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We discuss the implications of LFTs for decentralized testing of infectious | tests
diseases, including diseases of epidemic potential, the ‘silent pandemic’
of antimicrobial resistance, and other acute and chronic infections.
Bioengineering approaches will play a key partinincreasing the sensitivity
and specificity of LFTs, improving sample preparation, incorporating
nucleic acid amplification and detection, and enabling multiplexing,
digital connection and green manufacturing, with the aim of creating the
next generation of high-accuracy, easy-to-use, affordable and digitally
connected LFTs. We conclude withrecommendations, including the
building of a global network of LFT research and development hubs to
facilitate and strengthen future diagnostic resilience.
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Key points

o Lateral flow tests (LFTs) were adopted at an unprecedented scale
during the COVID-19 pandemic, enabling access to testing beyond
healthcare settings.

e Only 0.4% of the 3 billion COVID-19 tests performed through to
mid-2022 were conducted in low-income regions, raising ethical
concerns and constraining our collective ability to respond to a
pandemic.

o Key barriers to COVID-19 LFT development and adoption include
lack of access to well characterized samples, limited accuracy, lack of
connectivity, lack of evidence of cost-effectiveness, regulatory delays
and centralized manufacturing capabilities.

o LFTs could also play an important part in the detection of other
diseases of epidemic potential and antimicrobial resistance.

¢ Bioengineering approaches, such as the use of nano- and quantum
materials, nucleic-acid-based LFTs, CRISPR and machine learning,
will improve the sensitivity, specificity, multiplexing and connectivity
features of LFTs.

e We recommend investing in an international LFT research and
development hub network to spearhead the development of a pipeline
of innovative bioengineering approaches to design next-generation
LFTs.

Introduction

Diagnostics have emerged as a crucial countermeasure to the spread
of COVID-19, and by late 2022, more than 3 billion tests for SARS-CoV-2
had been conducted worldwide'. Reverse transcription-polymerase
chain reaction (RT-PCR) remains the gold standard for diagnosing
COVID-19, and genomic sequencing has become vital for tracking vari-
ants. However, lateral flow tests (LFTs), albeit less sensitive than PCR,
have enabled an unprecedented scale of global testing in clinical and
public health, owing to their simplicity, low cost, accessibility, rapid
results and ability to detect infectiousness® (Fig. 1a).

The bioengineering underpinnings of LFTs (also known as rapid
diagnostic tests (RDTs), lateral flow assays, lateral flow immunoassays
orimmunochromatographic tests) date back decades. The first latex
agglutination and immunoassaysin the 1950s® and subsequent refine-
ment of the solid-phase lateral flow assay in the 1980s*° led to the first
LFT pregnancy tests, which were revolutionary inempowering women
tomanage their own health (Fig. 1b). By the 1990s, the first malaria LFTs
were being used by trained healthcare providers, although it took two
decades before the pre-qualification requirements of the World Health
Organization (WHO) were settled. LFTs have since been developed to
diagnoseinfectious diseasesin primary healthcare settings worldwide,
including for malaria, human immunodeficiency virus (HIV), Strep A
(group A Streptococcus) and influenza A/B, and selected LFTs are now
available for self-testing at clinics and pharmacies worldwide. In 2016,
the WHO recommended HIV self-testing with LFTs, based on their
effectiveness to reach key populations and increase case detection;
nonetheless, adoption remains limited®. Compared to other infec-
tious diseases, for which LFT development can take years, SARS-CoV-2

antigen LFTs were developed and deployed within months (Fig. 1b).
In 2022, the WHO ‘strongly endorsed’ COVID-19 self-testing with
antigen LFTs’, putting the public at the heart of the public health
response.

The simplicity of LFTs comes with technical limitations and usage
trade-offs. Notably, they are less sensitive than PCR and rely on visual
readout. LFTs also lack digital connectivity for data collection and
linkage to care. However, innovations in ultra-sensitive nanomaterials,
clustered regularly interspaced short palindromic repeats (CRISPR)-
based detection, mobile app connectivity and deep learning have
greatlyimproved LFT technology, albeit often at an early stage of tech-
nological readiness, reflecting a disconnect between bioengineering
research priorities and practical use cases.

In this Review, we discuss the design principle of LFTs, and high-
light key lessons learned from their use in the COVID-19 pandemic,
including access, accuracy, affordability, manufacturing, regula-
tion and funding®. We examine the implications of decentralized
LFT testing for pandemics, endemic infections and antimicrobial
resistance, and discuss bioengineering approaches aimed at
meeting the REASSURED criteria (that is, having real-time connectiv-
ity, ease of sample preparation, being affordable, sensitive, specific,
user-friendly, robust andreliable, equipment-free or environmentally
friendly, and deliverable to end-users)’. Finally, we summarize research
and development (R&D) priorities for researchers, industry, fundersand
policymakers.

Lateral flow tests

Target analytes and samples

LFTs canbe designed to target different analytes, such as antigens (for
example, SARS-CoV-2 nucleoproteins) and antibodies (IgG or IgM)
(Fig. 2a). LFTs can also detect nucleic acids, although such tests are
not commercially available, exceptin Chinaand fromasingle US com-
pany'®. LFTs can detect analytesinblood, urine, saliva or vaginal swabs,
withsampling protocols (sample collection, buffers, incubation time)
varying by disease, sample matrix and analyte™.

