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ABSTRACT: Driven by complex and interconnected factors,
including population growth, climate change, and geopolitics,
infectious diseases represent one of the greatest healthcare
challenges of the 21st century. Diagnostic technologies are the
first line of defense in the fight against infectious disease, providing
critical information to inform epidemiological models, track
diseases, decide treatment choices, and ultimately prevent
epidemics. The diagnosis of infectious disease at the genomic
level using nucleic acid disease biomarkers has proven to be the
most effective approach to date. Such methods rely heavily on
enzymes to specifically amplify or detect nucleic acids in complex
samples, and significant effort has been exerted to harness the
power of enzymes for in vitro nucleic acid diagnostics.
Unfortunately, significant challenges limit the potential of enzyme-assisted nucleic acid diagnostics, particularly when translating
diagnostic technologies from the lab toward the point-of-use or point-of-care. Herein, we discuss the current state of the field and
highlight cross-disciplinary efforts to solve the challenges associated with the successful deployment of this important class of
diagnostics at or near the point-of-care.

KEYWORDS: enzyme-assisted, diagnostics, field-deployable, infectious disease, isothermal amplification, microfluidic, miniaturization,
point-of-care

■ INTRODUCTION

The ability to detect disease with a high degree of sensitivity
and specificity is an essential part of any healthcare pipeline,
and an important tool in biomedical research. In vitro
diagnostics (IVDs) inform clinical decisions, and play a
primary role in determining therapeutic pathways at both the
individual and the population level. This is particularly
important for infectious diseases, where IVDs provide key
data for epidemiological models and aid in disease tracing,
helping to slow or prevent the spread of disease. The global
impact of infectious disease is perfectly exemplified by the
current SARS-CoV-2 outbreak (COVID-19), which, at the
time of writing, has caused over 13.3 million infections and
782,000 deaths globally.1 Unfortunately, the ultimate cost of
the COVID-19 pandemic is yet to be felt, as the resultant
economic damage is likely to have a lasting impact on multiple
sectors including healthcare and agriculture, which will almost
certainly exacerbate morbidity and mortality, particularly in
resource limited settings. Although the current outbreak is
receiving significant global attention, the more general problem
of infectious disease is broadly underestimated. In 2016, the
World Health Organization (WHO) found that infectious

disease was implicated in three of the top ten causes of death
globally.2 This picture worsens still when looking at
populations in low income regions such as Africa, where
infectious diseases such as human immunodeficiency virus
(HIV), malaria, tuberculosis (TB), and lower-respiratory tract
infections (LRTs) accounted for over 35% of total deaths in
2016.3 Fortunately, some progress is being made in this area.
For example, it is widely accepted that increased access to
diagnostics played a key role in controlling the HIV epidemic
in Uganda in the 1990s, helping to drive a 67% reduction in
prevalence between 1991 and 2001.4 This trend has continued
across Africa; between 2000 and 2016 deaths from HIV in the
region decreased by 61%.3 While tackling epidemics is a
multifaceted problem, it is clear that the correct use of
diagnostic data can have a significant impact by enabling early

Received: July 20, 2020
Accepted: August 25, 2020
Published: August 25, 2020

Reviewpubs.acs.org/acssensors

© 2020 American Chemical Society
2701

https://dx.doi.org/10.1021/acssensors.0c01488
ACS Sens. 2020, 5, 2701−2723

This article is made available via the ACS COVID-19 subset for unrestricted RESEARCH re-use
and analyses in any form or by any means with acknowledgement of the original source.
These permissions are granted for the duration of the World Health Organization (WHO)
declaration of COVID-19 as a global pandemic.

D
ow

nl
oa

de
d 

vi
a 

E
T

H
 Z

U
R

IC
H

 o
n 

O
ct

ob
er

 8
, 2

02
0 

at
 0

9:
27

:3
3 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akkapol+Suea-Ngam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Le%CC%81onard+Bezinge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bogdan+Mateescu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philip+D.+Howes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+J.+deMello"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+A.+Richards"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+A.+Richards"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssensors.0c01488&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01488?ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01488?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01488?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01488?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ascefj/5/9?ref=pdf
https://pubs.acs.org/toc/ascefj/5/9?ref=pdf
https://pubs.acs.org/toc/ascefj/5/9?ref=pdf
https://pubs.acs.org/toc/ascefj/5/9?ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acssensors.0c01488?ref=pdf
https://pubs.acs.org/acssensors?ref=pdf
https://pubs.acs.org/acssensors?ref=pdf
https://pubs.acs.org/page/vi/chemistry_coronavirus_research
https://pubs.acs.org/page/vi/chemistry_coronavirus_research


intervention, thus reducing the overall burden on healthcare
systems and the infrastructure that supports them. Addition-
ally, sensing, tracking, and analyzing markers of infectious
disease within a research setting can help scientists to develop
fundamental disease models, find new druggable targets, and
test the efficacy of medicines both in vitro and in vivo.
Accordingly, developing new technologies for sensing disease
is of paramount importance.
Point-of-Care Infectious Disease Diagnostics. While

multiple technologies have proven effective for in vitro
infectious disease diagnostics, currently employed systems are
largely dependent on complex equipment, centralized labo-
ratories, and highly trained personnel. These requirements
introduce several limitations that severely diminish their overall
utility. Diagnostics laboratories require substantial infra-
structure to operate effectively, and training personnel to use
complex equipment is labor-intensive. In addition, samples
must be effectively stored at the point of collection and
transported to the testing location. These factors ultimately
serve to increase the cost per test, and also introduce a lag
period between sample collection and test result, limiting the
utility for disease tracing and containment. Unfortunately,
these problems are intensified within resource-limited
communities where infectious diseases are likely to have the
greatest impact.
In the context of IVDs, the term point-of-care (PoC) refers

