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Commercially available rapid diagnostic tests for the
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This article describes the status and challenges of
commercially available rapid diagnostic tests for detecting
high priority pathogens listed by the World Health
Organization as potential causes of present and future
pandemics. The information these devices can collect is
crucial for authorities to make effective decisions to contain
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The ongoing COVID-19 pandemic has shown the importance of having analytical devices that allow a
simple, fast, and robust detection of pathogens which cause epidemics and pandemics. The information
these devices can collect is crucial for health authorities to make effective decisions to contain the dis-
ease’'s advance. The World Health Organization published a list of primary pathogens that have raised
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concern as potential causes of future pandemics. Unfortunately, there are no rapid diagnostic tests com-
mercially available and approved by the regulatory bodies to detect most of the pathogens listed by the
WHO. This report describes these pathogens, the available detection methods, and highlights areas where
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1. Introduction

Disease outbreaks have occurred since the early days of
human history in all regions of the world where humans have
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more attention is needed to produce rapid diagnostic tests for future pandemic surveillance.

migrated. One of the first reported disease outbreaks was the
plague of Justinian in 541-542 AD. This pandemic affected the
Byzantine Empire, killing as many as 50 million people.”* The
cause of this pandemic was the bacterium Yersinia pestis,
which is the same one that, centuries later, killed almost half
of Europe’s population during the years 1347-1351.°

The main reasons for disease outbreaks during human
history are connected to the vast migration of humans
throughout the planet and their interaction with new civiliza-
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tions and animals, resulting in the exchange of pathogens and
a speeding up of diseases.” Colonization expeditions, the foun-
dation and expansion of cities, the opening of new and exotic
trade routes, and lately, the phenomenon of globalization have
contributed to the development and improvement of human
life and increased risks of pandemics occurring.’

Simultaneously, scientific advances, an increase in the under-
standing of diseases, and improved life and hygienic conditions
have been instrumental in preventing, controlling, and mitigating
disease outbreaks. The development of new fabrication techniques,
such as micro- and nanotechnology, and the improvement of
sensing and diagnostic procedures during the last 100 years have
been critical tools in the monitoring and preventing disease out-
breaks.® Having the possibility to quickly collect, identify, and
analyze an increase in the number of infected people is an essential
factor that allows authorities and health organizations to react early
and take the necessary measurements to prevent disease spread.
However, an unsatisfactory diagnostic capacity compromises out-
break detection and response, which results in the loss of lives.

Despite crucial advances in sensing and diagnostics, the need
for more robust, sensitive, and useful devices for the rapid identi-
fication of infected individuals is still and will continue to be an
urgent need.” The latest report on the low efficiency of some of
the existing rapid tests for detecting COVID-19 has raised ques-
tions about the quality of available rapid test devices.®®

Most of the more effective methods to identify pathogens
responsible for disease outbreaks are based on molecular diag-
nostic assays that require the transportation of the samples to
a lab, the use of specialized equipment and trained personnel.
Moreover, since the test often takes more than 30 minutes, the
more effective methods based on molecular assays are not
ideal for analyzing thousands of samples.

The irruption of mobile phones and other devices, such as
tablets, has opened a new spectrum of possibilities for com-
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bining miniaturized biosensing analytical devices.’® A mobile
phone provides an energy source, optical detection, analysis,
storage, and data transmission on-site. Even though the com-
bination of miniaturized analytical devices and mobile phones
offers the perfect tools to be utilized for quick screening of
infected individuals, the reality is that the combination of
sensing platforms and mobile phone technology is still only
available for research purposes.'

This article highlights some of the deadly diseases that the
WHO has identified as potential sources for future epidemics or
pandemics.'” Additionally, we present the status of existing com-
mercially available rapid diagnostic tests to quickly identify
infected individuals affected by these priority diseases identified
by the WHO. Finally, we identify the prevailing challenges in devel-
oping more robust and effective rapid diagnostic test devices.

2. Rapid diagnostic test (RDT) -
definition and characteristics

The WHO defines a rapid test as an assay that is “designed for
use where a preliminary screening test result is required and is
especially useful in resource-limited countries”.’® These tests
are characterized as being:

- High-quality, easy-to-use tests for use in a resource-poor
setting

+ Quick and easy to perform and requiring little or no
additional equipment

 Designed for use with a single or limited number of
samples, making them more economical than, e.g., ELISA in
low-throughput laboratories

 Possible to store at room temperature for an extended
period
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« Able to give same-day results, thus providing timely treat-
ment interventions.

The acronym ASSURED, Affordable, Sensitive, Specific,
User-friendly, Rapid, and Robust, was outlined by the WHO to
summarize the set of criteria that the ideal RDT should have.

A lateral-flow assay works similarly to a chromatographic
assay, where the components of a liquid sample are trans-
ported by capillary action inside a paper-based membrane. As
shown in Fig. 2, an LFA has four main areas. The sample pad,
where the sample is dropped; the conjugate pad, an area
where the biorecognition elements, antibodies, are combined
with labeled tags; test and control lines, where a color change
indicates a positive or negative result; and the absorption pad,
where excess sample and reagents are collected.

Two main types of immunoassays can be prepared using
LFAs: sandwich and competitive assays. The sandwich assay is
used to detect large analytes with multiple antigenic sites. In
this format, labeled antibodies are immobilized on the conju-
gation pad, Fig. 2a. The label can be a metallic nanoparticle or
a quantum dot. Once the sample is dropped, it is transported
along the LFA membrane by capillary action. When the liquid
sample passes through the conjugation pad, it rehydrates the
labeled antibodies attached to the antigen epitopes. The
labeled antibodies attached to the antigen continue traveling
along the LFA membrane and reach the detection and control
lines. If the antigen of interest is present, a colored line will
appear at the detection lines. The color intensity at the test
line is directly proportional to the analyte amount present in
the sample. Regardless of the quantity of analyte in the
sample, an anti-species antibody at the control line will bind
the nanoparticle, yielding a solid control line signal, which
demonstrates that the assay is functioning correctly.

When testing lower molecular weight analytes with a single
antigenic site, the competitive lateral-flow assay is used,
Fig. 2b. In this format, the test line typically contains the
analyte antigen, and the conjugate pad contains the detection
antibody-labeled conjugate. If the target antigen is present, the
antigen will bind to the conjugate and prevent it from binding
to the test line’s antigen. If the antigen is not present, the con-
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jugates will bind to the analyte at the test line, yielding a
signal.

The signal intensity is inversely proportional to the amount
of antigen present in the competitive format sample. As in the
sandwich assay, the control line will bind the nanoparticle
conjugate with or without the antigen, providing confidence
that the assay is working correctly. In this case, only two types
of antibodies are present in the LFA; a primary antibody
coupled with labels and highly specific to the sample antigen,
and a second species-specific anti-immunoglubolin antibody
located at the control line.

Rapid diagnostic tests are point-of-need devices ideal for
testing outside a dedicated laboratory space by personnel with
minimal training. They are low-cost, require no or minimum
energy, and can provide results within 5-30 minutes. RDTs are
vital tools for rapidly detecting disease outbreaks, evaluating
vaccine effectiveness, performing surveys of parasite preva-
lence, and allowing remote diagnosis in organized workforces
entering endemic areas.

