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Commercially available rapid diagnostic tests for the
detection of high priority pathogens: status and challenges

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

the disease's advance. Image illustrated by Nicole Hampshire.

¥® ROYAL SOCIETY
PN OF CHEMISTRY

a As featured in: h

Analyst

See Jaime Castillo-Ledn et al., Analyst,

2021, 146, 3750. /

rsc.li/analyst

Registered charity number: 207890



7® ROYAL SOCIETY
P OF CHEMISTRY

Analyst

View Article Online
View Journal | View Issue

CRITICAL REVIEW

Commercially available rapid diagnostic tests for
the detection of high priority pathogens: status
and challenges

{ '.) Check for updates ‘

Cite this: Analyst, 2021, 146, 3750

Jaime Castillo-Leon, €2 *@ Ramona Trebbien, €2 ° John J. Castillo 2 € and

Winnie E. Svendsen?®

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.

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

coronavirus

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

This journal is © The Royal Society of Chemistry 2021
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