Flow

In LFT-based diagnostics, the sample is first placed onto a cellulose
sample pad, and then travels by capillary force to the conjugate pad,
where previously dried nanoparticle-receptor complexes are resus-
pended in the sample buffer (Fig. 2a). Here, gold or latex nanopar-
ticles are most frequently used owing to their ease of manufacture,
low cost, wide availability, stability, ease of functionalization with
proteins, and in the case of gold, strong plasmonic absorption®. In
addition, magnetic beads, nanodiamonds”, quantum dots and other
particles have been explored™. Mass transport is governed by flow,
diffusion and dispersion owing to membrane porosity, but s typically
flow-dominated. Flow in LFTs canbe described by four flow regimes™;
alternatively, Washburn and Darcy equations™ canbe applied to model
the flow.

Detection

As the sample flows, the target analyte forms complexes with ‘detec-
tor’receptors onthe nanoparticles. Once the complexesreach the test
line, which is typically printed with a second ‘capture’ receptor that
is electrostatically bound to the membrane, the analyte isbound in
a‘sandwich’ (Fig. 2b). The accumulation of nanoparticles at the test
line generates the signal. Here, binding is limited by target-receptor
reactionkinetics rather than by mass transport (Fig. 2c). A control line

Nature Reviews Bioengineering | Volume 1| January 2023 | 13-31

14


http://www.nature.com/nrneph

Review article

a Pre-COVID LFTs LFTs for COVID-19 Next-generation LFTs
« Antibody « Antibody « Antibody
Pre-COVID LFTs LFTs for COVID-19 Next-generation LFTs Targets - Antigen - Antigen + Antigen
» Molecular
[, [=: - Self-testing
HIV Ab - Self-testing - Self-testing - Clinical diagnosis
« Clinical diagnosis « Surveillance - Screening
&= i & : Lssicases - Screening - Screening - Surveillance
COVID-19 Ag AMR Panel « Environmental
~y oy o] e W o] monitoring
- - C|= ™| 3 - Homes
1 — 4 + Homes . - Mass gatherings
T - T - 2 | 5 + Homes + Mass gatherings + Schools
& : » Clinics + Schools B
S W ) - Borders
o o = =7 [ S « Community - Borders - Workplaces
« Workplaces . Clinics
- A&E
. « Gold nanoparticles  Ultra-sensitive materials:
S S ) .
‘ ‘ Materials e Latex beads « Enzymatic nanoparticles
- Latex beads :
« Quantum dots - Nanodiamonds
%
e - Digital
Result capture - Manual » Manual = Automatic connection
to healthcare pathway
b First commercial
pregnancy lateral Rapid expansion Genetic
flow test in number of sequencing
First radio | products shared
LLICHICES SV Emergence of malaria
I Nitrocellulose first RDTs into largely First HIV WHO
First latex used as substrate unregulated markets lateral flow  requirement
agglutination for molecular and with uncertain tests for‘ for RDTs to be
assays detection performance self testing  pre-qualified

First serological
lateral flow tests

First paper-based
dipstick tests to quantify
glucose in urine

Development of WHO
coordinated effort to releases
quality control RDTs interim
First WHO meeting  Pre and post purchase guidance on
on rapid diagnostic the'use of
testing rapid

Lateral flow tests

Malaria tests

Accelerated development
during the COVID-19 pandemic

Fig.1|Lateral flow tests. a, Characteristics of pre-COVID-19 lateral flow tests (LFTs),
LFTs deployedin the COVID-19 pandemic, and next-generation LFTs. b, Timeline of

Cluster of
‘pneumonia of
unknown cause’
identified in
Wuhan

antigen tests

Rapid antigen
tests are used
in healthcare
settings and
beyond,
together with
RT-PCR testing

key advancesin lateral flow testing. WHO, World Health Organization; HIV, human
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binds the nanoparticles with or without analyte complexation, verifying
thatthe sample has flowed appropriately and that detection complex
molecules are functional.

Results

Most LFTs are read qualitatively by visualinspection after 5-30 minutes
(Fig.2d). Alternatively, fluorescent nanoparticles canbe used for detec-
tion, whichmay require readers, adding cost, but standardizing results
and reducing error owing to subjective interpretation. In addition,
quantitative readout data can be captured’®”,