A key specification of RDTs is the ability to provide a rapid
response to an analytical demand exactly where the demand is
posed.™*

RDTs simplify the analytical test by removing many of the
steps required by traditional laboratory-based analysis, while
still providing useful and reproducible information, as illus-
trated in Fig. 1. Additionally, RDTs also decrease the carbon
footprint by reducing the amount of energy needed for ana-
lysis and skipping the transportation of samples to the lab to
complete the analysis.’>”

The technology behind most commercially available rapid
diagnostic tests mainly focuses on lateral flow assays (LFA)'®
and electrochemical methods.'® LFAs have shown their poten-
tial in applications such as pregnancy tests and the detection
of illegal drugs. A lateral-flow-based test is ideal for the devel-
opment of RDTs, mainly because of the advantages offered by
using paper as the main component. Paper membranes are
cheap to fabricate, easy to store, safe to dispose of, and can be
used on-site anywhere and by anyone. Additionally, paper can
be readily modified to create hydrophilic or hydrophobic areas
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Fig. 1 Schematic workflow comparison between laboratory-based (top) and rapid diagnostic (bottom) testing.
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Fig. 2 Structure of a lateral-flow assay and the two main types of LFA formats: (a) sandwich format and (b) competitive format.

to control the reagents and sample flow. Paper-based sensing
devices are light weight, compact, and easy to integrate into
other technologies. Moreover, paper-based devices have been
used in combination with mobile technology, enabling data
management.”®

The majority of RDTs based on LFAs yield qualitative
results, indicating the presence or not of a specific analyte by a
change in color, giving a yes/no answer only. Lately, due to the
integration of paper-based devices with mobile technology, it
is possible to obtain a quantitative answer by relating the color
intensity to the sample concentration.'*"** Additionally,
extra features, such as storing and transmitting data, can be
incorporated when combining LFAs with mobile technology.>®

Furthermore, LFA tests are disposable with no need for
additional chemicals, and using LFAs brings about a massive
reduction of the carbon footprint by avoiding transportation of
samples to the lab and the use of specialized equipment during
analysis."”> A recent study showed that the estimated CO, emis-
sions of a single full-blood examination test done in a clinical
lab were equivalent to driving a standard car for 770 m.">"”

The success of electrochemical RDTs is centered around
the amperometric glucose sensor’s commercial success, an
RDT used by millions of diabetic patients worldwide.>*
Electrochemistry has been suggested as a technique that could
be used to develop RDTs to detect diseases in outbreaks.'®
Electrochemical devices can be miniaturized, functionalized
with different biosensing compounds (enzymes, antibodies,
nanobodies), and offer the possibility of multiplexing.
However, despite all of these advantages, the number of com-
mercially available RDTs for detecting pathogens during
disease outbreaks is low compared with lateral flow assays.

This journal is © The Royal Society of Chemistry 2021

Other techniques, such as optical sensing and bioFETS,
have only been used in research and have yet to reach the
market.”>>®

The way the high-priority pathogens can be detected using
RDTs can be divided into two groups: direct detection using
antigen-detecting and molecular assay RDTs and indirect
detection using the body’s immune response to the pathogen
in the form of antibodies. Lateral-flow immunoassay (LFI) plat-
forms dominate the antigen-detecting RDTs; however, lately,
the incorporation of molecular-based techniques has also
reached commercialization.
the second group, antibody-detecting RDTs,
LFIs are the primary platform used to develop this kind of
RDT.

Table 1 displays a comparison between molecular-based
detection methods and antigen- and antibody-detecting

For

assays.
For the RDTs presented in this article, the test sensitivity is
calculated as (true positives)/(true positives + false negatives) x
100.
The specificity is calculated as (true negatives)/(true nega-
tives + false positives) x 100.

3. High-priority pathogens identified
by the WHO as potential causes of
future epidemics

It is a fact that the impact of globalization is accelerating the
spread of contagious diseases.’ The increase in air travel and

Analyst, 2021, 146, 3750-3776 | 3753
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Table 1 Advantages and challenges of detecting methods used to develop RDTs

Test type Advantages Challenges

Molecular
diagnostic assays

« High sensitivity and

specificity

« Detects active infection
+ Expensive

« Labor intensive

+ Requires specialized laboratory infrastructure and skilled personnel

+ Requires sample transportation

« Detects active infection

« It can be used as a point of
care

« Easy to perform

« Lower cost than molecular
diagnostic assays

« Rapid results (<30 min)

« Detects that an individual
has been infected

« It can be used as a point of
care

« Easy to perform

« Lower cost than molecular
diagnostic assays

« Rapid results (<30 min)

Antigen-detecting

Antibody-detecting

the exchange of goods positively impact the global economy
and contribute to the rapid spread of infectious pathogens
worldwide. We have experienced the long-transmission poten-
tial of global air travel during the last twenty years spreading
emerging pathogens.* The SARS coronavirus emerged in 2002
in China and quickly spread to more than 30 countries,
resulting in more than 8000 cases and around 774 deaths
worldwide.>® In 2009, the HIN1 influenza pandemic origi-
nated in Mexico and spread worldwide, causing 284 000
deaths.?® More recently, Ebola affected African countries and
resulted in travel restrictions to and from affected areas.
Currently, COVID-19 affects the whole world’s population,
resulting in an almost complete stop of air travel and
paralyzing most goods exchange. When the COVID-19 pan-
demic hit, it became apparent that testing was the key to con-
taining the spread. Massive and timely testing was
implemented in countries like South Korea and New Zealand
using a combination of molecular assay-based screening and
serological-based rapid tests for the detection of antigenic
proteins and antibodies. Mass testing limited the virus’s
spread by both symptomatic and asymptomatic viral carriers
and significantly decreased the death toll in these
countries.**

The rapid transmission of COVID-19 around the world and
its significant impact on society and the economy have led to
the accelerated development of new tests to detect infected
individuals quickly. Recently, thanks to essential economic
support from governmental and private institutions, research
groups and companies have focused on developing more
effective and rapid tests.’>** Using the information provided
by these tests, health authorities could implement measure-
ments like declaring local quarantine or forcing the use of
masks instead of a complete lockdown to stop the spread of
COVID-19.

3754 | Analyst, 2021, 146, 3750-3776

« Lower sensitivity and specificity than molecular diagnostic assays
+ Lower predictive value than for molecular-based tests

+ A negative result cannot be used to remove an individual from quarantine

« Provides mainly qualitative results
+ Lower sensitivity and specificity than molecular diagnostic assays
« Positive results do not assure the presence of protective immunity

« Interpretation of results depends on the timing of the disease, the epidemiology and
prevalence within the setting, and the clinical morbidity of the individual

However, this is not the case for most of the WHO-distin-
guished diseases that pose the highest public health risk due
to their epidemic potential. These diseases are:

+ Crimean-Congo hemorrhagic fever

+ Ebola virus disease and Marburg virus disease

+ Middle East respiratory syndrome
(MERS-CoV) and severe acute respiratory syndrome (SARS)

+ Nipah and henipaviral diseases

« Rift Valley fever

. Zika

+ Coronavirus disease-2019 (COVID-19)

Next, we will describe each of these diseases, their impact

coronavirus

areas, and the current rapid test status for their detection.

4. Crimean-Congo hemorrhagic
fever (CCHF)

CCHF is a viral hemorrhagic fever with a high case fatality
ratio caused by a virus transmitted to humans through a tick
bite or direct contact with blood or tissue from infected ticks
or viraemic vertebrates, wild animals, and livestock.** The
virus can remain for up to one week in the bloodstream of
infected animals, allowing the tick-animal-tick cycle to con-
tinue when another tick bites. Infected animals do not show
any symptoms, which makes it challenging to identify them.
Additionally, it allows the virus to maintain itself in nature.*

It is considered the most geographically widespread tick-
borne virus, with infection mortality in up to 30% of cases.*®
Regions of endemicity include parts of Africa, Asia, the Middle
East, Russia, Eastern Europe, and Spain.

CCHEF virus is a member of the family Bunyaviridae. 1t is an
enveloped spherical particle of approximately 100 nm in dia-
meter with a tripartite, single-stranded RNA genome of nega-

This journal is © The Royal Society of Chemistry 2021
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tive polarity. The three genome segments contain one open
reading frame flanked by noncoding regions. It also contains
four encoded structural proteins: the RNA-dependent RNA
polymerase (L protein) expressed by the large (L) segment, the
mature glycoproteins GN and GC are encoded by the medium
(M) segment, and the nucleoprotein (N) by the small (S)
segment.>*

Every year, 10000 to 15000 cases of CCHF are reported,
mainly in endemic countries but also among travelers.

