copyright 2013 American Chemical Society.

dots (QDs) have played a role in studying the binding dynamic
of the S-protein to the ACE-2 receptor. Gorshkov et al.'>
reported the use of a spike receptor-binding domain
conjugated to quantum dots (ODs-RBD) to study the ACE
receptor’s neutralization.'>> The study reveals that the ACE-2
binds to the QD-RBD with high affinity to form a complex that
enters cells through dyamin/clathrin-dependent receptor-
mediated endocytosis. >

Quantum physics is a field that focuses on investigating
matter and energy at a fundamental level. Recently, it has been
shown to play a role in the emergence of a fast and less
expensive test for the detection of COVID-19 and its variances.
Li et al."*" reported the use of nanodiamonds for the detection
of SARS-CoV-2. The group validated theoretically that in the
presence of SARS-CoV-2 RNA, the nitrogen-vacancy (NV)
centers in nanodiamonds translate into an optical readout due
to the generated magnetic noise signal.">’ Figure 8A depicts
the workflow of the nanodiamonds-based sensor for the
detection of SARS-CoV-2. The energy diagram of the
nanodiamonds NV and the operation principle of the sensor
are shown in Figure 8B—C.

Viruses are small organisms that can be investigated using
several imaging techniques, among them is fluorescence
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imaging. The visualization of viruses requires nanoscale optical
imaging with a high signal-to-noise ratio. Labeling the virus
with fluorescence nanoparticles or reporters allows the
visualization of a single virus when investigated under a
powerful imaging system. A field-portable fluorescence
microscopy platform has been developed by Wei et al.">* to
visualize viruses up to the single-cell level. The system was
installed on smartphones to enable imaging of the target virus
using a phone camera module with lightweight compact
optomechanical attachment. Figure 8D—E illustrates the
imaging of a single virus particle using smartphone-based
fluorescence microscopy.

Pinals et al.'” developed a fluorescence-based antigen test
for the detection of SARS-CoV-2. The sensor consists of a
single-walled carbon nanotube (SWCNT) noncovalently
functionalized with ACE2 receptors that are specific for
SARS-CoV-2 proteins. The SWCNT was stabilized with single-
stranded DNA to ensure the ACE2 stability. Thus, it avoids the
disruption of the protein’s natural conformation which may
lead to losing its sensing ability for spike receptor-binding
protein (S-RBD). The adsorption of the ACE2 receptors to the
SWCNTs led to their fluorescence quenching. The sensor
successfully detected SARS-CoV-2 within a time frame of 90

https://doi.org/10.1021/acsnano.2c01697
ACS Nano 2022, 16, 11545-11576


https://pubs.acs.org/doi/10.1021/acsnano.2c01697?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c01697?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c01697?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c01697?fig=fig8&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c01697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

REVIEY

2_

ML
3-
4_.

T T U

A B C D
Distinct PL response

—

= 0 Q Q O O O @----aControI

Tested sample | h\CNPs sensor array

24
PP
7 NH, HaN o~~~ NH:

J

‘\/\N/\/N\/\N/\/N\/\N"

\

Lanthanide-doped CNPs

33802
& ';;?'.'."::

Pathogen identification

Figure 9. Illustration of the SARS-CoV-2 sensing mechanism using a carbon nanoparticles (CNPs)-based sensor array. Lanthanide-doped
CNPs (LnCNPs) have been used as a building block of the sensor array. LnCNPs were found to interact selectively with different viruses and
bacteria. This interaction leads to the generation of distinct photoluminescence signals for the diagnosis of SARS-CoV-2 and further
separates it from other viruses and bacteria. With the help of a machine-learning-based pattern recognition algorithm, SARS-CoV-2 viral
transmission is still wastewater that can be detected and discriminated from other pathogens using the LnCNP-based sensor array. Reprinted
with permission from ref 158. Copyright 2022 American Chemical Society.

min with a two-fold increase in the fluorescence intensity.
Exposing the sensor to 35 mg/L of SARS-CoV-2 virus-like
particles exhibited a turn-off response of about 73% in a very
short time.'*®

Approximately 40% of the subjects infected with COVID-19
shed virus RNA in their stool.!>>'*® Thus, tracking the
COVID-19 virus in sewage or wastewater may allow
surveillance of the community level of both symptomatic and
asymptomatic cases. Carbon nanoparticles (CNPs) are a class
of photoluminescent material that exhibits a special optical
characteristic.'*”"'**'>” Recently, CNPs have been used for the
surveillance of SARS-CoV-2 in wastewater samples. The test
takes advantage of the counterionic interaction of the
lanthanide-doped CNPs to detect SARS-CoV-2 in a complex
sample matrix with many biological interferences. The test uses
a machine-learning algorithm to successfully detect COVID-19
and differentiate it from other viruses and bacteria with >95%
accuracy as shown in Figure 9. The test has a turn-around time
of 15 min and operates in a label-free manner allowing use in-
field and across areas with limited resources.'*®