Commercial kit components and users

A typical LFT kit contains a nitrocellulose membrane strip with dried
nanoparticles bearing detector receptors onaglass-fibre conjugate pad,
housedinaplastic cassette witha QR code and anidentification (ID) num-
ber (Fig. 2d). In addition, LFT kits designed for nasopharyngeal samples
containacollectionswab, typically aflocked, rayonor Dacrontip onapoly-
propyleneshaft, anextraction tube containing abuffer toextract the target
antigens, aplasticwaste bag, and written guidance for use, includinglinks to
furtherinformationorvideos. LFTs canbe administered by trained health
professionals (‘professional use’ tests), or self-administered (‘self-tests’).
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Fig.2|Lateral flow test components. a, A typical lateral flow test (LFT)
iscomposed of a cellulose sample pad, which absorbs the sample, a glass

fibre conjugate pad, which stores dried nanoparticle-receptor conjugates,
anitrocellulose membrane with a test line ofimmobilized capture receptors,
and anabsorbent pad to wick the sample. The sample is dropped onto the sample
pad, and flows down the strip by capillary action into the conjugate pad, where
itresuspends the nanoparticle-antibody complex, which binds to the target
analyte. These complexes flow into the nitrocellulose and continue to the test
line, which is printed with antibodies that bind to a different paratope of the
nucleoprotein. The control line is functionalized with antibodies that bind to
the antibodies on the nanoparticles, or an alternative species. b, Assay designs
for different analyte types. ¢, The different interactions between the analyte,
the detection receptors on the nanoparticle and the capture receptors on the
membrane areillustrated (not to scale). Association (k,) and dissociation (k)
rates are enumerated for different affinity binding reactions in LFTs. d, The test

ishoused in a plastic cassette with a well for sample addition (S), internal
contact points to guide flow, and areadout window with test (T) and control

(C) line markings. Some tests have a QR code and an identification (ID) number
(COVID-19 only). e, COVID-19 LFT kits typically contain a nitrocellulose test
membrane strip with dried nanoparticles bearing detector receptors (typically
antibodies) on a glass-fibre conjugate pad, housed ina plastic cassette witha QR
code and anID number (note that most pre-COVID-19 LFTs lack these); a nasal
swab (for anterior nares or mid turbinate), typically a flocked, rayon or Dacron
swab with a polypropylene shaft; an extraction tube containing a solution to
extract viral antigens; a plastic waste bag; and written guidance for use, including
links to further information or instruction videos. Ag, antigen. Part aadapted
with permission from ref. 184, Royal Society of Chemistry, and adapted from

ref. 96, Springer Nature Limited, and adapted from ref. 15, Annual Reviews.

Part cadapted fromref. 15, Annual Reviews.

Lessons learned from COVID-19

Large-scale testing

LFTs were adopted on an unprecedented scale during the COVID-19
pandemic, demonstrating their feasibility and acceptability onaglobal
basis. LFTs have had multiple clinical and public health use cases?®*, such
as testing to confirm diagnosis in symptomatic individuals, testing to
screenasymptomaticindividuals with known exposures orin high-risk
groups, such as healthcare workers, care home (elder home) workers,
or firstresponders, screening of asymptomatic individuals at schools,
workplaces or mass gatherings, air, land or seaborder testing to slow the
introduction of new variants, testing to determine the effectiveness of
anti-viral treatment, testing for surveillance, and infection-control-based
testing in healthcare facilities to facilitate flow of patients®*.

Professional use and self-tests have enabled LFT-based testing
to be expanded beyond healthcare facilities and into community set-
tings and homes (Fig. 3a). COVID-19 testing programmes have been
implemented on a city scale (for example, the United Kingdom Liver-
pool Community testing pilot)*, and on a national scale (for example,
nationwide testing in Slovakia)®. In England, 20 million tests were used
inless than 12 months, outpacing RT-PCR testing®® (Fig. 3b).

Inmany high-incomeregions, COVID-19 self-tests have been widely
available since 2021, often subsidized or free to the public through phar-
macies or online ordering. A2022 WHO survey found that COVID-19 self-
testing policies have beenin place or under considerationin101countries’
(Fig. 3a). Self-tests have been used in population surveillance studies,
suchas the Real-time Assessment of Community Transmission (REACT)-2
study in the UK?, and have been widely accepted and preferred for self-
testingin Europeand the USA?*~*°, demonstrating safe and error-free use,
aswellas correctinterpretation of results®>*. Inlow-and middle-income
regions, COVID-19 self-tests have also shown high acceptability*>® and
close agreement between results from professional use and self-testing
(inMalawiand Zimbabwe)’, mirroring earlier findings by the Self-Testing
Africa (STAR)initiative on HIV self-testing”. The WHO survey found that
regions implementing COVID-19 LFT self-testing perceived many ben-
efits, including more timely diagnosis and self-isolation, increased access
to testing and uptake in the population, increased testing frequency,
increased adherence to public health and social distancing measures,
decreased transmission, and earlier return to pre-COVID-19 activities’, as
comparedtoregionsthat had notimplemented LFT self-testing. However,
accesstoself-tests remains inequitable, with substantially lower adoption
inlow-and middle-incomeregions (Fig. 3aand Box 1).

Despite wide use and acceptability, COVID-19 LFTs and the care
pathwaysinwhich they are used have limitations, particularly interms

offalse positives and false negatives (Supplementary Table1). Concerns
(in particular, in low- and middle-income regions) include limited
educational interventions, inadequate service delivery models for
vulnerable populations, inequities in access, unclear regulations along-
sideinadequate WHO Emergency Use Listing®, low-quality tests, vari-
ability between tests® and sampling sites*’, dataloss for public health
surveillance, coercive testing, contrived results, unclear guidance for
managing positive results, and lack of confirmatory testing. Therefore,
more rigorous implementation research is needed, including trials
evaluatingthe clinical effectiveness and cost effectiveness of different
LFT-based testing strategies and algorithms.