to systems that have been developed to address the
aforementioned limitations, commonly through miniaturiza-
tion and simplification. PoC systems are designed as self-
contained devices that ideally contain a complete diagnostic
platform, from sample collection through to analysis, data
generation, and diagnosis, within a single unit. These systems
should also be portable (or at least transportable), provide
results quickly, and be easy to operate either by the end user or
a field-deployed care worker. Diagnostic assays that meet these

requirements are typically termed rapid diagnostics tests
(RDTs). It is important to consider the transition from
centralized laboratories toward the point-of-care as a
continuum, rather than a discrete series of steps, and
understand that there is significant overlap between the
different systems and the situations in which they are
effectively deployed. Thus, while highly portable PoC systems
are designed for the end user, many systems can also be highly
beneficial in more developed settings (Figure 1). It is also
important to note that while PoC diagnostics fill an essential,
and often neglected, gap in the diagnostic process, centralized
laboratories continue to play an important role due to their
ability to process samples at high-throughput. This can help to
offset some of the negatives associated with centralized testing
(high cost, slow response), and can be particularly valuable
once a pandemic is established.
The efficacy of PoC testing for infectious disease is well

documented, and the development of RDTs has been
highlighted as a priority by organizations such as the WHO.
In 2003, the WHO Special Programme for Research and
Training in Tropical Diseases (WHO/TDR) published a list of
criteria for in vitro infectious disease PoC diagnostics. These
criteria were labeled ASSURED: Affordable, Sensitive, Specific,
User friendly, Rapid and robust, Equipment-free, and
Deliverable to end users. In 2019, Peeling and colleagues
evaluated the effectiveness of ASSURED and proposed two
new criteria, namely, Real-time connectivity and Ease of
specimen collection, to create the new REASSURED standards
for infectious disease diagnostics.5 The addition of connectivity
and specimen collection bridges apparent gaps in the original
criteria, and also reflects the advent of mobile health
(mHealth) and improved communications infrastructure.

Nucleic Acid Biomarkers in Infectious Disease. IVDs
can be broadly categorized by the type of biomarker that they
detect, e.g., antigen, antibody, metabolite, or nucleic acid.

Figure 1. Path toward the point-of-care. From left to right, the schematic represents the pathway from centralized laboratories through to the end
user, and the different healthcare setting that exists between those two extremes. Also shown are the different types of in vitro diagnostic systems
used within each setting, with lines representing the overlap that can occur between systems and settings.
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Though each of these markers has unique advantages, and it is
important to consider this when designing a diagnostic assay,
nucleic acids are particularly promising in the context of
infectious diseases. Viral and bacterial pathogens contain
genomes which encode them. Parts of this genetic information,
which is highly specific to the disease, can be exploited as a
direct marker of the disease. This genotypic specificity is not
always replicated at the phenotypic level, a factor which can
lead to cross-reactivity and false diagnoses when sensing
phenotypic biomarkers such as proteins. A good example of
this is the spike protein of SARS-CoV, which is maintained
across both SARS-CoV-1 and SARS-CoV-2.6 Tests based on
this antigen are not readily able to differentiate between the
two strains, though genotypic differences can be easily
distinguished.7 The ability to differentiate between closely
related diseases at the genetic level is particularly important for
bacterial or viral pathogens, which are able to rapidly mutate
and form new strains. A further advantage of the extraneous
nature of infectious disease nucleic acid biomarkers is that they
can be detected in the body immediately after infection. This,
in theory, enables earlier diagnosis and can be invaluable in
slowing or preventing the spread of the disease. Perhaps the
biggest advantage of nucleic acid testing in the context of
infectious disease diagnostics is the speed at which the tests
can be developed after the emergence of a new disease. Such
agility is a result of the relative simplicity of both nucleic acid
biomarker identification and disease-specific targeting-ligand
generation. Thanks to advances in automated gene sequencing,
it is now possible to sequence entire viral or bacterial genomes
quickly, often within a matter of days.8,9 Similarly, generating
target-specific ligands (in the form of primers) is simpler for
nucleic acid targets due to the well understood process of
complementary base pairing. Computational techniques,
coupled with high-throughput screening, can generate
optimized nucleic acid-specific ligands within hours, whereas
antibody ligands for protein-based biomarkers may take
months to develop.10 These factors culminate in a rapid
turnaround time between disease identification and the
deployment of a working assay; reports of assays being
developed in under one week exist in the literature.11