CCHF can be transmitted from human-to-human by direct
contact with the body fluids of infected individuals. Human
serological studies have revealed a mean seroprevalence of
anti-CCHF antibodies of 4.7%. The seroprevalence of anti-
CCHF antibodies is 7.5-fold higher among people with high-
risk exposures. Increasing trends in CCHFV seroprevalence in
both humans and animals, combined with evidence that
people with frequent animal contact have more exposure to
CCHFV, raise the concern that CCHFV could emerge as a zoo-
notic pathogen.*”

4.1 Symptoms

Patients who develop symptomatic CCHF progress through
four stages: an incubation stage, a pre-hemorrhagic stage, a
hemorrhagic stage, and a convalescent stage, as depicted in
Fig. 3.%¢

CCHF can be misdiagnosed with other viral hemorrhagic
fevers, bacterial infections, viral infections, and parasitic infec-
tions such as malaria. Due to this, early laboratory confir-
mation of suspected cases is critical to prepare an adequate
response.

CCHF symptoms could include myalgias, chills, fever, dizzi-
ness, headache, eye soreness, photophobia, sore throat,
nausea, vomiting, and diarrhea.>®*’

Mortality occurs in approximately 30% of cases, often in
the second week of illness.>”

Laboratory Assays
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Fig. 3 Overview of diagnostic testing for acute illness due to the
Crimean-Congo haemorrhagic fever virus in a non-fatal human infec-
tion. Reproduced from ref. 36 with permission from the American
Society for Microbiology copyright 2020.
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4.2 Diagnostic testing

There are currently two ways to diagnose CCHF in humans: by
direct detection of the presence of CCHFV or by measuring the
serological response consistent with acute infection by detect-
ing the production of anti-CCHFV IgM or anti-CCHFV IgG
antibodies.

The direct detection of CCHFV infection using nucleic acid
amplification tests, viral antigen detection, and viral culture is
most useful during the first week after symptom onset.’”*
Serological tests are most useful after the first week of illness,
since IgM antibodies become detectable only after 7 to 9 days
of symptom onset, except in some cases where IgM can be
detected after four days of illness.*® On the other hand, IgG
antibodies become detectable simultaneously with IgM or one
or two days later,*® cf. Fig. 3.

4.3 Rapid test for the detection of CCHF

Currently, only one rapid test for the detection of CCHFV anti-
bodies is commercially available. A lateral flow assay kit, CCHF
Sero K-SeT, developed by CORIS BioConcept (Belgium), is used
to detect IgM-specific antibodies in the patient’s plasma, cf.
Fig. 4. However, a study performed on patients in Iran showed
very low sensitivity, 39.7%, and a specificity of 92.9%.*° There
is not a commercially available rapid test for the direct detec-
tion of the CCHEF virus.
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Fig. 4 CCHF Sero K-SeT IgM rapid test showing positive and negative
results. (I) Positive result, () weakly positive result, and, (lll) negative result.
Reproduced from ref. 40 with permission from Elsevier copyright 2019.
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5. Ebola virus (EV)

The Ebola virus is one of the most virulent pathogens to
humans. The virus is endemic in African regions, where the
first outbreaks took place in 1976 in a village near the Ebola
River in the Democratic Republic of Congo.’' Since then,
several outbreaks have been identified in 19 countries in
Africa, Europe, Asia, and America.*® The largest recorded out-
break occurred in West African countries between December
2013 and 2016 and had a 40% fatality rate. Encroachment into
forest areas due to population growth and direct interaction
with wildlife contributed to the spread of the African region’s
Ebola virus.

Ebola virus is a single-stranded RNA virus belonging to the
Filoviridae family along with the Marburg virus. Five virus
species form the Ebola virus genus: Reston ebolavirus, Tai
Forest ebolavirus, Bundibugyo ebolavirus, Zaire ebolavirus, and
Sudan ebolavirus. The last two, Zaire ebolavirus and Sudan ebo-
lavirus, are the most pathogenic and cause most outbreaks,
with case fatality rates around 90%."" The genome of the EV
includes seven genes: the nucleoprotein, virion protein (VP)
35, VP40, glycoprotein, VP30, VP24, and RNA-dependent RNA
polymerase (L)-5' trailer, ¢f. Fig. 5.

EV infection spreads by direct contact with bodily fluids
from an infected animal or human, after which transmission
occurs from human to human. EV has been identified in
blood, feces, vomit, urine, semen, saliva, aqueous humor,
vaginal fluid, breast milk, tears, and sweat.”> Ingestion of
undercooked bushmeat and contact while hunting or prepar-
ing a carcass have been identified as transmission methods to
humans.*' The fruit bat has been singled out as the natural
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Fig. 5 Virion structure of the Ebola virus. Reproduced from ref. 41 with
permission from Elsevier copyright 2016.
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host and is, in some cases, linked to direct transmission to
humans.***°

5.1 Symptoms

EV commonly manifests with a hemorrhagic fever followed by
an incubation period of 2-21 days. The incubation period is
characterized by malaise, myalgia, chills, and fever. Other
symptoms, like anorexia, nausea, vomiting, diarrhea, chest
pain, cough, nasal discharge, prostration, conjunctival injec-
tion, headache, confusion, and coma, indicate multisystem
involvement.*® Additionally, by days 5-7 of the illness,
erythema and desquamation can appear, which are used as
differential diagnostic features.

5.2 Diagnostic testing

The primary detection assays used during EV outbreaks are
ELISA, PCR, immunohistochemistry, virus isolation, and
lateral-flow based assays.

ELISA and PCR techniques are sensitive methods that can
detect EV in blood, serum, and tissue samples. They are lab-
based techniques that require special equipment and trained
personnel. They target viral nucleic acid, viral antigen, or
virus-specific antibodies.”” On the other hand, immunohisto-
chemistry targets viral antigens in tissue samples such as the
liver and skin. This is a qualitative imaging method that takes
time to perform.

5.3 Rapid test for the detection of EV

Six RDTs for EV are available on the market, Table 2. These
devices are based on lateral-flow and used during outbreaks,
providing rapid information about the virus’s presence in
blood samples. OraQuick Ebola is a rapid antigen test
approved by the U.S. Food & Drug Administration (the FDA).*®
This rapid antigen test is intended for use with whole blood
obtained by venipuncture or finger stick. The sensitivity of this
test on whole blood is 84%, with a specificity of 98%. Each test
costs approximately USD 28.*° After the addition of the
sample, results are observed after 30 minutes.

The ReEBOV antigen rapid test is a rapid chromatographic
immunoassay intended for the qualitative detection of VP40
antigen from Zaire EV, Sudan EV, and Bundibugyo EV. This
dipstick test has a sensitivity of 100%, with a specificity of
92%.°° For this rapid test, whole blood from a finger stick is
used (1 drop, 30 pL), and results are observed after 15-25 min.
The price of the ReEBOV kit is USD 10.>"

Brangel and co-workers have developed a serological point-
of-care test for the detection of IgG antibodies against EV.*?
The novelty of this RDT device is the combination of the
lateral-flow technique with mobile technology to obtain a
quantitative result and the possibility to store or transmit data
and tag the tested individuals geographically. Additionally, the
device could simultaneously detect three related EV species:
Sudan virus, Bundibugyo virus, and Zaire virus. Assay results
are obtained within 15 minutes after the sample is added. The
authors of this study reported a sensitivity and specificity of
100% compared with standard ELISA, and this work is an
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excellent example of the enormous potential of combining
RDTs with mobile technology in disease outbreaks. Fig. 6
shows the developed lateral flow device and the smartphone
application interface used to detect the intensity of the signal
corresponding to the virus’s presence and record the patient’s
details.