Accuracy
The accuracy and, in particular, the sensitivity of LFTs is lower than
that of reference RT-PCR methods, ranging between 34.1% and 88.1%
for SARS-CoV-2 antigen LFTs, with an overall specificity 0f 99.6% (here,
datafrominstructions-for-use-compliant evaluations in symptomatic
participants were used), with sensitivity varying between brands*..
Analytically, rapid antigen tests can detect virus at levels equivalent
to approximately 100,000 to 1,000,000 SARS-CoV-2 viral genome
copies per millilitre*, whereas molecular methods, such asRT-PCR, can
detect1-100 copies per millilitre, and thus, the presence of SARS-CoV-2
at 24-48 hours before LFTs turn positive. Such a trade-off between
sensitivity and simplicity has long limited the use of LFTs for certain
pathogens. The success of COVID-19 antigen LFTs can bein part attrib-
uted to the pathophysiology of SARS-CoV-2 (Fig.3c), that s, its short
incubation period and high transmission rates, which are well suited to
rapid, frequent testing*>. Inaddition, pre-symptomatic and asympto-
matic people generally shed sufficiently high antigen loads from nasal
andthroat samples for timely LFT detection. Moreover, the high antigen
load of infectious individuals (established by viral culture) correlates
well with COVID-19 LFT analytical sensitivity and specificity>*’. Owing
to the long tail of SARS-CoV-2 infection, viral RNA can remain detect-
ablelongafter live SARS-CoV-2 can no longer be cultured from patient
samples, thatis, during the non-infectious recovery phase. In addition
tobeing ‘overly sensitive’in establishing infectiousness, molecular test
methods are problematic for large-scale, high-frequency testing pro-
grammes, given the need to send samples to centralized laboratories,
challenges in scaling-up laboratory capacity, and subsequent delays
inreceiving test results (which can take days).

Thus, LFTs benefit COVID-19 testing inidentifying infectiousness
or risk of transmission. LFT testing has enabled healthcare workers
to return to work, schools and workplaces to reopen, and economic
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recovery, including mass gatherings, border testing and travel test-
ing. The viral load threshold for transmission has been proposed to
be about 1,000,000 copies**, and therefore, rapid antigen tests are
considered tobe agood public health tool with which to identify infec-
tious people and those at risk of transmitting SARS-CoV-2 to others,
thus reducing community transmission*’, with the advantages of ease
of use, lower cost, rapid turnaround, and the ability to enable serial
daily or weekly testing, which is not currently feasible using RT-PCR
testing?. In a pandemic, rapid diagnosis of disease can offset loss of
sensitivity, allowing the implementation of public health measures,

Fig.3|Lessons learned from COVID-19. a, The map shows the global
distribution of regions in which a COVID-19 self-testing policy was in place,

was being considered or was being piloted as of March 2022, adapted from

the World Health Organization (WHO). b, Rapid adoption of lateral flow tests
(LFTs) in England, following their introduction in 2021, surpassing polymerase
chainreaction (PCR) use. Data from the UK Coronavirus Dashboard®. ¢, LFT
sensitivity in comparison to PCR. LFT sensitivity aligns with the infectious period
of COVID-19 and can detect COVID-19 one to two days after PCR can. The low-cost,
portable and rapid format of LFTs allows more frequent testing.

such as self-isolation and contact tracing, without delay ininterrupting
the chain of transmission.

The WHO has established a target product profile* for COVID-19
antigen LFTs for use in suspected COVID-19 cases and close contacts,
highlighting the application of LFTs in areas where reference molecular
testing is unavailable, or where molecular turnaround times obvi-
ate their utility. Specifically, the WHO recommends more than 80%
sensitivity (the probability of a positive test, conditioned on truly
being positive) and more than 97% specificity (the probability of a
negative test, conditioned on truly being negative) for LFTs, using an
authorized molecular test (that is, authorized for emergency use by
the WHO or the USFood and Drug Administration (FDA)) as reference.
Independent evaluations of hundreds of commercial LFTs have been
conducted, many supported by the Foundation for Innovative New
Diagnostics (FIND)**, the Paul Ehrlich Institute®®, and other public
health authorities®.

Even though LFT sensitivity correlates well with infectiousness,
false-negative COVID-19 LFT test results remain an issue, particularly
earlyinaninfection, when false-negative tests canlead toinadvertent
high-risk contacts and ongoing transmission. Therefore, the timing
and frequency of LFT testing areimportantin early symptomatic infec-
tion and in screening individuals (before travel or mass gatherings),
becauseinfectious individuals may have tested negative by LFT in the
prior 24 hours.

Antigen LFT performance and utility also vary with prevalence*,
requiring careful policies and different testing strategies in differ-
ent epidemiologic settings; for example, self-isolation and repeated
testing in high-prevalence, high-vulnerability settings may be war-
ranted for symptomatic individuals even with a negative COVID-19
LFT result, whereas confirmatory RT-PCR testing may be warranted
inlow-prevalence settings. LFT accuracy also varies slightly for differ-
ent COVID-19 variants, because of mutations and pathophysiology
changes™. Despite slight differences in sensitivity, most LFTs remain
effective in detecting the major variants of concern, including
the Delta** and Omicron®* variants, which contain most mutations
inthe genes encoding the spike (S) protein, whereas most antigen tests
use the nucleocapsid (NP) protein as target.