Unfortunately, life is rarely simple, and nucleic acid biomarkers
present several diagnostic challenges. They are frequently
present in vanishingly small quantities among a large
background of indigenous nucleic acids, can be sensitive to
extraction techniques and storage methods, and are readily
degraded by common contaminants. Researchers from across
the scientific spectrum have dedicated significant resources to
developing, adapting, and exploiting technologies to overcome
these barriers and develop effective diagnostics for nucleic acid
targets.
Role of Enzymes in Nucleic Acid Biosensing. The vast

majority of nucleic acid biosensors employ enzymes to amplify,
bind, degrade, or otherwise manipulate nucleic acids. This is
unsurprising, given that enzymes have been evolved by nature
to perform a wide array of complex operations on nucleic acids
during the process of transcription and translation. Discovering
novel enzymes and elucidating their interactions with nucleic
acids has played an important role in the development of
nucleic acid biosensors, and has formed the basis for a new
generation of diagnostic platforms. While the most common
role of enzymes remains the specific amplification of target
nucleic acids, they also play important roles throughout the
entire diagnostic workflow, from sample preparation and

extraction through to signal generation and analysis. Though it
is clear at this time that enzymes are essential for effective
nucleic acid sensing, our reliance on them presents several
practical problems. Enzymes generally require quite specific
physical and chemical conditions (e.g., temperature, pH) in
order to operate effectively, and can rapidly degrade if not
handled correctly. This creates both technological and
logistical challenges that must be overcome to ensure practical
impact. We will now describe the roles that enzymes play in
both traditional and emerging nucleic acid diagnostics, and
discuss the advantages and disadvantages of each approach in
the context of infectious disease RDTs. We will also highlight
how established technologies for exploiting enzymes to detect
nucleic acids are gradually being adapted toward field-
deployable and/or PoC systems that aim to meet the
REASSURED criteria. Emerging technologies that provide
entirely new methodologies for sensing nucleic acids, and how
these novel approaches could change the way we approach
PoC infectious disease diagnostics, will also be discussed.

■ ENZYME-ASSISTED NUCLEIC ACID
AMPLIFICATION

Arguably, the most important role of enzymes in nucleic acid
biosensors, and particularly disease diagnostics, is the
amplification of nucleic acids. Amplification of a target
biomarker from the background greatly simplifies the process
of detection and enables the use of multiple downstream signal
and detection technologies. Fortunately, many enzymes have
been discovered or developed to achieve efficient nucleic acid
amplification.

Polymerase Chain Reaction. Polymerase chain reaction
(PCR), first reported in 1985,12,13 is still the most popular
method for amplifying DNA. PCR employs thermostable
polymerase enzymes, most commonly Taq polymerase from
the thermophilic bacterium Thermus aquaticus. Since its
inception, PCR has become one of the most important tools
in molecular biology and the primary driver for IVDs that
target nucleic acids. PCR mixtures comprise several reagents,
including forward and backward DNA primers specific to a
target sequence, a polymerase, and a dNTP-rich buffer.
Optimal amplification requires cycling through three temper-
atures, each with a specific function: 95 °C for double-stranded
DNA (dsDNA) dissociation, 55−72 °C for primer annealing,
and 70−80 °C for polymerization. PCR can also be used to
detect RNA by first employing the enzyme reverse tran-
scriptase to transcribe RNA into DNA prior to amplification.
Early PCR technologies were hindered by the relatively high
error rates in DNA replication caused by Taq polymerase.
These issues were remedied by the characterization of
alternative thermostable enzymes, such as Pfu polymerase,
that possess exonuclease proofreading abilities. These features
allow the enzymes to correct errors in nucleotide incorporation
during PCR, though the polymerization rate is generally lower
than Taq.

Quantitative Polymerase Chain Reaction. Over the last 30
years, there have been multiple advances in PCR technology,
particularly through the development of detection reagents and
novel systems which allow for real-time monitoring of
amplicon generation. These approaches have engendered the
widespread implementation of quantitative PCR (qPCR) for
DNA, and quantitative reverse transcriptase PCR (qRT-PCR)
for RNA. As the names suggest, qPCR and qRT-PCR are
capable of delivering a quantitative readout of the degree of
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amplification in real-time, which in turn can be used to
determine the concentration of the target biomarker from a

calibration curve. First developed in the 1990s,14 qPCR has
rapidly grown to become the gold standard for laboratory-

Table 1. Overview of Isothermal Amplification Techniques

method enzyme(s)
operating

temperature/°C
reaction time/

min target amplicons
amplification
capacity

number of
primers

PCR Polymerase: Taq, Pfu, Vent, Klenow, 95, 55, 72 45−120 dsDNA dsDNA 107−1010 2
LAMP Polymerase: Bst 55−65 15−60 dsDNA concatemer 109 4, 6
RCA Polymerase: Φ29 rt−37 30−60 ssDNA ssDNA 103 1
RPA Polymerase: Bsu rt−42 5−20 dsDNA dsDNA 1011 2
SDA Polymerase: Φ29, Bst, Exo-Klenow rt−65 20−120 ssDNA,dsDNA dsDNA 109 1, 2