6. Nipah virus (NiV)

Nipah virus is an emerging infectious disease that kills about
75% of those infected. Currently, there is no cure for this
disease. NiV is a bat-borne pathogen; Pteropus fruit bats are
considered the virus's natural reservoir.”> The bats are
endemic to tropical and subtropical regions of Asia, East
Africa, the Australian continent, and some oceanic islands.”®
There are no FDA-approved drugs to treat or prevent Niv.>*>>

NiV was discovered in 1998 during the first reported out-
break in the Sungai Nipah village (Malaysia), where locals
became infected through contact with pigs, which are the
intermediate host of the virus. Since then, recurring NiV out-
breaks have been reported in Bangladesh, India, Ghana,
Thailand, Madagascar, Cambodia, and Singapore.*®

NiV is an enveloped pleomorphic virus belonging to the
genus Henipavirus of the family Paramyxoviridae. The virus
structure consists of a non-segmented negative-sense single-
stranded RNA, approximately 18.2 kb long, encoding six struc-
tural proteins: nucleocapsid (N), phosphoprotein (P), matrix
protein (M), fusion protein (F), glycoprotein (G), and RNA poly-
merase (L), ¢f., Fig. 7. The F and G proteins of NiV are necess-
ary for attachment and entry into the host cell.”*”*”

6.1 Symptoms

NiV infection causes febrile encephalitis or pneumonia at the
early stage, making it difficult to distinguish from other febrile
diseases. Other clinical features of NiV are headache, vomiting,
behavioral changes, disorientation, and low levels of con-
sciousness. Incubation periods have been reported to range
from 4 to 14 days. Around 20% of encephalitis survivors sus-
tained neurological dysfunction, including persistent seizures,
fatigue, and behavioral abnormalities.>®

6.2 Diagnostic testing

The tests for detecting NiV include molecular assays, immuno-
chemistry, histopathology, and serological tests.’® Techniques
such as PCR, next-generation sequencing, immunochemistry,
and ELISA are among the most used for NiV detection. The
type of samples collected for NiV detection in humans include
throat and nasal swabs, urine, blood, and cerebrospinal fluid.
All testing techniques are laboratory-based; there is no com-
mercially available rapid test for the detection of NiV in
humans or animals.*

6.3 Rapid test for the detection of NiV

In 2014, a lateral-flow assay for the rapid detection of NiV in
swine was reported by the Canadian Science Centre for

Analyst, 2021,146, 3750-3776 | 3761
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Fig. 6 Smartphone lateral-flow point-of-care test for Ebola virus IgG detection. Reproduced from ref. 23 with permission from ACS copyright 2018.
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-RNA Polymerase (L)

Fig. 7 Representation of the Nipah virus structure. Reproduced from
ref. 53 with permission from MDPI copyright 2020.

Human and Animal Health.®® The developed rapid test was
compared with PCR, and it was concluded that the lateral-flow
assay was as sensitive as real-time PCR. Additionally, it was
possible to detect viral protein as early as one-day post-inocu-
lation in nasal swabs, and no cross-reaction with Hendra virus
and other viruses, e.g., Ebola virus, was observed. This RDT is,
however, not commercially available.

7. Rift Valley fever (RVF)

Rift Valley fever is a viral zoonosis that affects animals, but can
also infect humans. Approximately 1% of humans infected
with RVF die from the disease.®? It primarily infects sheep,
cattle, and goats and is maintained in nature by transovarial
transmission in floodwater Aedes mosquitoes.®® The virus was
identified for the first time on a farm in the Rift Valley of
Kenya in 1931. Since then, outbreaks have been reported in
Niger, Mauritania, Madagascar, Sudan, Kenya, Somalia,
Tanzania, Egypt, Yemen, Saudi Arabia, and South Africa.®*

The trade of animals between endemic areas and
Mediterranean European countries actively contributes to viral

3762 | Analyst, 2021,146, 3750-3776

transmission, thus increasing the risk of contagion in the
Mediterranean basin and Europe.®®> Moreover, the virus’s
ability to survive in a range of bioclimatic environments has
raised concerns about its potential introduction into Europe
and North American areas.®®

RVF is a mosquito-borne viral disease from the genera
Aedes and Culex. These mosquito species are associated with
freshly flooded temporary water bodies and are regarded as
maintenance vectors in the Aedes species and as epidemic or
amplifying vectors in the case of the Culex species.®” Animals
become infected through a bite from an infected mosquito. In
the case of humans, they become infected via direct and
aerosol exposure to infected animals or animal tissue and
when bitten by infected mosquitoes. No human-to-human
transmission of RVFV has been documented.

The RVFV genome is composed of three segments of single-
stranded RNA: large (L), medium (M), and small (S). The viral
RNA-dependent RNA polymerase (L protein) is encoded in the
L segment. Four proteins are encoded in the M segment: the
structural glycoproteins Gn and Gc, the non-structural protein
Nsm, and a large 78 kDa glycoprotein (LGp). The structural gly-
coproteins mediate binding and entry to the target cell mem-
brane via receptors. The nucleoprotein (N) and the non-struc-
tural NS protein, a significant determinant of virulence, are
encoded in the S segment.®®

7.1 Symptoms

In humans, infection with RVFV is generally asymptomatic in
98% of cases. Only 2% of cases are severe, presenting three
different complications: hemorrhagic fever, ocular disease
(retinal vasculitis), and meningoencephalitis. Other symptoms
corresponding to a mild infection form are flu-like fever, head-
ache, joint pain, sensitivity to light, neck stiffness, vomiting,
and appetite loss.®

Individuals with clinical symptoms present short febrile
illness and no long-term sequelae. During the initial phase of
the disease, 1-6 days after infection, antibody levels rise while

This journal is © The Royal Society of Chemistry 2021
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viremia declines. Thrombosis and other vascular compli-
cations can manifest days to weeks after the initial infection.®®

7.2 Diagnostic testing

RVFV is detected using molecular assay techniques, namely,
reverse transcriptase-polymerase chain reaction (RT-PCR)
assay, loop-amplification mediated polymerase chain reaction
(LAMP), ELISA, antigen detection tests, and virus isolation by
cell culture. RT-PCR and LAMP are the primary assays used for
detecting acute infections.”””" For the detection of antibodies
in several species, mainly ELISA platforms are used.”>”"*

7.3 Rapid test for the detection of RVFV

Only one device for the rapid detection of RVFV has been
reported.”” The first-line lateral flow immunochromatographic
strip test was developed to detect nucleoprotein (N) of the
RVFYV, ¢f. Fig. 8.

The fabricated device showed lower values of specificity and
sensitivity compared with molecular-based techniques (PCR),
but was, according to the authors of the study, adequate for
the specific rapid initial detection of RVF outbreaks. This RDT
is obtainable only for research purposes and is not commer-
cially available.

8. Lassa fever virus (LFV)

Lassa fever is a zoonotic disease caused by the Lassa fever
virus, a level IV pathogen. The virus’ reservoir is a rodent of
the genus Mastomys, known as a multimammate rat.”® It is
transmitted to humans by the ingestion of contaminated food
or by contact with household items contaminated with rat
urine and feces. Human-to-human transmission occurs
through direct contact with blood, organs, or other body fluids
from infected individuals. Rodent excretion aerosolized during
cleaning activities could result in airborne transmission of the
virus.”’

The first case of Lassa fever virus was detected in 1950 in
Sierra Leone. Lassa virus belongs to the Arenaviridae family,
which is responsible for causing viral hemorrhagic fever in
African and South American countries.”® The Lassa virus
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Fig. 8 RVF lateral flow test strips for the detection of RVF infection.
Reproduced from ref. 75 with permission from PLOS copyright 2019.
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Fig. 9 Lassa virus electron micrograph reproduced from ref. 77 with
permission from Elsevier copyright 2014.

measures between 70 and 150 nm in diameter, has a spherical
shape, and belongs to the Arenaviridae family, cf. Fig. 9. The
Lassa virus possesses a glycoprotein envelope with T-shaped
spikes measuring 10 nm on its surface. The Lassa virus’s
genome is a single-stranded, bisegmented RNA consisting of a
small (S) and a large (L) RNA fragment of 3.4 and 7
kilobases.””