Electrical and Electrochemical (EC) Sensors. Electro-
chemical sensors have attracted large attention and industrial
interest in a host of applications ranging from food safety,
healthcare, precise agriculture, infectious disease diagnosis, and
drug and food supply chains.”*"**7'" The electrochemical
sensors are favorable due to their high sensitivity and accuracy;
however, the type of recognition element used in the
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electrochemical sensor determines the test cost and the level
of complexity of the sample preprocessing, test time, and
stability. The use of nanomaterials has enhanced the sensor
stability, reducing the sample to assay time and improving
sensitivity. °”'“>'%% It has been demonstrated that the use of
nanoparticles enhanced the change in the output electrical
signal by 10 fold when compared to the same platform lacking
nanoparticles (Figure 10A)."% The sensor platform with the
AuNPs coated with the capturing elements exhibits a higher
change in the output voltage as compared to the same platform
where the capturing elements are conjugated directly on the
surface of the electrode.'”® The use of nanomaterials provides
more surface interaction and thus enhances the electrical
response.

The electrical sensors employed several transducing
methods such as amperometry, potentiometry, impedimetry,
calorimetry, chromatography, and mass-balance detec-
tion,'0%1#7164716 Electrical tests are favorable in many
circumstances because they can be easily integrated with a
smartphone readout and because of the ability to share data
wirelessly with the primary care doctor or store it in the Cloud
for future use.

Graphene has shown promise in developing field-effect
transistor (FET)-based sensors. Seo et al'*® reported the
development of FET-based sensors for the detection of the
SARS-CoV-2 virus in clinical samples. Graphene-based FET
has been coated with antibodies specific for the SARS-CoV-2
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Figure 10. (A) Comparison of the electrical signal output in the presence and absence of AuNPs. (B) Schematic representation of the
molecular detection of SARS-CoV-2 using a graphene-AuNPs-based electrochemical sensor. ASOs have been used as a recognition element
for the detection of SARS-CoV-2 RNA. Reprinted with permission from ref 100. Copyright 2020 American Chemical Society.

spike protein. Graphene has been used because of its large
specific area, high electron mobility and transfer rate, hilgh
charge-carrier mobility, and low level of electronic noise.'*”'**
Further, graphene is facile to be modified, which allows
efficient receptors immobilization. The developed FET-based
sensor takes the advantage of the high carrier mobility of
graphene for the sensitive detection of the SARS-CoV-2 virus
with a LOD of 2.42 X 10? copies/mL."**

The use of antibodies as a capturing element provides
promise for virus diagnosis. However, they must be produced
biologically rather than synthesized chemically, which makes
them a costly option. ASO is a capturing element that shows
promise in electrochemical sensing due to its inherent merits.

ASOs can be easily synthesized outside the body to be specific
to the target sequence because they are designed to have a high
binding energy and disruption energy at room temperature
with low to moderate GC content (40—60%). ASOs are also
cost-effective and easy to mass produce, enabling faster
translation into a commercial product. It has been demon-
strated that an electrochemical platform for COVID-19
diagnosis can be developed using a combination of 2D and
3D nanomaterial, i.e., graphene nanoplatelet and AuNPs.'"
Using AuNPs in combination with graphene as a base material
offers high sensitivity. The platform was successful in
diagnosing COVID-19 with 100% accuracy, specificity, and
sensitivity with a LOD of 6.9 copies/uL. The test has a turn-
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Figure 11. (A) Workflow of the RCA-based electrochemical biosensor for the diagnosis of COVID-19 using clinical samples. First, the
sample is collected from the patient and undergoes RNA extraction. Next, the presence of SARS-CoV-2 RNA is recognized and amplified
using RCA of the N and S genes. The RCA product will be captured and detected using an electrochemical biosensor. Reprinted with
permission under a Creative Commons (CC-BY) from ref 169. Copyright 2021 Springer Nature. (B) Schematic illustration of the pulse-
induced impedimetric sensing using the nanocomposite-loaded electrode. Reprinted with permission under a Creative Commons (CC-BY)
from ref 137. Copyright 2019 Springer Nature. (C) Schematic representation of the CRISPR-enabled detection for pathogen gene.