Endonuclease: Nb.BbVCI, Nt.BstNBI,
HincII···

HDA Polymerase: Taq, Bst, Exo-Klenow,
Gsp, Gst

60−65 60−120 dsDNA dsDNA 106 2

Denaturing: Helicase
NASBA Polymerase: T7 polymerase 65, 41 90−120 RNA RNA 109 2

Endonuclease: RNase H

Figure 2. Schematic representations of different isothermal amplification techniques. LAMP: Binding of the inner primers (FIP, BIP) is followed by
strand displacement and polymerization by Bst polymerase. Subsequent binding of an outer primer (F3, B3), and polymerization, displaces the
newly synthesized strand which forms a self-hybridizing loop structure. This process repeats on the opposite end of the target sequence with the
reverse primer, forming short “dumbbell” loop structures that can be amplified into dsDNA concatemers. RCA: Target DNA binds to a padlock
probe template, circularized by DNA ligase, followed by Φ29 polymerase which rolls around the circular template to produce an ssDNA amplicon.
RPA: A recombinase enzyme inserts forward and reverse primers into a dsDNA target template, resulting in strand displacement. Single-strand
binding proteins (SSBs) bind to prevent strand recombination, and Bsu polymerase amplifies the template. SDA: After an initial round of
amplification, an endonuclease nicks the newly synthesized strands between the primer and the target, allowing a new polymerase enzyme to bind
and amplify the target while simultaneously displacing the old strand. HDA: Initial DNA denaturation is performed by helicase, which is followed
by an SSB to prevent recombination. Subsequent binding of the primers is followed by polymerization. NASBA: A P1 forward primer, containing
complementary regions for both the target and a T7 promoter region, binds to a target RNA(−) strand. In the initial stage, reverse transcriptase
extends the primer to produce a DNA:RNA duplex, and the RNA strand is subsequently degraded by RNase H to produce an ssDNA template.
Binding of the P2 reverse primer and extension by reverse transcriptase produces a dsDNA, which can then enter the amplification stage. T7
polymerase binds the dsDNA to create an RNA strand that is antisense to the original target, the P2 reverse primer can bind, and the whole process
begins again, resulting in RNA amplicons.
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based nucleic acid diagnostics. Semiautomated commercial
qPCR systems, such as the GeneXpert from Cepheid or Cobas
from Roche, are the mainstay of diagnostics laboratories
throughout the developed world, and are capable of processing
up to 4000 tests per day.15

Signal Generation in PCR. Obtaining a signal in PCR is
achieved by detecting the amplicon during amplification
(qPCR) or post-amplification by addition of a detection
probe, most commonly a dye that exhibits an enhanced
fluorescence yield upon intercalation into DNA. These
methods can be cost-effective and easy to implement into a
biosensing system, and thus offer significant utility in the
context of diagnostics. Multiple intercalating dyes have been
developed for visualization of DNA, including cyanine-based
dyes such as DNAzure, Novel Juice, SYBR, and TOTO. These
dyes emit at distinct wavelengths, from the blue through to the
red, providing a degree of flexibility in regard to signal
generation. However, one key drawback of these compounds is
that they bind indiscriminately to dsDNA, and thus emit even
in the presence of background DNA or off-target amplicons.
Sequence-specific probes based on FRET-molecular beacons
provide an elegant solution to these issues. Here, a fluorophore
is attached to the 5′-end of an oligonucleotide probe specific to
the target sequence, and a FRET quencher is attached to the
3′-end to quench the fluorescence of the fluorophore when
nearby. After the denaturation and annealing of the probe to its
target, the exonuclease activity of the polymerase can degrade
the beacon, cleaving the quencher and releasing the
fluorophore. The complementarity between the nucleotide
linker on the probe and the target sequence provides a high
degree of specificity (down to the single nucleotide level) and
decreases background signal. The most famous and commonly
employed of such probes are the TaqMan series of probes, first
reported in 1991,16 which work with Taq polymerase. Multiple
different fluorophores and quencher pairs are commercially
available, providing flexibility and facilitating target multi-
plexing.
Isothermal PCR. Although qPCR is recognized as the gold

standard for nucleic amplification, multiple fundamental
limitations hinder the application of the technology for
RDTs. The largest barrier is the reliance on thermal cycling
for amplification. Thermal cycling is a slow, energy-intensive
process that requires relatively complex heating elements to
provide the necessary temperature control. In addition, the
majority of PCR systems are relatively large and require a
steady power supply; this limits the portability of the
technology and excludes many PoC applications. Significant
effort has been put into the development of isothermal
techniques to overcome this issue (Table 1, Figure 2).
Isothermal amplification techniques can operate optimally at
a single temperature, greatly simplifying the heating require-
ments of the system.
Loop-Mediated Isothermal Amplification. Loop-mediated

isothermal amplification (LAMP), first reported in 2000,17 is
one of the most popular isothermal techniques for nucleic acid
amplification. LAMP requires four primers: inner primers,
termed the forward inner primer and backward inner primer
(FIP and BIP), and forward and backward outer primers (F3
and B3). These primers bind to six unique sequences on the
target sense and antisense strands. Additional loop forward and
loop backward (LF and LB) primers can be introduced to
accelerate the reaction. Amplification in LAMP relies on Bst
polymerase, which exhibits strand displacement activity, i.e.,

the ability to unwind double-stranded DNA (Figure 2). This
eliminates the need for high-temperature DNA denaturation,
but since Bst polymerase optimally operates between 55 and
65 °C, heating is still required for optimal results. Since LAMP
yields dsDNA products, signal can be generated using methods
commonly employed for PCR and qPCR. Interestingly, the
high amplification capacity of LAMP facilitates unique
methods for generating signal. For example, during elongation
of dsDNA, a significant amount of pyrophosphate is generated,
which sequesters magnesium from the buffer to create
magnesium pyrophosphate. This process can be exploited
through the use of metal indicators that fluoresce or change
color upon chelation of Mg2+. For example, Goto et al. used
hydroxy napthol blue to detect bacterial DNA from
Pseudomonas aeruginosa, a common cause of secondary
infections in hospitalized patients, in fecal samples, achieving
a limit of detection down to 130 CFU per 0.1 g of sample.18,19

Similar colorimetric methods have been successfully employed
for the detection of Shigella, Salmonella, and Vibrio cholerae,
though these tests were performed on spiked samples rather
than clinical specimens.20 The colorimetric nature of this
approach is clearly advantageous for PoC settings as it
precludes the need for additional equipment, and facilitates
naked eye qualitative analysis.
The most compelling feature of LAMP is its high

amplification capacity. Indeed, a 109-fold amplification can
be achieved within an hour. Additionally, the use of multiple
primers enhances specificity, a feature that is particularly
valuable in the context of infectious disease IVDs. Due to these
advantages, LAMP has become a common component of many
PoC infectious disease IVDs, particularly for paper-based
systems.21,22