Fortuitously, COVID-19 antigen LFTs have sufficient accuracy for
effective large-scale testing of SARS-CoV-2. However, LFT platforms
developed for COVID-19 cannot automatically be transferred to other
diseases of epidemic potential, many of which will be more difficult to
detectby LFT.

Development and scale-up

Diagnostics have long been underfunded and underused in global
health. From the start of the COVID-19 pandemic, a huge amount of
funding was directed to SARS-CoV-2 test development and uptake. The
US Rapid Acceleration of Diagnostics (RADx) programme invested more
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than US$1.5billion (2020) in diagnostics, including for the development
of new diagnostics to boost existing laboratory capacity>. The UK gov-
ernment spentan estimated £13.9 billion to make testing freely available
between Q22020 and Q22021 (ref. 56). Member states requested that the
WHO prepare astrategy to supportaccess to diagnostics”, testing and
vaccinesinlow-and middle-incomeregions, whichled to the establish-
mentoftheaccessto COVID-19 tools accelerator (ACT-A)". FIND and the
Global Fund, alongside the WHO, co-convened the ‘ACT-A Diagnostics
Pillar’, which supportedindependent evaluation of SARS-CoV-2 antigen
LFTs performance, emergency authorization and multiple programmes
toincrease access to COVID-19 testing in the Global South, including
negotiated ceiling prices for SARS-CoV-2 LFTs and RT-PCR kits (Box 1).

RT-PCRtests canbe rapidly developed for anew pathogen based on
shared sequence data. By contrast, antigen LFT development requires
weeks to months in the best of circumstances, including the design
of capture receptors (typically antibodies) against target analytes. In
addition, companiestypically develop their own proprietary reagents,
often based on recombinant antigens. Unsurprisingly, international
standardization of diagnostic reagents has been problematic during
the pandemic. Reference measurement frameworks and standard
development help to ensure accurate diagnostics and their availability
during an outbreak of a new pathogen. Moreover, established stand-
ards can fast-track our understanding of disease pathogenesis by
providing comparability of test results.

Millions of LFTs can be produced per month to meet global
demand at affordable prices; however, such scale-up requires invest-
mentin manufacturinginfrastructure and time. Lack of LFT manufac-
turing capacity was a major COVID-19 response bottleneck until the
end of 2020. Coupled with the higher costs of molecular assays and
the required instruments and infrastructure, many places lacked suf-
ficient testing capacity in the pandemic’s initial months>’. That said, a
major pandemic achievement was the timeline to develop, scale and
deploy new LFTs for a previously unknown virus, which was ultimately
compressed fromseveral years to months (Fig. 1b). The first commercial
antigen LF T received emergency use authorizationin May 2020 (ref. 58),
five months after the first COVID-19 case was reported. Many LFT
manufacturers claim that the development timeline could have been
even shorter, noting that SARS-CoV-2 is relatively straightforward
forantigen detection. The main bottlenecks were access to samples for
test optimization and validation, and slow regulatory processes®
(Box2).InaG7reporttasking policy makers to enable LFT readiness in
100 days® for the next outbreak, diagnostics manufacturing capacity
and regulation were identified as key areas for improvement.

Differing resources, national regulatory requirements, purchase
mechanisms, logistics and policy approaches led someregions toadopt
LFTsatlarge scale sooner thanothers—especially high-income regions.
LFT costsand uptake have varied by country during the pandemic, from
free tests through government subsidies to end-user prices as high as
US$20 per test’. Some low- and middle-income regions experienced
difficulties inaccessing tests once high-income regions had bought up
supply (aproblemalso seen for COVID-19 vaccines), despite theimpor-
tance of LFTs in settings with limited molecular testing capacity and
rural populations. Regional manufacturing and logistical capabilities for
LFT supply became aglobal concern, given minimal test manufacturing
capacity in Africaand elsewhere®. Importantly, funding made available
for LFT development and manufacturing during the COVID-19 pandemic
couldbelost®, but willbe required if the world aims to meet the challenge
of having LFTs ready in 100 days for the next pandemic, and to address
underlying supply chainissues affecting diagnostic access globally®>**,

Digital data capture
COVID-19 LFT results from self-testing, positive or negative, are often
not reported®, leaving test use data and true case counts unknown,
thereby complicating surveillance; forexample, only 14% of LFT results
up until the end of May 2021 were reported to UK Test and Trace®.
Digital technologies have been deployed throughout the pandemic
response®®, but opportunities for digital LFT data capture, quality
assurance, linkage to care, and resource planning were largely missed
(Fig.4).Public health agencies have been slow to adopt digitalinnova-
tions, with the first WHO guidelines on digital health interventions for
health system strengthening published in 2019 (ref. 67).

In the USA, several FDA-authorized LFTs have a companion app,
throughwhichtheusermanually enterstestresults. LFTs canalso contain
anintegrated reader to detect fluorescent signals and digitize results.