around time of S min and does not involve NAA steps (Figure
10B).'*

Combining electrochemical sensing with isothermal ampli-
fication has been reported for the sensitive detection of SARS-
CoV-2. Chaibun et al'® reported an electrochemical-based
approach for the detection of SARS-CoV-2 with good
specificity and sensitivity. The test utilizes the rolling circle
amplification (RCA) isothermal amplification technique to
generate a concatemer containing multiple repeats of
sequences that are complementary to the circular template.
Silica nanoparticles labeled with redox molecules coated with
capturing probes specific to the circular template have been
used as an electrochemical reporter. Multiple silica nano-
particles would bind to the long RCA amplicon due to the
multiple repeats of the target sequence. The RCA products/
silica nanoparticles complex has been captured using magnetic
nanoparticles coated with ssDNA capturing probe as shown in
Figure 11A. The RCA-based electrochemical approach is
successful in detecting SARS-CoV-2 with LOD of lcopy/uL
and is sensitive to the mismatches in the target sequence,
where two base mismatches of the target sequence showed a
negative response.'® The test’s high sensitivity may be
attributed to the use of the RCA technique to produce
multiple copies of the same sequence. On the other hand, the
use of silica NPs serves the purpose of a redox reporter,
whereas the magnetic beads allow the removal of the
unbonded silica NPs for high SNR.'®” The sensor sensitivity
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can be further improved by applying an external electrical
trigger to immobilize the virus. Chowdhury et al."*” reported
the development of a pulse-triggered electrochemical sensor
for the detection of the virus with high sensitivity using a
combination of nanomaterial and polymer complexes. The
sensor was fabricated on a surface of a glassy carbon electrode
using graphene QDs and AuNPs embedded in the polyaniline
nanowire’s structure as shown in Figure 11B. Introducing an
external electrical pulse during the virus accumulation has been
shown to enhance the platform sensitivity. The platform
successfully detected the hepatitis E virus (HEV) in serum
samples and its different genotypes including G1, G3, G7, and
ferret HEV."”’

Another type of recognition probe that showed promise is
clustered re%ularly interspaced short palindromic repeats
(CRISPR).'”” The recognition of the target sequence by
CRISPR is highly specific with minimal off-target, making it an
ideal candidate for COVID-19 detection. Casl2a technology
was successful in identifying the presence of SARS-CoV-2
genetic material in ~50 min with a sensitivity of two copies per
sample without cross-reactivity.'”" Several reports proved with
the experimental evidence that a LOD as low as two copies can
be achieved using a CRISPR-based platform.*”*® The total
testing time using the CRISPR-based platform varies based on
the sensor platform utilized for the sensing purposes, ranging
from 15 min to ~1 h."”?7"7* The CRISPR-based sensor can be
further adapted to detect the infection caused by several
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Figure 12. Schematic representation of the fundamental differences between hyperspectral imaging and conventional RGB imaging.

pathogens, which makes it an effective recognition element.
The integration of CRISPR technology with an electronics
chip sensor enables the sensitive detection of the target RNA/
DNA successfully within 15 min and as sensitive as 1.7 fM."”
Figure 11C depicts the schematic representation of the
CRISPR-based detection.

The use of nanomaterials can advance the performance of
the sensing technologies in virus identification. The integration
of nanomaterials into a sensor device, e.g, quartz crystal
microbalance, surface acoustic wave (SAW), or chemiresistors,
led to many advancements in the field of sensing.'”>'”® For
quartz crystal microbalance (QCM), the relationship between
the crystal resonance frequency and the overall mass is critical
for the sensing application. The change in the crystal resonance
frequency is directly proportional to the change in mass (Am)
as shown in the following equation:

2NF; Am
Jor A (2)

where N is the harmonic overtone, F, fundamental resonance
frequency, p is the crystal density, y is the elastic modulus of
the quartz crystal, and A represents the surface area. QCM that
has been modified with nanoporous materials attracted
attention for the detection of volatile organic compounds
(VOC). This has particular importance in the detection of
COVID-19 indicative VOC biomarkers. Mesoporous silica
nanoparticles (MSNs) are porous materials that have been
used in modifying the QCM electrodes. The sensor exhibited
good stability and enhanced sensitivity due to the presence of
continuous porous networks that aid in the diffusion of the
molecule.'””'”® Researchers have reported the use of amine-
functionalized type mesoporous silica for the detection of
hazardous vapors, an application that can be further expanded
to detect VOC biomarkers.'”® Other materials including
graphene, cobalt-containing mesoporous carbon, carbon nano-
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tubes (CNTs), and metal—organic framework (MOF) have
also been utilized to modify the QCM surface.'”*'”® Different
MOF structures have been evaluated for the detection of
several VOCs including CH;0H, isopropanol (i-C;H,OH),
H,0, and CH3;COCHS; due to the variation in the adsorption
and desorption process to the sensor surface.'”> Further, QCM
has been used in the detection of microorganisms and viruses
through a biorecognition element immobilized on its gold
surface. The hybridization of the virus/microorganism antigen
with its complementary bioreceptor changes the interfacial
mass which leads to a shift in the resonance frequency. Thus,
the amount of the target bound to the QCM surface can be
quantified using the frequency shift. To detect several
biomarkers or analytes, QCM-based sensors can be integrated
with a microfluidic device where each well is differentially
functionalized with bioreceptors specific for each target.'”