Lassa fever is endemic in West Africa, where a population
of 58 million is at risk. However, imported cases have appeared
in Germany, Sweden, the USA, Japan, the Netherlands, and the
UK. Every year, approximately 100000 to 300000 cases of
Lassa fever are reported in West Africa, with an estimated
death toll of 5000 deaths per year.”®

8.1 Symptoms

LASV hinders the development of immune cells that are
crucial to the immune response and that provide resistance to
infection. The severity of LASV is correlated with high viremia
levels, with peaks between 4 and 9 days after the onset of the
disease. The initial diagnostic of LASV can be challenging,
since the symptoms can mimic other endemic diseases, such
as typhoid fever and malaria.®®

Around 30% of individuals infected with Lassa fever
present visible bleeding, which could discriminate LASV from
other febrile illnesses. Facial swelling, low blood pressure,
hepatitis, fluid in the lung cavity, and petechiae or bruising
indicate severe infection.®! Deaths due to LASV typically occur
within 14 days of onset for 15-20% of severe cases. In the case
of non-fatal cases, the patient’s condition improves after 1-3
weeks. However, fatigue and renal damage may persist for
several more weeks.*

8.2 Diagnostic testing

The current LASV diagnostic test includes laboratory-based ser-
ological and nucleic acid amplification tests. However, the
majority of commercial assays for PCR and serology are indi-
cated for research use only. Additionally, endemic regions do

Analyst, 2021,146, 3750-3776 | 3763
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not always have the financial resources and personnel to
utilize these available diagnostics tests.®

Immunofluorescent assay tests, western blotting, and ELISA
are techniques used for the indirect detection of antibodies
and antigens. LASV RNA can be detected using nucleic acid
amplification, including techniques such as loop-mediated
isothermal amplification (LAMP), strand displacement assays,
and PCR. Virus isolation, PCR, and LASV antigen positivity are
used to diagnose active infections.®*

8.3 Rapid test for the detection of LASV

Apart from the lab-based test, there are two commercially avail-
able kits for the rapid detection of LASV on the market: the
ReLASV® Pan-Lassa Antigen Rapid Test and the ReLASV®
Antigen Rapid Test.®> However, they are labeled for research
use only. These rapid detection tests are lateral flow-based dip-
sticks, ¢f—Fig. 10. When applying a drop of whole blood, the
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Fig. 10 Signal development of the RelLASV Pan-Lassa antigen rapid
diagnostic test. Reproduced from ref. 87 with permission from Springer
Nature copyright 2018.
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nucleoprotein antigen is detected with 91% sensitivity and
86% specificity for LASV lineage IV (Josiah strain). The
performance of this test at temperatures between 18 and 30 °C
is comparable to molecular tests such as RT-PCR and
qPCR.***” However, data for the rapid test performance at
high temperatures above 30 °C and high humidity are required
to better indicate the test’s performance in endemic areas. The
test cost is around USD 30, with a turnaround time of
<30 min.*

9. Zikavirus (ZV)

Zika virus is an enveloped, positive-sense, single-stranded RNA
virus member of the Flaviviridae family that is transmitted to
humans by mosquitoes from the Aedes species. It was discov-
ered in 1947 in the Zika forest (Uganda).®® Since then, several
outbreaks of ZV have been reported in various countries in
Africa, Asia, and South and Central America. One of the sig-
nificant ZV outbreaks started in 2015 in Brazil and extended to
most countries in the Caribbean, Central, and South American
areas. Following this significant outbreak, ZV infection among
travelers was reported in European countries, including the
UK, Austria, Denmark, France, Finland, Italy, Ireland,
Portugal, Germany, Sweden, the Netherlands, Switzerland, and
Spain.®

Before the large outbreaks in 2014 and 2015, research into
ZK pathogenesis, detection, and treatment was neglected due
to the mild symptoms and the high percentage of asympto-
matic individuals.”®

The primary way of ZV transmission is through mosquito
bites. However, additional transfer modes have been identi-
fied, such as materno-fetal by trans-placental transmission or
during delivery when the mother is infected, sexual trans-
mission, or through blood transfusion and organ transplan-
tation,” cf. Fig. 11.
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Fig. 11 The life cycle of the Zika virus and biological materials used to detect the disease. Reproduced from ref. 98 with permission from John

Wiley & Sons copyright 2020.
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Fig. 12 Chronology of viral replication, relationship with clinical and biological symptoms, and the possibility of the detection of Zika virus by lab-
oratory techniques. Reproduced from ref. 98 with permission from John Wiley & Sons copyright 2020.

9.1 Symptoms

Due to serologic cross-reactivity to other flaviviruses, such as
the dengue virus, ZV diagnosis has been challenging.®® The
incubation period for ZV ranges between 4 and 12 days after
infection, followed by a period of up to sixteen days, during
which symptoms such as mild fever, skin rash, non-purulent
conjunctivitis, headache, arthralgia, and myalgia may appear,
cf. Fig. 12.

If a woman is infected during pregnancy, the fetus has a
high risk of suffering congenital central nervous malfor-
mations and microcephaly. In some cases, fetal losses have
been reported during Zika outbreaks.®”

9.2 Diagnostic testing

The irruption of ZK in South and North America and Europe
has accelerated the development of assays to detect infected
individuals.?®® For instance, after the 2015 outbreak, the FDA
granted emergency use authorization to 14 molecular and five
serological assays to detect ZV.”

One of the primary molecular assays used for ZV detection
is real-time reverse transcriptase PCR (rRT-PCR), which targets
the ZV E gene in serum, whole blood, urine, cerebrospinal
fluid, and amniotic fluid.”* Another molecular assay used for
ZV detection is transcription-mediated amplification (TMA).
This assay singles out the ZV NS1 and NS4/NS5 genes in serum
and urine.”

ELISA has been used for the colorimetric detection of ZV
and its differentiation from the dengue virus. This qualitative
test detects the presence of ZV IgM antibodies in human sera
with a sensitivity of >90%, a specificity of >96%, and a turn-
around time of four hours.”®

9.3 Rapid test for the detection of ZV

Several RDTs for ZV detection are currently on the market.””?®

They are mainly immunochromatographic assays for the
detection of IgG, IgM antibodies, or NS1 protein.”> Chembio
Diagnostic Systems developed a lateral flow assay, DPP® Zika

This journal is © The Royal Society of Chemistry 2021

DPP° - IgM
Zika T C
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Fig. 13 DPP Zika IgM system developed by Chembio for Zika virus
detection (image from http://www.chembio.com).

IgM System, read by an automated reader,'® cf. Fig. 13. This
RDT is the only immunochromatographic assay that is FDA
Emergency Use Authorization (EUA) approved. According to
the manufacturer, the RDT can be used to detect IgM and
IgG antibodies to ZV in whole blood, serum, or plasma,
and the results are displayed after 15 minutes. The RDT
requires only 10 pL of sample to provide a semi-quantitative
answer when combined with the reader. Each Kkit’s price is
around USD 35/card, while the reader’s price is around USD
754.

Apart from the DPP Zika RDT, there are other immunochro-
matographic rapid assays available on the market, some of
which are listed below:

+ Artron One Step Zika Virus Test Kit, Artron Laboratories
Inc (Canada),"®*

+ Accu-Tell Zika Virus I1gG/IgM AB Cassette, AccuBioTech
(China),'*

« Zika NS1 Test Card, Zika IgG/IgM & NS1 Duo Test,
LumiQuick Diagnostics Inc. (USA),"*?