Box 1

Global testing inequities

The COVID-19 pandemic has revealed enormous inequities in
access to tests, vaccines and therapeutics. The Access to COVID-19
Tools (ACT)-Accelerator diagnostic pillar (ACT-A Dx), part of the
ACT-A mechanism, was established to increase equitable access

to COVID-19 testing globally. By mid-2022, ACT-A had helped to
secure high-volume supply agreements for antigen lateral flow tests
(LFTs) at price ceilings of around US$2.50 per test (2021 value), had
secured technology transfer and licensing agreements, and had
procured more than 158 million tests through the Global Fund’s
C19RM mechanism'. Despite these efforts, of the 3 billion tests
conducted worldwide by 2022, only 0.4% were used in low-income
regions, which comprise 7.8% of the global population'.

These disparities in testing coverage not only affect our
collective ability to respond to the pandemic, but raise ethical
concerns. The World Health Organization (WHO) Director General
has highlighted that “nobody is safe until we are all safe”'®. ACT-A
Dx identified COVID-19 testing levels of at least 1 test per 1,000
people per day as minimal targets for disease mitigation and for the
early identification of new variants (ACT). Nonetheless, at the start
of 2022, ACT-A faced a collective US$14 billion funding shortfall™®’
for vaccines, diagnostics and therapeutics; simultaneously, as the
Omicron variant wave peaked in early 2022, testing levels
worldwide declined rapidly.

Disparities in LFT testing are found in disadvantaged groups
in high-income regions as well as in low-and middle-income
regions. The UK Liverpool large-scale voluntary asymptomatic
testing observational study reported social, ethnic, digital access
and spatial inequalities'®, highlighting that free and voluntary
community testing requires adequate support, such as financial aid
to enable individuals to isolate or non-digital routes for testing, to
minimize inequalities.

In the future, decentralized test manufacturing, bulk purchasing
and distribution of tests, cross-border regulatory harmonization,
affordable pricing, self-testing, independent clinical evaluations
and increased testing capacity could accelerate equitable
diagnostics access.
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In pilot programmes, digital LFTs were provided for travellers enter-
ingthe USA at certain airports, with voluntary, app-enabled reporting
to the US Centers for Disease Control and Prevention®®, However, most
commercial LFTs provide only a qualitative visual output. Test line
intensity depends on multiple factors; in particular, low SARS-CoV-2
antigen concentrations can cause faint test lines, which may be wrongly
interpreted as a negative result, risking transmission and a loss of
public trust.

Digital approaches tointerpreting LFT results have beenrare
and have not yet been widely operationalized. A UK research team at
i-sense, in partnership withthe AfricaHealth Research Institute, devel-
oped an image library of 11,000 field-acquired HIV LFT photographs
and deep learning models to classify results for quality assurance.
This approach reduces the number of false positives and negatives,
compared to visual audit by nurses and community health workers"”.
The same models were applied to COVID-19 LFTs in partnership with the
UK REACT study, and a workflow was developed to analyse more than
500,000 COVID-19 antibody LFT self-tests”. Alternatively, machine
learning has been applied to analyse LFTs for UK National Health Ser-
vice (NHS) staff on a smaller dataset’”. These image datasets are taken
in real-world conditions and contain weak positives and invalid tests
onavariety of devices, enabling more robust classification.

69,70
’

Re-imagining lateral flow tests

LFTs may make a difference in detecting a range of other infections’,
particularly the WHO's list of priority diseases of epidemic potential,
antimicrobial resistance and other acute and chronic infections.

Box 2

WHO priority diseases of epidemic potential

The development and evaluation of diagnostics for diseases of epi-
demic potential are often only funded during outbreaks, and are some-
times abandoned once the outbreak abates, leaving regionsill-prepared
for the next pandemic™. In 2015, in response to the Ebola outbreak in
West Africa, the WHO convened experts to develop an R&D blueprint
for actionto prevent epidemics”, focusing on emerging diseases with
the potential to generate a public health emergency, and for which
no or insufficient tools existed, aiming at reducing the time between
identification of anascent outbreak and approval of countermeasures
(Supplementary Table 2). Commercial LFTs are currently not available
for four of the eight known priority diseases of epidemic potential:
Crimean Congo haemorrhagic fever, Middle East respiratory syndrome
coronavirus (MERS-CoV), Nipah and other henipaviruses, and Rift Valley
fever.For the remaining four, bioengineering challenges remain tobe
addressed. Low sensitivity limits the use of filovirus LFTs (for example,
Ebola); thermal stability is needed for Lassa fever LFTs; and Zika LFTs
may need to be multiplexed to detect both antigen and IgM toimprove
specificity. Moreover, ‘disease X/, referring to aserious global epidemic
caused by an unknown pathogen, will necessitate an even more agile
approach to LFT development and preparedness’.