Apart from QCM-based sensors, chemiresistor has been
used as a sensing platform. Chemiresistors are mainly
composed of a substrate, contact electrodes, and the detection
area, which responds to the target analyte. Chemiresistors
convert a microscopic event such as a chemical reaction or a
binding event into a detectable electrical signal. For example,
graphene oxide-based titanium oxide (GO/TiO,) coated
chemiresistors exhibit a high sensitivity toward detecting a
gas or VOC by retaining a more reactive site due to preventing
the aggregation of the GO by TiO,. A chitosan-based reduced
graphene oxide (rGO) chemiresistor has been shown to
effectively monitor acetone as a VOC. This sensor has been
shown to capture a large quantity of gas due to its porous
surface with a low dead volume. This allows the diffusion of
the gas molecule by offering a large reactive site for better
sensitivity and efficiency.'®

Microscopy and Spectroscopy-Based Tests. Several
spectroscopy techniques have revolutionized the sensing field
including Raman spectroscopy,'®' ~'** Fourier transforms
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Raman-based spectroscopy is a well-known technique that
can provide information about the chemical structure,
crystallinity, phase, and molecular interaction of the sample
under investigation."*' ~'** Raman spectroscopy has been used
extensively to detect pathogens, tumor margins, water
contaminants, and several diseases.'®'™'*> Chen et al'"!
reported the development of a platform capable of detecting
SARS-CoV-2 lysate using surface-enhanced Raman scattering
(SERS) by an aptamer specific for the SARS-CoV-2 spike
protein. A gold-grown nanopopcorn surface has been used to
adsorb the aptamer for observing the change in the SERS
peaks. The use of Raman spectroscopy enables the detection of
SARS-CoV-2 lysate with a sensitivity of up to 10 PFU/mL in a
short time (15 min)."”" The Raman-based test’s sensitivity can
be further improved by using ASOs as targeting probes. It has
been shown that combining surface-enhanced Raman scatter-
ing with ASOs-capped AuNPs can lead to enhanced analytical
and clinical performance. Using a machine-learning algorithm
to analyze the Raman spectrum, the test was successful in

detecting SARS-CoV-2 with sensitivity and specificity of 100%
and 90%, respectively. The system showed a limit of detection
of 63 copies/mL of SARS-CoV-2 RNA concentration.'”

Apart from Raman spectroscopy, the FT-IR technique has
been used for the diagnosis of COVID-19. Kitane et al.'”?
reported a label-free approach for the rapid detection of SARS-
CoV-2 using the FT-IR spectroscopy technique. RNA
extracted from samples collected from 280 patients was used
to evaluate the system performance.'”” The system responses
are in agreement with the gold standard, RT-PCR, with 97.8%,
97%, and 98.3% accuracy, sensitivity, and specificity,
respectively.'”

Recently, an imaging technique known as hyperspectral
imaging (HSI) came into the spotlight, due to its ability to
identify the target in a label-free manner.””'07!#77189/1947198
HSI is a technique that captures thousands of images at
different wavelengths across a continuous spectrum of
light."*’~"*" Thus, the value of each pixel is a continuous
spectrum instead of three discrete intensities as in the case of
regular RGB images (Figure 12). The data collected by the
HSI system in each pixel can be viewed as a hypercube by
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Figure 14. (A) Overlay of the hyperspectral map on the dark-field image of COVID-19 positive sample (Ct = 18.9). (B) Zoomed-in image of
mapping in A. (C) The superimposed hyperspectral map on a dark-field image captured from a COVID-19 negative sample. (D) Zoomed-in
image of C. (E) Predominant hyperspectral signature in both positive and negative COVID-19 samples. The positive sample showed a
significant peak shift when compared with the negative sample. Reprinted with permission from ref 99. Copyright 2021 American Chemical

Society.

analyzing a spectrum of light instead of assigning primary
colors.

Alafeef et al.”” recently reported the use of hyperspectral
spectroscopy to diagnose COVID-19. The system relies on the
change of the hyperspectral signature of the hafnium
nanoparticles (HfNPs) coated with ASOs to generate a
detectable signal in the presence of SAR-CoV-2 RNA as
shown in Figure 13A. HfNPs conjugated to ASOs have been
used as a recognition element to recognize its complementary
sequence and thus lead to the aggregation of the HfNPs. The
agglomeration of HfNPs led to a shift in the hyperspectral peak
which has been analyzed to estimate the SARS-CoV-2 viral
load as shown in Figure 13B. The workflow of the
computational algorithm can be summarized as follows. First,
hyperspectral imaging has been captured after the addition of
the patient sample to the test chip containing HfNPs-ASOs.
Next, the region of interest (ROI) has been defined and used
to generate a spectral library. A powerful mapping algorithm
known as the spectral angular mapping (SAM) algorithm has
been applied to map the reference spectrum from the spectral
library to each corresponding pixel. Next, the dominant
spectrum has been identified by conducting a distribution
analysis of the image’s pixels. Finally, the peak shift of the
predominant signal with respect to the HINPs-ASOs spectrum
is used to quantify the SARS-CoV-2 viral load.”” The system
performance has been evaluated using ~100 clinical samples,
and the results have been benchmarked with the gold standard
technique (RT-PCR). Figure 14 shows a representative image
of the hyperspectral mapping of both confirmed positive and
negative COVID-19 cases and the associated hyperspectral
signals. The system showed an extraordinary sensitivity with a
short turn-around time of a few minutes, and the ability to
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extend its applicability to cover other viruses such as
influenza.”