Analyst, 2021, 146, 3750-3776 | 3765
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- CDIA Zika IgG/IgM Rapid test Kit, Creative Diagnostics
(USs A),104

« Zika Rapid Test, Maternova (USA),'®

- Zika NS1, Zika IgG/IgM, Zika Combo, Biopanda Reagents
(UK]’106

+ ProDetect Zika IgG/IgM Rapid Test, Medical Innovation
Ventures (Malaysia),""”

» Zika 1gG//IgM Virus
Lifesciences Ltd (India).'%®

Apart from these commercially available RDTs for ZV detec-
tion, other devices based on electrochemistry and lateral flow
have been reported in the literature, but are only for research
purposes_99,1o9f112

Antigen Rapid Test, Nectar

10. Middle East respiratory syndrome
coronavirus (MERS-CoV)

MERS-CoV is a lineage C beta coronavirus that was first identi-
fied in June 2012 in Saudi Arabia. Since then, several out-
breaks have been reported in 27 countries in Asia, Africa, and
Europe, with mortality of around 34.4%.'"*7''®> MERS-CoV’s
genotype is closely related to bat coronaviruses, such as
BtCoV-HKU4 and BtCoV-HKUS5, but its evolutionary pathway is
still not fully understood. MERS-CoV exists as enveloped extra-
cellular particles with protruding spike (S) proteins."*®
MERS-CoV targets the cellular receptor using its spike glyco-
protein (S), a putative receptor-binding domain."” The
MERS-CoV infection results in profound apoptosis of infected
human bronchial epithelial Calu-3 cells within 24 hours.'*®

Several studies link MERS-CoV to dromedary camels.
Additional studies have indicated potential cross-infection
between dromedary camels and humans due to close contact.
Compared with other coronaviruses, MERS-CoV has a lower
basic reproduction number (R,); this is the average number of
infections caused by one infected individual in a fully suscep-
tible population. MERS-CoV R, is around 1.0 throughout
various clusters and outbreaks."*® Transmission between
humans occurs through close and unprotected human contact
and nosocomial transmission, mainly at healthcare locations
and households.”**2°7122

113

10.1 Symptoms

The incubation period for MERS is approximately five days.
Individuals infected with MERS-CoV will present chills, fever,
shortness of breath, cough, generalized myalgia, nausea,
vomiting, and diarrhea. These symptoms are similar to other
respiratory diseases, such as SARS. Due to the absence of
specific laboratory abnormalities or clinical data to differen-
tiate MERS-CoV pneumonia from pneumonia caused by other
viruses, real-time PCR is used to identify the virus from respir-
atory secretions.'”

Older age (>60 years), as well as a medical history of
chronic lung disease, diabetes, cancer, or renal disease, are
considered risk factors that could aggravate the condition of
MERS patients, resulting in respiratory failure and the need

3766 | Analyst, 2021,146, 3750-3776
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for mechanical ventilation and support in intensive care
units.'??

10.2 Diagnostic testing

As mentioned before, the primary method to identify and differ-
entiate MERS-CoV from other respiratory syndromes is real-time
PCR using samples from the lower respiratory tract, namely,
sputum, tracheal aspirates, or bronchoalveolar lavage."**

ELISA, indirect immunofluorescence, and neutralization
tests are serological tests used for MERS-CoV detection.*> "’
However, these tests require specialized equipment and
trained personnel.

10.3 Rapid test for the detection of MERS-CoV

There are no commercially available RDTs for the detection of
MERS-CoV in humans. Chen and co-workers developed an
immunochromatographic RDT for MERS-CoV detection in
human samples for research purposes. Their device showed
high specificity, but moderate sensitivity, 81%, with a detec-
tion limit that was 25-100 times less sensitive than ELISA."*®

11. Severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2)

Coronavirus disease-2019 (COVID-19) is a respiratory disease
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). This disease was first reported in December 2019 in
Wuhan (China), where it caused an outbreak of atypical pneumo-
nia."*® Four months later, on March 11, 2020, a global pandemic
was declared by the WHO."* As of March 16, 2021, COVID-19 had
infected more than 120 million individuals worldwide with a
death toll of approximately 2.6 million deaths reported to the
WHO."""> Additionally, the COVID-19 outbreak has caused a
global economic crisis due to the almost complete paralysis of all
primary industries, activities, travel, and goods exchange.
SARS-CoV-2 is an enveloped positive-sense RNA virus. Its
genome comprises around 30 kilobases. It belongs to the
same Coronaviridae family as SARS-CoV and the Middle East
respiratory syndrome virus (MERS). SARS-Cov2 enters into
target cells by using the spike (S) protein of coronaviruses.
Entry depends on binding of the surface unit, S1, to a cellular
receptor, facilitating viral attachment to target cells,"*® cf.
Fig. 14. After membrane fusion and endocytosis, the viral

® | Non-Structural Proteins
®  structural Proteins
EE———

Fig. 14 SARS-CoV-2 encoded proteins reproduced from ref. 134 with
permission from ACS copyright 2020.

This journal is © The Royal Society of Chemistry 2021
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nucleocapsid releases the genome payload into the infected
cell’'s cytoplasm. Inside the infected cell, the virus forms
numerous double-membrane vesicles that protect the viral
genome, thus allowing its replication. After this process, the
viral genomes are translated into viral polyproteins, which are
then cleaved into viral proteins. Immediately after this, viral
particles and virions assemble in the endoplasmic reticulum/
Golgi compartment and are transported to the cell surface
from which they are released via exocytosis and they continue
to infect other cells."**

It is unclear which animal was the intermediate host that
transmitted the SARS-CoV-2 virus to humans, but bats and
pangolin are among the main suspects. SARS-CoV-2 is highly
contagious and can be transmitted from human-to-human by
contact with saliva, tissue from infected individuals, and con-
taminated surfaces.

11.1 Symptoms

In most individuals infected with SARS-CoV-2, the disease
manifests as a respiratory tract infection, with many different
symptoms that are common to other infections, such as influ-
enza. Due to this, a laboratory test is required to distinguish
SARS-CoV-2 from other respiratory diseases. Among the
reported symptoms are a cough, difficulty breathing, fever,
sore throat, nasal congestion, headache, nausea or vomiting,
muscle and joint pain, diarrhea, and a loss of taste and
smell."*>**¢ Since SARS-CoV-2 is not fully understood, the list
of symptoms is continuously being updated.*

The majority of infected patients present mild symptoms
and can recover at home without professional medical care.
However, people with a medical history of diabetes, heart or
lung disease, obesity, and older adults seem to be at higher
risk of developing more severe complications. The symptoms
may appear 2-14 days after exposure to the virus. The mortality
rate for SARS-CoV-2 is around 1%."%’

11.2 Diagnostic testing

Due to the current emergency with SARS-CoV-2, pharma-
ceutical companies and research labs worldwide are focusing
on developing quick and effective tests."*®'*° Commercially
available tests for the detection of SARS-CoV-2 can be classified
into two major groups: molecular assays and immunological
and serological assays.

Molecular assays focus on detecting viral RNA to identify
infected individuals during the acute phase of infection.
Around 90% of the available molecular assays use PCR or
reverse transcription-PCR. The remaining 10% are based on
isothermal amplification techniques, hybridization techno-
logies, or CRISPR."**'*! One of the main advantages of these
assays is the high sample throughput and, in some cases, an
analysis time below 30 minutes."*> However, the tests are
based on specialized equipment, skilled personnel, and high
complexity labs.

Immunological and serological assays focus on detecting
antibodies or antigenic proteins produced by individuals
exposed to the virus. Immunological and serological RDTs are

This journal is © The Royal Society of Chemistry 2021

View Article Online

Critical Review

usually paper-based lateral-flow assays, providing the advan-
tage of transporting samples and reagents by capillary action,
making the device more straightforward, and maintaining a
low-cost per device. These tests provide a qualitative answer
within 10-20 minutes. Currently, there are more than 200 com-
mercially available rapid lateral flow immunoassays (LFIs) for
the detection of SARS-CoV-2, detecting primarily antibody
response.'*> From these 200 commercially available RDTs,
only nine have received EUA by the US FDA."**

Tests based on the detection of the virus antigen are, due to
low sensitivity, not recommended by the WHO.'** The sensi-
tivity of antigen-based RDTs for respiratory diseases similar to
SARS-CoV-2 varies from 34% to 80%. This variation in sensi-
tivity means that more than half of infected individuals could
be overlooked by such tests.'*°

Additionally, the efficacy of rapid LFIs for SARS-CoV-2 has
been questioned in the media during the last months.®° The
incorrect results are attributed to the lack of specificity and
sensitivity of several LFIs on the market due to the use of anti-
bodies that are not specific enough or low-quality materials for
their fabrication. These reports highlight the need to develop
more robust and efficient RDTs controlled and validated by
governmental regulator bodies before becoming available on
the market.

Recently, a molecular-based RDT for COVID-19 self-testing at
home got EUA approval by the FDA.'*” This RT-LAMP test kit
developed by Lucira Health has a cost of approximately 50 USD
and can detect SARS-CoV-2 RNA in nasal swabs in 30 minutes."*®
The user gets a positive or negative answer indicated by illumina-
tion of a light in the test unit display shown in Fig. 15.