Recombinase Polymerase Amplification. Recombinase
polymerase amplification (RPA) relies on the coordinated
actions of multiple enzymes to achieve isothermal amplifica-
tion. First reported in 2006,23 RCA has since been developed
and patented as a proprietary technology of TwistDX. RPA
requires only two primers, in addition to three enzymes: A
recombinase enzyme, an ssDNA binding protein (SSB) named
gp32, and Bsu DNA polymerase. The recombinase and SSB act
in a complementary fashion to initiate strand dissociation and
insert the primers, negating the need for high temperature
dissociation (Figure 2). Bsu polymerase has been shown to
work optimally between 37 and 42 °C. RPA is compatible with
all signal generation techniques applicable to dsDNA, such as
fluorescence staining or FRET-beacons.24

Amplification using RPA is exponential in nature, and has
demonstrated a 109−1011-fold amplification of target DNA,
making it an excellent option for the detection of low
abundancy nucleic acids. Unfortunately, the rapid amplification
can be a significant source of error and background if the
primers bind off-target, an issue made worse by the relatively
long primer lengths required in RPA (32−35 nt).24 This is
problematic when sensitivity and specificity are paramount,
e.g., in infectious disease PoC diagnostics. Additionally, the
proprietary nature of RPA poses a problem for PoC
diagnostics. Here, a reliance on a single supplier can
complicate supply chains and increase costs, particularly
when compared to conventional “open source” alternatives.
Nevertheless, RPA is a popular choice for PoC infectious
disease diagnostics, and has been successfully employed for
multiple diseases including influenza,25 Dengue,26 and Ebola.27

ACS Sensors pubs.acs.org/acssensors Review

https://dx.doi.org/10.1021/acssensors.0c01488
ACS Sens. 2020, 5, 2701−2723

2705

pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.0c01488?ref=pdf


Rolling Circle Amplification. Rolling circle amplification
(RCA) takes inspiration from the natural rolling circle
transcription of circular plasmids and viral genomes to generate
an amplicon around a circular DNA template. The first
examples of RCA appeared in the 1990s,28,29 and many
iterations have since been reported.30 In RCA, an ssDNA
“padlock-probe” sequence containing a target binding
sequence is ligated end-to-end using DNA ligase to generate
circular template. Binding of the target DNA to the
complementary sequence on the circular template is followed
by binding of Φ29, a polymerase isolated from bacteriophage
Φ29, which then proceeds to “roll” around the circular
template to create a linear ssDNA amplicon (Figure 2). The
Φ29 polymerase is capable of debranching double-stranded
DNA, precluding the need for thermal DNA denaturation.
Furthermore, Φ29 can operate efficiently at temperatures
between 35 and 40 °C, and has an innate exonuclease
proofreading capacity that minimizes copy errors. As with
conventional PCR, fluorescent probes can be used for
quantification and assessing disease load. Another approach
specific to RCA has been the incorporation of G-quadruplex
sequences, i.e., guanidine-rich sequences, into the RCA
template to facilitate the generation of DNAzymes during
RCA.31 These structures are capable of sequestering metal
complexes such as the Hemin porphyrin, which can
subsequently catalyze the oxidation of chromogenic substrates
to produce a colorimetric signal. This strategy provides for a
more rapid signal by exploiting the catalytic nature of both the
RCA reaction and the oxidation of 3,3′,5,5′-tetramethylbenzi-
dine (TMB) by the G-quadruplex-Hemin complex.
Due to the linear nature of the amplification, RCA is

relatively slow (approximately a 103-fold amplification per
hour); this can limit sensitivity in diagnostic tests, particularly
when minimizing the total assay time is paramount. This
drawback has somewhat decreased the popularity of RCA in
PoC applications, although many successful examples exist.32

Moreover, adaptations to RCA designed to improve the
amplification rate have been moderately successful. One
notable approach has been to utilize multiple target binding
sequences on the linear padlock probe, and thus provide
multiple points for primer attachment on a single circular
template. This method, termed hyperbranching RCA
(HRCA), enables concurrent amplification of multiple
ssDNA targets from a single template and thus increases the
overall rate of amplification.33

Strand Displacement Amplification. Strand displacement
amplification (SDA) was first reported in the early 1990s,34,35

and as such is one of the earliest described isothermal
amplification techniques. SDA exploits specific restriction
endonucleases to initiate strand dissociation, and so negates
the need for thermal dissociation. The technique requires two
target-specific primers, a suitable polymerase enzyme and the
presence of a nicking exonuclease capable of cleaving the newly
synthesized strand between the primer and target sequence.
This nicking process allows partial dissociation and unwinding
of the newly synthesized strand and the template strand,
allowing a new polymerase to bind. As the polymerase moves
along the template, the new amplicon displaces the old
amplicon, eliminating the need for heat induced dissociation
(Figure 2). Early reports of SDA required an initial
denaturation step at 95 °C, so could not be considered truly
isothermal, though modern developments have incorporated
additional “bumper” primers to accomplish initial denaturation