Nuclear magnetic resonance spectroscopy (NMR) is
another approach used for the detection of viruses. The
detection of the virus is possible through magnetic relaxation
switching (MRS) of magnetic nanoparticles due to the
aggregation of the NPs in the presence of the virus. Magnetic
graphene quantum dots (MGQDs) have been utilized to
detect SARS-CoV-2 by recording and analyzing MRS signals
using NMR spectroscopy. The test is a one-pot reaction with
no presample preparation.'””**” Despite that the MRS-based
assay exhibits a high sensitivity toward their target, its working
mechanism remains poorly explained.'””**° Further, the need
for NMR spectroscopy limited the applicability of this
diagnostic approach outside the laboratory setting. Further, a
background in chemistry is required to operate the system and
interpret the data, making the system unsuitable for field
application.

NEXT-GENERATION SEQUENCING

The detection of an organism without any prior information is
hard to achieve using the previously mentioned techniques. To
design a sensing platform for detecting specific pathogens, you
need to know its genetic sequence and the associated cellular
proteins. However, in the case of emerging viruses, next-
generation sequencing (NGS) is the only option to read the
genetic sequence of an unknown pathogen.””"***

The NGS enables the identification of pathogens and any
emerging strains without any prior knowledge in an effective
and unbiased way. The NGS involves a complex process of
sample preparation, cluster generation, sequencing, and data
analysis. Both NGS and PCR can provide a sensitive and
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Diagnosis of COVID-19 Using Breath Biopsy
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Figure 15. Diagnosis of COVID-19 using a breath biopsy. The exhaled air contains several components ranging from volatile organic

compounds to virus particles, RNA, and drug metabolites.

accurate identification of emerging pathogens such as SARS-
CoV-2 and its variants; however, PCR can only amplify known
sequences, whereas NGS has a different level of discovery
power by enabling effective sequencing of unknown sequences.

High-throughput sequencing is the most precise method for
virus detection; however, the method cannot be adopted for
clinical diagnostic application due to the time, cost, and level of
the skill set needed as well as the sophisticated equipment
required.”*"**

SARS-CoV-2 DIAGNOSIS USING MEDICAL IMAGING

Although RT-PCR is the standard technique to diagnose the
infection of COVID-19, its positivity is low for both nasal swab
(63%), and pharyngeal swab (32%).”°>*°* Further, the RT-
PCR test is still time-consuming and takes days to weeks for
the results to be reported.”” Therefore, suspected cases, with
confirmed PCR results or without, need a second step of
affirmation. The use of medical imaging for COVID-19
diagnosis is a supplementary step to confirm and monitor
the viral infection and its spread in the lungs. Chest X-ray,
computed tomography (CT), and magnetic resonance imaging
(MRI) are medical imaging modalities that have been used to
diagnose the infection by SARS-CoV-2 viruses. Revealing the
presence of the infection can be fast using both chest X-ray and
CT imaging, though the cost remains a major concern.”’*>"’
Moreover, COVID-19 diagnosis demands frequent testing of
the subject in a short time, which raises major safety
concerns.””’ % On the other hand, MRI can help in the
diagnosis of COVID-19, by detectin% features of wviral
pneumonia, tissue damage, and lesions, 09,210 though once
again the high running cost of MRI limits its wide deployment.

The real-time monitoring of the pathogen in body tissues
can help us to understand the distributive behavior of the virus

particles. For preclinical studies, optical imaging offers striking
benefits to visualize the virus distribution and kinetics within
biological tissue. However, optical imaging has a low signal-to-
noise ratio due to the tissue autofluorescence which limits its
applicability. To overcome this limitation, the tissue can be
imaged at a near-infrared second biological window (NIR-II)
where tissue exhibits negligible autofluorescence. Moitra et
al.'” reported the use of QD-coated with a molecular probe
that selectively targets the N-gene of SARS-CoV-2. QDs have
been used to label SARS-CoV-2 to enable tracking of the virus
distribution in deep tissue. The SARS-CoV-2 virus has been
monitored using ex-vivo imaging, confirming the possibility to
track the virus deeply in the tissue.'