12. Existing challenges to develop
robust rapid diagnostic tests for use
during disease outbreaks

The current SARS-CoV-2 pandemic that affects the whole world
has exposed the lack of available RDTs to detect high-priority

Fig. 15 Lucira COVID-19 All-In-One test kit developed by Lucira Health
for self-testing at home. It is the first molecular-based RDT approved by
the FDA under EUA (image from http://www.lucirahealth.com).
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Sensitivity: >70%

Specificity: >97%

Turnaround time: <40 min

Individual test cost: <USD 20

Diagnostic machine (if need it): <USD 3000
Training: <couple of hours

Can operate reliably outside of a clean
laboratory environment

Fig. 16 Specifications for the ideal RDT for application during disease outbreak, according to criteria listed by the WHO.

pathogens during disease outbreaks. The number of available
RDTs correlates with the geographic extension of disease out-
breaks and their impact on developed countries’ populations.
Currently, there are no commercially available RDTs for the
detection of LFV, RVF, and NV. Outbreaks connected to these
viruses have affected areas located in undeveloped countries,
with only a few cases reported in Europe or North America.
Meanwhile, the number of commercially available RDTs for
detecting EV, ZV, and COVID-19 is much higher. These out-
breaks have affected not only undeveloped countries, but have
also led to a large number of cases in Europe and North
America, in the case of EV and ZV, and throughout the whole
world, in the case of COVID-19.

Looking over the RDTs listed in Table 2, it is clear that
most of these devices are based on a lateral-flow immunoassay
platform. Lateral-flow immunoassay platforms are simple, low-
cost, and provide a rapid response. Two types of immuno-
assays can be implemented in a lateral-flow platform. The first
type is known as a sandwich assay, in which an antigen can be
detected by the combination of an antibody pair, where the
first antibody labeled with a colloidal gold nanoparticle binds
to one antigen epitope, and a second capture antibody,
immobilized on the lateral flow strip, binds to a second
epitope on the same antigen. In this assay type, the antigen’s
concentration will be proportional to the signal intensity at the
test line.

The second type of test is known as a competitive assay,
and it is used for the detection of analytes using an antigen.
As opposed to the sandwich assay detection, this test line’s
intensity is inversely proportional to the sample concentration
in the competitive assay.

The fabrication of most LFIs involves combining several
materials, e.g., paper membranes, Au nanoparticles, anti-
bodies, and antigens. Despite the overwhelming number of
scientific reports and discussion of how the integration of LFIs
with novel materials with intrinsic properties, such as carbon
nanotubes,*%1>° -V nanostructures,>**%2 and
graphene,'>™"** will disrupt the diagnostic market, only a few
materials and techniques have made the transition from the
lab bench to commercialization for disease detection during
outbreaks. More efficient interactions between researchers in
fields like immunology, biochemistry, materials science, diag-
nostics, and regulating bodies are required to accelerate the
development of robust RDTs that fulfill the criteria listed by
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the WHO for the ideal rapid detection device during disease
outbreaks,'® Fig. 16.

One of the challenges when a new pandemic or outbreak
occurs is the lack of time to develop new robust assays to
detect the new pathogen. Ideally, it should be easy and quick
to change RDT technology to accommodate new pathogens, to
be used instantly in an occurring outbreak. However, develop-
ment often takes time, especially when it is an entirely new
pathogen where no preexisting data are present.

During an outbreak, health authorities must collect data
from testing, patient details, geography, etc. This is to estimate
the magnitude of outbreaks, transmission routes, exposure,
underlying diseases of importance for the development of the
disease, risk behaviors, etc. Epidemiological analyses and data
collection are essential for implementing the preventive
measures needed during an epidemic outbreak. Results of
RDTs should ideally be reported in a way that the health auth-
orities can use data. This could be done by implementing elec-
tronic reporting in the RDT technology, e.g., by mobile phone
data transfer.

Next, we discuss the areas that need further improvement
to achieve more efficient RDTs for disease outbreaks.

12.1 Sensitivity

The majority of available RDTs for virus detection are based
on the immobilization of antibodies against the specific virus
on a surface acting as a transducer. The efficiency of binding
between the antibody and the antigen will determine the
assay’s ultimate sensitivity. Three factors can influence this
binding efficiency: the specificity of the antibody, the anti-
body’s orientation, and the attachment of the antibody to the
surface. These parameters influence the performance of RDTs
based on LFIs, since they are critically dependent on the con-
centration of the analyte in a biological fluid. False-negative
results from analyte concentrations below the LFI limit of
detection are significant concerns.'*®

These are critical factors that need to be considered when
developing RDTs. Making available the structure of the virus
or pathogen to be detected facilitates the development of anti-
bodies. Recently, nanobodies have appeared as a promising
novel class of therapeutic proteins based on single-domain
antibody fragments containing the unique structural and func-
tional properties of naturally occurring heavy-chain-only anti-
bodies. These small structures are arousing increasing atten-
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tion in immunosensing due to their higher binding specificity,
greater thermal stability, and a lower tendency for aggregation
than conventional antibodies.">”**®

Once a specific antibody or nanobody against a particular
target is developed, its attachment and correct orientation
must ensure efficient binding with the target pathogen. Several
methods are available with the aim of obtaining a covalent
attachment between the capturing molecule and the surface,
acting as a transducer.’®>'®® The available immobilization
methods can be classified as covalent and non-covalent,
depending on the coupling chemistry used. Both methods aim
to assure the sensing molecule’s attachment to the surface
without affecting its binding activity and specificity.

Antibodies and nanobodies can adopt different orientations
when deposited on a surface. This orientation will affect the
binding capacity of these glycoproteins, since their binding
sites could entirely or partially face the substrate, thus
affecting the immunoassay’s performance.'®

During the current COVID-19 pandemic, the high number
of false negatives when using LFIs for antigen detection has
accelerated the development of a rapid molecular diagnostic
test with a shorter turnaround time and higher
sensitivity.'¢>*%3

Current efforts are focus on combining the high sensitivity
of molecular diagnostic assays with the simplicity of lateral
flow platforms. An example of this is the AmpliVue platform
developed by Quidel.'®* This platform combines a rapid
nucleic acid amplification that does not require a thermal
cycler with the advantages of a lateral-flow-based cassette,
avoiding the need for an electronic reader. The AmpliVue plat-
forms are used to detect Bordetella pertussis, Clostridium
difficile, group B streptococcus, Herpes simplex virus type 1
(HSV-1), and Herpes simplex virus type 2 (HSV-2). The turn-
around time of the AmpliVue platform for the detection of
HSV-1 is around one hour.

Another attempt to combine lateral flow with genetic ana-
lysis was recently developed by Wang and co-workers.'®® In
their work, the CRISPR (clustered regularly interspaced short
palindromic repeats)/Cas system was integrated into a lateral
flow assay platform prepared using a nitrocellulose membrane.
Using this hybrid platform, it was possible to identify the
African swine fever virus in a non-laboratory environment
from swine serum samples within 40 minutes.