Industry has historically been reluctant to invest in the devel-
opment and commercialization of LFTs for pathogens of pandemic
potential, owing to an uncertain marketsize (even during outbreaks),
and inconsistent or zero demand in the case of no outbreaks. In addi-
tion, well characterized specimens, essential for test development,
are often difficult to access. Moreover, performance studies required

Regulatory considerations

The COVID-19 pandemic has affected the approach of regulators
with regard to approving lateral flow tests (LFTs), including early
engagement with and guidance to test developers. Emergency use
authorization procedures, longstanding in the UK and USA, but only
recently developed by some regulatory agencies for COVID-19, led
to more agile review processes in some regions™’. The World Health
Organization (WHO) used its own Emergency Use Listing™ process
to evaluate SARS-CoV-2 LFTs, allowing procurement by global
agencies. Under emergency authorization procedures within the
legal frameworks of several regulatory agencies, a high number of
COVID-19 LFTs were authorized'°. The first emergency authorization
for professional use tests was granted in May 2020, and in
December 2020™%%% for self-tests.

However, regulatory bottlenecks delayed uptake of COVID-19
LFTs on a global scale. Access to sufficient clinical samples
to meet regulatory requirements was problematic during
the troughs between waves of variants. A lack of regulatory
harmonization between regions meant tests approved in one
jurisdiction were not granted wider authorization. As endorsed
by the WHO, regulatory convergence and reliance on approvals by
stringent regulatory authorities could avoid unwarranted regulatory
roadblocks. Because many non-COVID-19 LFTs are designed for
use in settings and diseases not found in the Global North, regional

regulatory efforts, such as those proposed by the African Medical
Devices Forum'®*, merit support.

The rapid development of target product profiles, first by the UK
regulator Medicines and Healthcare products Regulatory Agency
(MHRA) and later by the WHO, provided clear expectations to
manufacturers on desired design features, and were welcomed by
industry. The US Food and Drug Administration (FDA) and the WHO
Emergency Use Listing published minimal acceptable requirements
for LFT verification and validation that evolved with the pandemic,
and encompassed many of the specifications within the published
target product profiles.

The lessons learned from COVID-19 should continue to inform
in vitro diagnostics regulations and manufacturing practices.

If prioritized, approvals for diagnostics globally, particularly in the
Global South, could begin to mirror the speed achieved for COVID-19
test approvals in jurisdictions such as the USA. This will require
consistent regulatory guidance to manufacturers and specimen
availability. Continued regulatory reforms that balance risk with
effective post-market measures, such as digital solutions for rapid
test performance feedback, as well as external quality assurance
testing data, will assist in timely approvals. Regulations capitalizing
on recognition and reliance mechanisms, through adoption of
harmonized regulatory requirements, can make this a reality.
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forregulatory approval are costly. Prior to SARS-CoV-2, progress had
been made to mitigate these challenges, for example, in the EU-funded
ZikaPlan. Moreover, biobank networks have been set up by the Africa
Centres for Disease Control and Prevention’”” and FIND. Importantly,
diagnostic standards’® need to be established to save product develop-
ment time, and public health needs must be addressed by research™,
including the design of multiplex tests to diagnose undifferentiated
fevers at the primary care level, tests co-created with end-users,
usable and effective self-tests, and data capture systems for result
reporting.

Antimicrobial resistance

The ‘silent pandemic’ of antimicrobial resistance continues to be
a substantial global burden, further exacerbated by the COVID-19
pandemic, because screening and surveillance capacity for resist-
ant bacteria gave way to COVID-19 services. Globally, an estimated
4.95 million (3.62-6.57 million) deaths were associated with bacte-
rial antimicrobial resistance in 2019 (ref. 79), and the highest death
rates attributable to resistance were in Western sub-Saharan Africa,
with 27.3 deaths per 100,000 (20.9-35.3; ref. 79), disproportionately

affecting those unable to access expensive second-line antimicrobi-
als*°, The Review on Antimicrobial Resistance (commonly known as
the O'Neill report) highlights that by 2050, ten million lives ayear and
acumulative US$100 trillion of economic output are at risk owing to
the rise of drug-resistantinfections in the absence of action toreduce
antimicrobial resistance®..

The COVID-19 pandemic has reduced public access to care,
and antimicrobial prescribing and childhood immunizations have
decreased®>®. The number of people treated for drug-resistant tuber-
culosis declined by 15% in the pandemic’s first year, and global spending
on tuberculosis testing, treatment and prevention services dropped
by US$500 million (ref. 84). The pandemic’s true impact on global
antimicrobial resistance is yet to be confirmed, and new surveillance
datamust be gathered to update national strategies.

Current methods of determining antimicrobial resistance and
susceptibility often rely onbacterial culture, with phenotypic suscep-
tibility testing requiring 36- to 72-hour turnaround times after sample
collection, which is too slow for effective antibiotic stewardship in
emergency settings or short clinic visits®. The time-to-result can be
reduced by rapid, low-cost, point-of-need diagnostics, including by
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multiplex LFTs with data capture. Priority antimicrobial resistance
use cases for LFTs include tests to differentiate bacterial and viral
infections, and tests to diagnose sexually transmitted infections
(for example, Neisseria gonorrhoeae and Chlamydia trachomatis).
However, the optimal biomarker panels for these diagnostics are
often not known; genotypic markers do not always reflect pheno-
typic behaviour, and the most relevant resistance mutations can
change over time and by geography®, presenting challenges for test
development and commercialization. The level of multiplexing in
highly accurate antigen detection in LFT formats remains limited
to just a few targets (in general, less than five, and often not more
than two).