SARS-CoV-2 DIAGNOSIS USING VOLATILE ORGANIC
COMPOUNDS

Noninvasive breath biopsy enables the diagnosis of respiratory
infectious diseases in real-time. Breath biopsy obtained from
COVID-19 patients contains viral particles or RNA released in
a respiratory droplet, volatile organic compounds, and
nonvolatile macromolecules like inflammatory mediators
(Figure 15).2"'7*'* Breath-borne volatile organic compound
(VOC) is a respiratory biomarker that helps in the diagnosis of
COVID-19 and further enables the real-time noninvasive
monitoring of lung tissue damage due to COVID-19 infection.
Breath is a rich mixture of VOCs including carbohzfdrates,
heterocyclic, alcohol, ketones, aldehydes, and esters.” 7217
The use of a machine-learning algorithm to analyze the
patient’s VOC signature represents a powerful tool for the
point-of-care screening of COVID-19. The composition of the
VOC in the breath of COVID-19 patients is different from the
same of healthy individuals. COVID-19 patients have shown
elevated propanol levels in the exhaled air, and a low level of
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Figure 16. Schematic diagram of the potential use of machine learning in the analysis of big data to speed up the diagnosis of COVID-19 and

help mitigate the virus spread.

acetone compared to the healthy subjects.”'® Furthermore,
other VOC:s including acetic acid and nonidentified VOCs also
varied between the two groups.”'® Using a machine-learning
algorithm to classify the VOCs data collected using a gas
chromatograph (GC) and an ion mobility spectrometer (IMS),
the COVID-19 patients have been differentiated from the
normal cases with 90—100% accuracy.”'® Combining computa-
tional algorithms with a rapid sensing platform such as
electrochemical or colorimetric tests allows for the detection
and analysis of the VOCs in real-time for disease diagnosis.
The VOC biomarkers if successful in diagnosing COVID-19
may solve the limitations of the current NAAT and alleviate
the patient’s discomfort associated with collecting throat/nasal
swabs. Leong et al”'’ reported the design of a hand-held
SERS-based breathalyzer to identify COVID-19 infected
individuals in less than S min, achieving >95% sensitivity and
specificity across 501 participants. Changes in the vibrational
fingerprints have been observed due to the interaction between
the metabolites present in the breath biopsy and the receptors
used in the SERS-based breathalyzer. Using a computational
algorithm such as partial least-squares discriminant analysis,
these fingerprints have been classified accurately.”"”

In another attempt to diagnose COVID-19, electronic nose
(eNoses) has been used to detect multiple targets by
mimicking animal olfaction function. Using machine learning
to analyze the body-odor data collected from a drive-through
station using a chemical nose, the researcher was successful in
diagnosing COVID-19 with fair accuracy.”*’

Shan et al'®* reported the use of a nanomaterial-based
sensor array for the detection of COVID-19-specific
biomarkers from exhaled breath. The study evaluates the
possibility of diagnosing COVID-19 in a clinical study
conducted in Wuhan, China, with 140 participants. The
participants consisted of three groups, 49 confirmed COVID-
19 positive, 58 healthy subjects, and 33 subjects with non-
COVID-19 pneumonia. The sensor array consists of AuNPs
capped with different organic ligands which interact with the
VOC:s differentially. The VOCs diftuse into the sensing layer
where they interact with the functional groups capping the
AuNPs, which generate differential electrical signals. The
electrical response was classified using the discriminant factor
analysis (DFA) algorithm. The use of machine-learning
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algorithms with nanotechnology-based approaches enabled
the advancement of clinical decision support systems.”*">**
The model was capable of differentiating COVID-19 infected
from healthy subjects with 75%, 100%, and 61% accuracy,
sensitivity, and specificity, respectively. COVID-19-infected
subjects were differentiated from the subjects infected with
non-COVID infected pneumonia with 95%, 100%, 90%
accuracy, sensitivity, and specificity, respectively. However,
the actual VOCs responsible for this differential signal were not
explored in this study.'**

SARS-CoV-2 has been also identified using exhaled breath
condensate (EBC) through the detection of aerosolized VOCs
and nonvolatile molecules (i.e., proteins, RNA, DNA, micro-
organisms, and viruses) in the condensate. The SARS-CoV-2
can be directly detected in the collected condensates using RT-
PCR** Ma et al®* illustrated that COVID-19 can be
diagnosed by analyzing samples collected from EBC using an
RT-PCR kit targeting both ORFlab and N genes (Jiangsu
Bioperfectus Technologies, Nanjing, China). The use of the
EBC system can be convenient and effective for the
surveillance of the spread of COVID-19 in the community;
however, it has suffered from a low positivity rate of around
26.9% (n = 52).”** Even though the EBC systems have a low
positivity compared to nasal swab RT-PCR, it is still higher
than the positivity rate in diagnosing COVID-19 using surface
samples. A portable dehumidifier was used for the diagnosis of
COVID-19 in a hospital ward.”** However, further evaluation
under controlled conditions is still needed to validate the
effectiveness of the dehumidifier in diagnosing COVID-19 or
any future emerging pathogens.”*> Despite breath biopsy being
a convenient method to diagnose diseases, more studies are
still needed to establish its effectiveness and identify the VOC
biomarkers associated with each disease.