and achieve true isothermal amplification.36 SDA has proven to
be a flexible technique, and works well with multiple
polymerases including Bst, Φ29, and Exo- Klenow; this
flexibility allows SDA to operate at temperatures ranging
between 21 and 65 °C. Depending on the polymerase used,
target amplification between 107- and 109-fold in 20−120 min
can be achieved using SDA. However, the dependence of SDA
on restriction enzymes, which can only cut at specific
restriction sites, is a limitation. Indeed, successful SDA requires
that the primers are designed to bind upstream of an
endogenous nicking site, thus allowing the restriction enzyme
to cleave the primer and facilitate strand dissociation. The
optimal temperature of operation for the nicking enzyme must
also be considered. However, multiple nicking endonucleases
for distinct restriction sites have been successfully employed in
SDA, including Nb.BbvCI, Nt.BstNBI, HincII-EcoRI(Gl11),
BsoBI, Nt.AlwI, Nt.BsmAI, and HincII. Unsurprisingly, several
examples of SDA being employed in with PoC diagnostics for
infectious disease have been reported.36,37

Helicase-Dependent Amplification. Helicase-dependent
amplification (HDA), first reported in 2004 by scientists at
BioHelix,38 takes inspiration from in vivo cellular DNA
replication, and achieves isothermal amplification by employ-
ing a helicase enzyme to perform dsDNA denaturation (Figure
2). Initial embodiments employed UvrD helicase isolated from
E. coli., though the process was rapidly adapted to work with
Tte-UvrD, a thermostable helicase capable of operating at
significantly higher temperatures.39 HDA is flexible with regard
to polymerase, and has notably been implemented using Bst,
Gsp, and Gst polymerases, among others.40,41 As with SDA,
this theoretically enables efficient operation across a broad
range of temperatures. However, helicase-mediated strand
separation is most efficient at 60 °C; thus, for isothermal
amplification, a polymerase that operates in the range of 60−
65 °C is usually chosen.
Despite being an exponential technique, the amplification

efficiency of HDA is relatively low, achieving a 106-fold
amplification after 1 h. This is likely due to the unwinding of
DNA by helicase, which is the rate-determining step, and
significantly constrains the sensitivity of systems based on
HDA.42 Additionally, early iterations of HDA suffered from
low specificity due to the reliance on long primers, which can
lead to false positives in diagnostic applications.42 Despite
these limitations, HDA has been successfully incorporated into
PoC IVDs for HIV,43 Staphylococcus aureus,44 and Herpes
simplex virus,45 among others.42

Nucleic Acid Sequence-Based Amplification. Nucleic acid
sequence-based amplification (NASBA) is a partially iso-
thermal technique that mimics retroviral RNA replication,
generating ssRNA as the product. NASBA was first introduced
in 1991,46 and has remained popular because it works innately
with RNA, rather than DNA, making it ideal for detecting
single-stranded viral RNA or endogenous RNA (e.g., mRNA or
miRNA). NASBA requires two primers (forward P1 and
reverse P2), as well as three enzymes: T7 DNA dependent
RNA polymerase, RNase H, and reverse transcriptase. The
process works optimally at 41 °C, though an initial primer
annealing that requires higher temperatures (55−65 °C) step
is necessary. The coordinated action of reverse transcriptase
and RNase H produces single-stranded DNA, precluding the
need for high-temperature strand dissociation. Target specific-
ity is imparted by the P1 forward primer, which contains a
region that is complementary to the target RNA, and another
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distinct region that is complementary to a T7 promoter region
(Figure 2).
NASBA is an efficient amplification process and is able to

amplify RNA by 109-fold in 90 min. Though NASBA is
regarded as a robust isothermal method, it is not without
disadvantages. As RNA stability can be greatly impacted by
pH, temperature, and the presence of RNase, additional
precautions must be taken during sample preparation and
reaction assembly. Moreover, the enzymes required for
NASBA are also thermolabile and can suffer significant
performance degradation if the temperature goes above 42
°C.47 Despite this, examples of NASBA being effectively
utilized within PoC systems for infectious diseases do exist.
Gulliksen et al. employed NASBA in a proof-of-concept PoC
device for detecting human papillomavirus (HPV),48 and the
RNA can be detected through the use of reverse transcriptase.
This technique is also integral to the emerging synthetic gene
network/CRISPR diagnostics reported by Collins and co-
workers for the detection of Zika virus (see Enzyme-Assisted
Signal Generation and Translation-Based Approaches).49

■ ENZYME-ASSISTED SIGNAL GENERATION
Enzymes have evolved an incredible variety of mechanisms,
and the range of chemical and biochemical processes that they
can catalyze is exceptionally broad. These processes can be
readily exploited to generate signals in the presence of disease
biomarkers. In this section, we will highlight some of the more
commonly employed approaches.
CRISPR-Cas Enzymes. Enzymes that catalyze the degra-