Cost-effective decentralized testing

LFTsneed tobeintegrated withinasurveillance system or a care path-
way, alongside other preventative, therapeutic and diagnostic tools.
LFT research has long focused on early-stage technologies; however,
real-world use should be investigated, includingindividual, setting and
system-level design considerations to ensure thatend-users are linked
to care® and that test results informsurveillance and infection-control
interventions. Digital care pathways can link LFT self-tests to health
systems and electronic patient records (Fig. 4), as was demonstrated
by digitally linking self-sampling for chlamydia to care in a proof-of-
concept online pathway in the UK¥. Similarly, digital tools have been
integrated with community-based testing using LFTs in South Africa,
increasing case detection, reporting and follow-up®,

Patients should be encouraged toreport their results so that they
can be linked to care and advice through digital capture; in parallel,
digital tools should be designed to ease the burden on patients, and
improve provider-to-provider communication. Although control of
testresults may be advantageous for privacy reasons, care-seeking and
behavioural changes also occur without digitally reporting positive
testresults. Although theimportance of reporting varies by pathogen
and setting, self-testing and control over the disclosure of results are
a key benefit in making diagnostics accessible, as has been shown in
demographics hesitant to test for HIV in traditional clinic settings’®.
Importantly, self-testing and digital reporting have shown perceived
privacy benefits compared to in-person testing®.

New LFTs are needed for the diagnosis of various infections, such
as urine-based tuberculosis testing, neglected tropical diseases test-
ing®®, LFTs to support the triple elimination of mother-to-child trans-
mission of HIV, syphilis and HBV, and improvements to malaria LFTs
to ensure full coverage of pathogenic species and genetic evolution
inthe parasites.

Implementation research or randomized controlled trials can
identify the effectiveness and cost effectiveness of LFT strategies,
including test-and-treat programmes linking high-risk people to antivi-
rals (such as nirmatrelvir/ritonavir, Paxlovid)® for SARS-CoV-2. Similar
approaches caninform the use of therapies for other infections, such
as respiratory syncytial virus, and of currently underused therapies,
such as oseltamivir for influenza.

LFTs can also be used for monitoring chronic infections and
response to treatment. For example, future LFTs capable of viral load
monitoring could empower people with HIV to self-monitor, as do
glucose tests for people with diabetes. Nucleic-acid-based LFTs may
alsobe amenable to conditions such as human papillomavirus (HPV)-
linked cervical cancer. Beyond human health, LFTs could find applica-
tion in animal health and environmental monitoring®?, for example, in
wastewater-based epidemiology.

Next-generation lateral flow tests
Bioengineering approaches can aid in improving the sensitivity,
specificity, sample collection and digital data capture of LFTs.

Sensitivity and specificity
Increasing the sensitivity of LFTs could democratize decentralized
testing. The sensitivity of LFTs is limited mainly by the nanoparticle
properties, read-out methods’, binding kinetics and mass transport”.
The type (for example, fluorescent or plasmonic nanoparticle) and
properties (for example, size and morphology®*) of nanoparticles
and the corresponding read-out determine the smallest detectable
number of bound nanoparticles at the test line. Assuming perfect
analyte-to-nanoparticle binding, the number of bound nanoparticles
translates to analyte concentration, because at the detection limit,
the number of analyte molecules is smaller than the number of nano-
particles, assuming approximately one analyte molecule per bound
particle. To optimize performance, the ratio of the signal provided by
each nanoparticle to the background signal produced by substrates,
samples or the environment needs to be maximized. Inreality, however,
binding is imperfect and described by receptor-ligand kinetics and
mass transport, which determine specific (analyte-mediated binding)
and non-specific binding rates. Therefore, the ratio of the signal pro-
vided by each specifically bound nanoparticle to the signal produced
by non-specifically bound particles and the background arising from
substrates, samples or the environment needs to be optimized.
Sensitivity is typically reduced by low-signal positive samples
near the detection limit, whereas specificity is decreased by negative
samples with high signal. Therefore, sensitivity can be improved by
lowering specificity and vice versa, affecting interrelated assay design
choices, such as nanoparticle concentration and the surface density
of capture ligands; here, higher concentrations of nanoparticles can
increase specific binding rates at low analyte concentrations, but
can also increase non-specific binding (depending on nanoparticle
properties and surface chemistry). Decreasing the flow rate similarly
increases specific and non-specific binding. Reducing non-specific
binding by optimizing buffers allows higher nanoparticle concentra-
tions without compromising specificity. Optimization, however, is
limited by sample type, test time and ease of use, for example, the lack
of a centrifuge at the point of care. The choice of materials® and archi-
tecture’ of LFTs — membrane, conjugate, sample and absorbent pads,
blocking materials and buffers — all determine the playoff between
specificand non-specificinteractions; for example, smaller pore-size
membranes can have a higher sensitivity per volume of sample, at the
cost of slower flow rates. Inaddition, complex samples, such as faeces
or whole blood, may require processing and extraction steps.
Theoryand modelling approaches canalso be applied tostudy the
mech