ARTIFICIAL INTELLIGENCE FOR DIAGNOSIS OF
INFECTIOUS DISEASES

Artificial intelligence is a tool that finds its way into a wide
variety of applications from material science, and environ-
mental agplications, to smart health care sys-
tems,”1032212222267239 Dyrag ot al>* reported the develop-
ment of nanoparticles-enabled smartphones for the detection
of the virus using artificial intelligence.”*” The system consists
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Table 5. Comparison of the Performance of the Four Main Technologies Used in the Diagnosis of COVID-19

Technology Target Specimen type Assay time LOD* Sensitivity and
Specificity
Nucleic acid | Viral RNA (N-, S-, | Nasal swab, saliva, | 2-4 hours 1-100 copies/reaction | sensitivity >83% and
test E-, ORFlab, | throat swab, 46 specificity
ORF3a, ORF7ab | oropharyngeal swab, >0(%.46243.244
— genes) nasopharyngeal swab
3
2
=)
©n Antigen tests | Viral proteins (N, | Nasal swab, saliva, | 15-30 min 207 x 10%- Sensitivity
E E, M, S proteins) nasopharyngeal swab 2-86 x 107 copies/swa | -Symptomatic
N b individual >65.3%
Or 1x 10°genome | -Asymptomatic
copies/ml*’? individual>44.0 and
specificity >90%.2
Serological IgG, IgM | Drawn blood or [ 10-20 min* 0.1 pg/mL* Sensitivity: 33.9-
tests antibodies fingerstick 94.6%
Specificity: 91-
100%.3141
volatile VOC compounds | Breath biopsy 10-30 min NA Sensitivity 50%-99%
organic (eg., propanol, Specificity 75%-
% compound acetone) 90%246.247
= analysis
2
% - Imaging Chest X-ray | Non-invasive seconds to | NA CXR: sensitivity of
= @ | strategy (CXR): lung | imaging minutes 69%, US: sensitivity
& % abnormality; of 94% and
Q39 lesions and masses. specificity of 85%,
E S Us: pleural CT: sensitivity of
20 thickening, 08%.24
g subpleural
2 consolidation.
E CT: ground-glass
N opacity (GGO).

“LOD value is assay dependent and the value in the table is a representative value based on the provided references.

of a microchip for capturing the virus using specifically
designed platinum nanoprobes. The interaction between the
platinum nanoprobe and the target virus in the presence of
H,0, induces bubble formation. The bubble formation is
mainly due to the formation of the platinum-virus complex
which acts as a catalyst to decompose the H,0, into water and
O, gas. The pattern of the formed bubbles has been captured
using a smartphone camera in the presence of hepatitis B virus
(HBV), hepatitis C virus (HCV), and Zika virus (ZIKV) and
analyzed using a conventional neural network (CNN). The
CNN algorithm was successful in the qualitative detection of
the viral-infected samples with a sensitivity of 98.97% and a
limit of detection of 250 copies/mL.”*’

Wearable devices that are continuously measuring the
subject’s vital signs have ample potential to track the onset
of infectious diseases and more importantly mitigate the spread
of COVID-19. A smartwatch is a widely deployable device that
measures heart rate, sleep, ECG, and blood oxygen
levels.”*"*** Machine learning enables real-time health
monitoring and surveillance through analyzing the physio-
logical parameters to actively predict the onset of COVID-19
in a retrospective manner by analyzing the data recorded using
the wearable device. Studies showed that sleep duration is
altered significantly by the onset of COVID-19; however, no
information about the affected sleep stage was reported.”*”
Furthermore, the analysis of smartwatch data from 3318
participants revealed that upon the onset of early infection,
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subjects suffer from aberrant physiological and activity signals
including heart rates and steps. The analysis of smartwatch
data using a machine-learning algorithm can serve as an early
alert for the onset of COVID-19 in both
presymptomatic and asymptomatic infected individuals.”**~>**
Machine learning can be used to analyze data collected from
laboratory or point-of-care testing, recording the subjects’ vital
signs or through medical images. Figure 16 depicts a schematic
representation of the workflow of using ML in the diagnosis of
COVID-19.

infection

OUTLOOK AND FUTURE PERSPECTIVES

The COVID-19 pandemic is an ongoing global challenge that
continues to impact the global economy and society. The
effective control of SARS-CoV-2 requires the wide availability
of rapid tests that can be used to identify positive cases on the
spot to avoid the unnecessary quarantine of the negative cases
and halt or reduce the silent spread of the virus. Monitoring
unknown emerging pathogens is difficult; however, advanced
sequencing techniques enable the identification of any
unexpected viral threats. The pandemic has shed the light on
the importance of various surveillance strategies including both
at the individual and at the community levels which are key to
responding to the pandemic. Table 5 summarizes the
characteristics of the main technologies used for the diagnosis
of COVID-19. Currently, disease confirmation and monitoring
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are performed primarily with a NAAT test that detects SARS-
CoV-2 RNA.*