Using a similar approach, Broughton and co-workers
reported developing a rapid (<60 min) CRISPR-Cas12-
based lateral flow assay for the detection of SARS-CoV-2
from respiratory swab RNA extracts.'®® The platform was
validated using contrived reference samples and clinical
samples from patients with COVID-19 infection and patients
with other viral respiratory infections, obtaining 95% positive
predictive agreement and 100% negative predictive agreement.
This qualitative assay does not require bulky instrumentation
and is currently waiting for EUA approval from the US FDA.
Other examples of combining CRISPR with analytically porta-
ble and simple sensing platforms have recently been
reviewed.'®”
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12.2 Quantitative answer

As shown in Table 2, most commercially available RDTs are
based on the immunochromatographic technique using a
paper-based membrane to immobilize the sensing chemistry
and transport samples and reagents. The response of these
devices is colorimetric, ie., there is a color change and an
increase in the color intensity proportional to the sample con-
centration. Even though a couple of devices provide the option
of transforming the change in color into a concentration
value, most of the devices offer only a qualitative answer. This
“yes” or “no” response might be insufficient or not sufficiently
clear if the limit of detection is not clearly stated, i.e., at what
concentration the color change will occur. For these situations,
a quantitative detection method will provide a more precise
and robust answer. A natural combination to provide a simple
answer to this challenge could be to use the cameras on
mobile phones with lateral-flow assay devices.'®**%°

Additionally, the latest advances in the development of
apps and algorithms offer the possibility of incorporating this
software in any mobile phone to obtain a concentration value
from a picture of the RDT reaction area.'’® Moreover, the
mobile phone will also add the option to detect and report
additional data to health authorities, which is crucial from a
surveillance point of view. These additional data are geo-
graphic location, temperature conditions, and time of the ana-
lysis, just to mention a few. Several publications reporting on
the status of the combination of LFA and mobile phones are
available,'®"7"™'73 as well as the FDA-approved apps for the
analysis of urine and wounds.'”* Using these types of apps for
the quantitative detection of RDTs during disease outbreaks
will provide the health authorities with more complete and
faster information to facilitate the implementation of measure-
ments aiming to stop the spread of the disease.

12.3 Alternatives to lateral flow and colorimetric detection

As mentioned previously, paper-based devices offer several
advantages in terms of cost and simplicity for the development
of RDTs. Additionally, their fabrication is simple and could be
integrated with, for instance, conductive materials (gold, gra-
phene) for the manufacture of more advanced electrochemical
LF devices."”""”® These systems have been reported in the lit-
erature to develop point-of-care biomedical devices.'”® Despite
the high number of existing articles, the amount of commer-
cially available devices is still meager.

Since the irruption of electrochemical biosensors, these
devices have been put forward as an ideal option for develop-
ing POC systems due to their presenting the possibility of min-
iaturization, integration with sensing molecules (enzymes,
antibodies, aptamers, cells), sensitivity and specificity, and
simplicity.'”” Still, after more than 20 years of research, only a
handful of electrochemical biomedical sensors are commer-
cially available and successful, of which the main one is the
glucose biosensor based on an enzymatic reaction.'”®'7°
Despite all the mentioned advantages offered by electro-
chemical sensors, none of the existing RDTs listed in Table 2
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Fig. 17
PalmSens (images from http://www.palmsens.com).

use electrochemistry as their detection technique. One of the
reasons for this is that electrochemical sensors utilized in
combination with immunochemistry are mainly based on
impedance. This method requires the presence of a redox
couple in a solution for the quantification of antigen concen-
tration. Typically, a solution of ferro-/ferricyanide is used as
the source for the redox couple that will be employed to quan-
tify the amount of sample bound to the antibody.'®*° This
means that, in practice, the user will need to add the sample,
wait for the binding between the antigen and the antibody to
occur, and then add the redox solution to quantify the pres-
ence of the analyte. This extra step makes this method
complex and not user-friendly, limiting its use as a point-of-
care device.'®" Recently, the use of thiols containing a tethered
redox molecule was suggested as an alternative to immuno-
assays based on electrochemical impedance.'®>'®® The
obtained results for the detection of the dengue virus showed
that this technique had great potential for facilitating the
development of RDTs for biomedical applications.'®*'#

Recently, a hybrid approach combining electrochemistry
detection with the trans-cleavage property of CRISPR,
E-CRISPR, was presented by a multidisciplinary research team
from Case Western Reserve University.'® Using the E-CRISPR
platform, viral nucleic acids, such as papillomavirus 16
(HPV-16) and parvovirus B19 (PB-19), were detected with pico-
molar sensitivity within one hour. This is another excellent
example of nucleic acid assays combined with miniaturized
electrochemical platforms and used outside the lab.

Another recent development that could facilitate the use of
electrochemical sensors in the development of RDTs is the
miniaturization of a potentiostat that can be integrated into
smartphones,'®” ¢f. Fig. 17a. The smartphone potentiostat
allows the evaluation of electrochemical sensors based on
amperometric, voltammetric, pulsed techniques, and electro-
chemical impedance, of which the results can be stored and
evaluated using a corresponding app on a mobile phone.
PalmSens has developed a miniaturized handheld wireless
potentiostat that uses the USB port of a smartphone or tablet
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(a) SenSit-smart miniaturized potentiostat connected to a mobile phone, and (b) Sensit-bt miniaturized wireless potentiostat developed by

to communicate with and send data from an electrochemical
sensor,'®® ¢f. Fig. 17b. This miniaturized potentiostat enables
electrochemical analysis on-site with lower consumption of

energy and with data transmission.

13. Conclusions and perspectives

The current SARS-CoV-2 pandemic and previous SARS and
MERS pandemics demonstrated the crucial role of rapid
testing devices as an essential tool for health authorities to
obtain rapid and precise information that could be used to
adopt quick decisions aiming to stop the spread of disease.
Simultaneously, it exposed the high dependence on lateral-
flow devices and colorimetric assays as the primary technique
to develop rapid test devices, as defined in the introduction.
Even though more precise molecular-based assays are develop-
ing rapidly and more user-friendly sensing platforms are emer-
ging, these methods are not yet at the level of simplicity, low-
cost and rapid turnaround of lateral-flow-based assay rapid
test devices. However, recently a molecular-based RDT device
for SARS-COV-2 self-testing at home on nasal swabs received
approval from the FDA. This RT-PCR self-testing device can
detect SASR-CoV-2 in 30 minutes with 94% positive percent
agreement and 98% negative percent agreement.'*®'®° This
molecular-based RDT could be the first step towards develop-
ing more precise and straightforward RDTs that could hope-
fully be applied to detect other pathogens causing pandemics.

As shown in Table 2, due to the worldwide extension of the
current SARS-CoV-2 pandemic, the development of new RDTs
for SARS-CoV-2 received a tremendous boost from government
and private organizations. This vast support resulted in the
fast development of hundreds of new RDT devices that effec-
tively provided rapid data to decrease the virus’s spread, as
demonstrated in New Zealand and South Korea. However, the
situation is not the same for most of the pathogens identified
by the WHO as potential causes of future pandemics.
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As discussed, it is necessary to accelerate the integration of
more robust techniques with the lateral-flow assay platform’s
simplicity. Techniques such as electrochemistry, optical, nano-
plasmonics, and molecular-based assays have already demon-
strated promising results in sensitivity, selectivity, and repro-
ducibility. The irruption of new micro- and nano-fabrication
techniques would definitively accelerate integrating these
highly sensitive assays with low-cost and simple platforms. It
is vital to maintain the simplicity, low-cost, and robustness to
facilitate the distribution and use of these new platforms
worldwide.

Quick turnaround RDTs should be effectively combined
with the advantages of existing mobile technology. Effective
communication of data for disease surveillance will be
achieved by standardizing the recording and reporting of
results. Existing mobile technology provides the possibilities
of capturing, recording, and transmitting data using a single
device in resource-limited locations. The development of appli-
cations that standardize the way data extracted from RDTs are
recorded and reported will contribute to a rapid exchange of
information between health organizations worldwide.
Moreover, the use of the global positioning system integrated
into mobile phones will link geographical location data (time,
temperature, humidity) to the assay results, allowing the status
of disease spread to be precisely mapped and strategies
adopted to contain the advance of a particular disease.

Research into RDTs should be supported and conducted to
develop these new and smarter technologies. The research
should also include the critical perspective that a given techno-
logy should have the ability to shift focus if new pathogens
occur swiftly. This is essential for immediate implementation
and response in an outbreak situation.

Another critical factor that should be highlighted is more
effective coordination between government agencies in charge
of evaluating and approving new RDTs used in disease surveil-
lance. This collaboration will decrease the release of commer-
cially available RDTs that do not provide complete and reliable
information, which delays practical measurements to prevent
the disease from spreading.

All the actions suggested in this review should be
implemented as soon as possible through coordinated efforts
involving research groups, health authorities, and funding
bodies. Climate change and closer interaction between
humans and animals in previously unexplored environments
contribute to the emergence of new diseases, resulting in epi-
demics and pandemics due to increased human mobility and
goods trade.
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