dation of nucleic acids (nucleases) are common, and have been
employed in nucleic acid amplification for the last several
decades (see Enzyme-Assisted Nucleic Acid Amplification).
More recently, various nucleases have found use as tools for
gene editing, though many groups are now beginning to
harness their potential for diagnostic applications. Of the
various gene editing tools available, the CRISPR-Cas systems
have established themselves as the most useful in terms of
diagnostics. Clustered regularly interspaced short palindromic
repeats (CRISPR) provides adaptive immunity against invasive
genetic elements in bacteria and archaea. CRISPR notably
allows for the processing and storage of exogenous invasive
genetic sequences in the form of short DNA sequences
(protospacers). Once integrated, these pathogen-specific
sequences are transcribed and processed into small noncoding
RNAs, which can subsequently bind to Cas nucleases and
guide them to selectively degrade the corresponding target
disease nucleic acids. CRISPR-Cas systems are currently
categorized into two classes, class 1 and class 2, with further
subcategorization into types and subtypes.50 Determination of
the CRISPR-Cas class is guided primarily by the makeup of the
Cas effector protein complexes; Class 1 systems typically
comprise multiple proteins that complex to form an active
nuclease, whereas Class 2 systems are characterized by a single
effector Cas nuclease. The types and subtypes are typically
categorized by the presence of a signature Cas protein, or
complement of multiple Cas proteins. The capacity to
reprogram these nucleases in vitro to target specific nucleic
acid sequences, e.g., disease-specific targets, has established
Cas enzymes as promising candidates for diagnostics
applications. Below, we will highlight the properties of four
distinct Cas proteins (Cas9, Cas12, Cas13, and Cas14), and
highlight their promise in the context of infectious disease
diagnostics.

Cas9. Cas9 (class 2, type II) is an RNA-guided
endonuclease that primarily cleaves dsDNA,51 but specific
orthologs of the protein have also been shown to promote the
cleavage of ssDNA or ssRNA under certain conditions.52,53

The specific targeting and function of Cas9 is guided by two
RNAs, CRISPR RNA (crRNA) and trans-activating CRISPR
RNA (tracrRNA). The crRNA is formed by cleavage of a
crRNA precursor (pre-crRNA) directly transcribed from the
CRISPR loci, and can base pair with complementary
protospacer sequences of invading viral or plasmid target.
Importantly, the crDNA contains a spacer sequence which can
be modified to target a specific nucleic acid target. The
tracrRNA participates in the maturation of pre-crRNA, and
associates with crRNA to form an essential base-paired
structure within Cas9. Importantly, Jinek et al. demonstrated
the possibility of fusing crRNA and tracrRNA to form a single
guide RNA (gRNA) without compromising the capacity of the
protein to cleave dsDNA.51 After binding between the crRNA
(or gRNA) and the target sequence, the Cas9 enzyme is
activated and the target DNA can be cleaved (Figure 3). It

should be noted that the presence of a specific sequence on the
target DNA, termed the protospacer adjacent motif (PAM), is
required for Cas activation. In the case of Cas9, the PAM is a
5′-NGG-3′ sequence which is present downstream of the
target sequence.
Though not as widely employed for diagnostics as Cas12

and Cas13 (see following sections), there are examples of Cas9
being used within infectious disease RDTs.54 For example,
Pardee et al. successfully combined Cas9 with toehold switches
(see Translation-Based Approaches) to enable differentiation
of the American and African strains of Zika virus.49 The team
designed a gRNA specific to a nucleic acid sequence upstream

Figure 3. Schematic representations of different Cas enzyme
activities. Cas9: Binding of target dsDNA to the gRNA−Cas9
complex is followed by cis-cleavage of the DNA. Cas12/14: Binding
of the target ds/ssDNA to the gRNA-Cas12 complex and subsequent
cis-cleavage of the DNA is followed by collateral trans-cleavage of
ssDNA molecular beacon probes to generate fluorescence. Cas13:
Binding of the ssRNA to the gRNA-Cas13 complex and subsequent
cis-cleavage of the RNA is followed by collateral trans-cleavage of
ssRNA molecular beacon probes to generate fluorescence.
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of a PAM region on American ZIKV, enabling Cas9 to cleave
the dsDNA produced during NASBA. The cleaved dsDNA was
unable to undergo transcription and translation, and thus
expression of the reporter protein (β-gal) was repressed. The
African ZIKV did not contain the necessary gRNA/PAM
combination, and thus expression was able to continue
unimpeded, producing a colorimetric signal to indicate disease
load and differentiate the two strains. Huang et al. also
employed Cas9 to develop a primer-free DNA biosensor
capable of detecting DNA down to low attomolar concen-
trations.55 In this elegant strategy, the DNA released after Cas-
mediated cleavage serves to initiate an isothermal exponential
amplification reaction (EXPAR), producing a fluorescent
readout. By employing reverse transcriptase alongside this
technique, the group were able to detect RNA from L.
monocytogenes, the bacteria responsible for listeriosis, in spiked
samples. Taking a slightly different approach, Müller et al.
designed Cas9-gRNA complexes able to selectively target and
cleave genes associated with antibiotic resistance in plasmids
isolated from E. coli and K. pneumoniae.56 By coupling the Cas9
enzymes’ ability to cleave plasmids in particular locations with
optical DNA mapping, the group were able to quantify the
prevalence of different resistance genes in patient samples. In a
similar approach, Crawford and co-workers combined Cas9
with next-generation sequencing to detect antibiotic resistance
genes in their Finding Low Abundance Sequences by
Hybridization (FLASH) system.57 Though these systems are
not yet being employed at the point-of-care, it is possible that
the technology could be moved in that direction in the future.
Cas12/14. The success of Cas9 for both genome editing and