COVID-19 highlights the importance of patient point-of-
care tests to control the rapid spread of the virus; however, the
available technologies have their inherent limitations. This is
primarily due to the lack of an established target product
profile (TPPs) to guide the process of developing diagnostic
systems by outlining the targets and specifications for the
performance and operational characteristics based on the user’s
need. TPPs should highlight the most important operational
characteristics and test performance while outlining the lowest
acceptable output for a characteristic. “Optimal” refers to the
ideal target for operational characteristics, and thus the
products have to meet at least all of the minimal characteristics
and preferably as many of the optimal characteristics as
possible. Certain key specifications need to be met for the
development of the next generation of the point-of-care tests
for pandemic preparedness. The test has to be easy to modify
to target any newly identified pathogen, low-cost, with a short
turnaround time. The sensitivity is a critical feature of the assay
to reduce the false-negative incident depending on the viral
load in the target specimen.”’ ~>* The steps required to prepare
the sample, as well as the specimen type, play a critical role in
the assay performance and usability. For example, the true
positive rate of COVID-19 diagnosis using RT-PCR is high in
the bronchoalveolar lavage fluid, followed by sputum,
nasopharyngeal swabs, and low in pharyngeal swabs and
stool samples as shown in Figure 1.”"****7** Unfortunately,
because of the unexpected emergence of SARS-CoV-2, the
luxury of having such a product profile does not exist. At the
time of drafting this article, there have been over 351 million
cases of confirmed COVID-19 cases worldwide, with over 51
million cases in the United States. There have been over 5.1 M
deaths, with nearly 1 M occurring in the United States. A
pandemic of this magnitude helped us to gain expertise in
regulatory matters, as some tests seemed underregulated,
which allowed flawed antigen tests to be sold. With increasing
demand, the clinical laboratory performed a tremendous
number of tests and validated new assays. We now have the
valuable experience and gained knowledge to create initial
TPPs with a comprehensive list of test performance and
characteristics. For several of these characteristics though, only
limited evidence is still available, and further opinion must be
sought from the stakeholders. A comprehensive stakeholder
opinion must be gathered by engaging a group of individuals
from WHO, CDC, clinicians, chemists, and representatives of
countries and diagnostics and pharmaceutical industries.

Nanotechnology plays a critical role in the advancement of
the fabrication and manufacturing of miniaturized sensing
technologies. The advancement in 2D and 3D-based nanoma-
terials is shown to satisfy the increasing demand for diagnostic
tests with improved sensing performance. The major advantage
of nanomaterials is that they provide a superior surface area/
volume ratio in comparison to their bulk counterparts, which
offers more sensitivity for the detection of biological or
chemical molecules even at the trace of a single-molecule level.
At the nanoscale, materials attain several unique optical,
plasmonic, and electrical properties. For all these reasons, over
the years, nanomaterials played a major role to advance the
field of medical diagnostics, environmental monitoring, and
many other sensing applications while offering high accuracy
and sensitivity. The example of these sensing technologies may
span from wearable sensors, and point-of-care sensors, to

implantable sensors. Nanotechnology-based biosensors exhibit
high sensitivity, which allows the early detection and
continuous monitoring of patient’s health status in a
personalized fashion. The use of nanotechnology in sensor
design and fabrication tackles the current challenges in the
diagnostic field in terms of scalability, mass-production,
sensitivity, and multiplexing capability. For pandemic prepar-
edness, a rapid response is highly anticipated. A flurry of recent
works emphasize mounting interest in approaches that employ
nanomaterials in diagnostic platforms. Compared with tradi-
tional approaches, nanotechnology offers ultrasensitivity for
biological analytes with minimal cross-reactivity as charac-
terized by their small size, low production cost, low power
consumption, tailorable surface chemistry, and high surface-to-
volume ratio. The recent pandemic also has witnessed an influx
of federal funding which has helped researchers in that these
materials could soon move toward clinical translation. Many of
these materials can potentially be used in platform
technologies with the anticipation that their modularity can
be exploited for emerging pathogens. Thus, nanosensors have
the potential to serve as a game-changer for pandemic
preparedness.

It is understandable that because of the hard work of the
research community during the pandemic we will control this
virus, and with a strong vision, we will be better prepared for
those pathogens that may emerge in the future.
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VOCABULARY

nanomaterial = material with at least one dimension in the
range of 1-100 nm

nanoparticle = a particle with a size or at least half number
size distribution is lower than 100 nm

pandemic preparedness = a product development plan to
prepare for any future health emergency caused by an
infectious disease outbreak

biosensor = a device that utilizes a bioreceptor to detect the
presence of the target analyte by generating a signal
proportional to the target concentration

infectious disease = a disorder caused by a living organism
such as bacteria, parasites, fungi, or virus. Some infectious
diseases can pass from person to person
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