biosensing led to researchers devoting significant effort toward
finding and exploiting alternative CRISPR-Cas systems. This
line of research proved fruitful, and multiple new Cas enzymes
were successfully characterized. Cas12a (class 2, type V) is
capable of targeting and cleaving dsDNA and ssDNA, and, like
Cas9, contains a PAM region (5′-TTTV-3′) which directs the
cleavage of the nucleotide after complexation with the gRNA.
However, Cas12 enzymes have an additional catalytic activity
which facilitates a novel modality for generating signal. After
initial cleavage of the dsDNA, termed cis-cleavage, Cas12a
goes on to randomly cleave nearby ssDNA via a process known
as trans-cleavage, or “collateral” cleavage. This trans-cleavage
occurs indiscriminately and requires minimal sequence
specificity. Thus, quenched ssDNA probes can be combined
with the molecular specificity of the Cas12a-gRNA complex to
develop all-in-one systems that generate fluorescence in the
presence of target DNA. Chen et al. demonstrated this in their
DNA Endonuclease-Targeted CRISPR Trans Reporter (DE-
TECTR) assay. In this assay, the target DNA, amplified using
RPA, and Cas12a-gRNA complex are first mixed together,
followed by addition of ssDNA probes carrying a fluorescent
dye and a quencher. After cis-cleavage of the target DNA, the
collateral trans-cleavage was able to release the fluorophore
from the quencher to provide a concentration-dependent
signal.58 The team used this technique to positively identify
DNA associated with human papillomavirus in clinical samples,
and obtained results that were in agreement with PCR. More
recently, Broughton et al. combined the DETECTR platform
with RT-LAMP to detect RNA associated with SARS-CoV-2.11

The team combined this with reporter probes that could be
captured on a lateral flow test line to develop a paper-based
PoC test with a limit-of-detection of 10 copies per microliter in
40 min. Similar assays based around the trans-cleavage

mechanism of Cas12 have been reported. One example is
the Hour Low-Cost Multipurpose Highly Efficient System
(HOLMES),59 which utilizes PCR for the initial amplification,
and its second-generation analogue HOLMESv2 which
employs a Cas12 orthologue (Cas12b) and LAMP.60 These
techniques have been shown to detect target DNA down to 10
aM in biofluid samples.
The collateral cleavage activity of Cas12a is shared among

other reported type V CRISPR-Cas nucleases.61 Of particular
note are the Cas14 (class 2, type V) enzymes, which are
typically much smaller than Cas12 enzymes (∼400−700 amino
acids vs ∼1000 amino acids) and demonstrate exquisite
selectivity for ssDNA targets. Doudna and co-workers showed
that Cas14a1 was able to identify ssDNA with single-
nucleotide specificity independent of a PAM sequence, and
also displays efficient collateral cleavage.62 The team were able
to incorporate this enzyme into a redesigned DETECTR assay
to detect specific single-nucleotide polymorphisms conferring
blue and brown eye phenotypes. To the best of our knowledge,
Cas14a has not yet been employed for infectious disease
diagnostics, though we assert that its ability to differentiate
single nucleotide mismatches presents a powerful diagnostic
opportunity.

Cas13. While Cas9 and Cas12/14 enzymes evolved to
recognize DNA, Cas 13 (class 2, type VI) enzymes recognize
RNA with a high degree of specificity. Similar to their type V
counterparts, Cas13 enzymes possess collateral cleavage
activity, though most Cas13 orthologues require a protospacer
flanking site (PFS) rather than a PAM to initiate cleavage. The
combination of these two traits makes them attractive for use
in diagnostics. In 2017, the Collins and Zhang groups reported
the Cas13a-driven Specific High Sensitivity Enzymatic
Reporter Unlocking (SHERLOCK) platform.63,64 The SHER-
LOCK system employs either RPA or RT-RPA to produce a
DNA template, which is subsequently amplified into RNA
amplicons that feed into Cas13a. This triggers collateral
cleavage of RNA quencher−fluorophore pairs to produce a
concentration dependent fluorescent signal. The system was
able to detect specific strains of Zika and Dengue virus at
attomolar concentrations, and also differentiate single-nucleo-
tide polymorphisms.
Interestingly, reported Cas13 orthologues have displayed

different dinucleotide specificity (e.g., PolyA/GA for
PsmCas13b, PolyU/UA/UC for CcaCas13) with regard to
their collateral cleavage activity. This has enabled multiplexed
assays in which different RNA targets can be coupled with
different Cas13 orthologues (or even Cas12/14) and
orthogonal fluorescent molecular probes.65 Akerman et al.
leveraged this strategy in their Combinatorial Arrayed
Reactions for Multiplexed Evaluation of Nucleic Acids
(CARMEN) assay.66 This assay relies on nanoliter droplets
containing the CRISPR reagents, and was notably able to
detect up to 4500 targets on a single microarray chip. Though
the relatively complexity of this approach reduces its appeal for
PoC applications, the low volumes significantly minimize
reagent usage, and thus substantially reduce the overall cost per
test.
As previously demonstrated for genome engineering, the

flexibility offered by CRISPR-Cas nucleases, i.e., their ability to
be rapidly reprogrammed to target novel sequences using
simple synthetic gRNA, has enabled them to revolutionize the
field of nucleic acid biosensors. This flexibility facilitates the
rapid development (within weeks) of tests in response to novel
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infectious disease outbreaks. CRISPR-based systems, coupled
with isothermal amplification, frequently achieve sensitivities
that parallel PCR, and can easily be adapted to work with PoC
friendly systems (e.g., paper-based lateral flow). On 6 May
2020, the FDA granted Emergency Use Authorization (EUA)
to the SHERLOCK CRISPR SARS-CoV-2 kit, making it the
first CRISPR-based diagnostic to be authorized by the FDA for
clinical use.67 We predict that CRISPR-based diagnostics will
play an important role in infectious disease RDTs.
Redox Enzymes. Redox enzymes generate signal through

their ability to oxidize or reduce substrates, such as
chromogenic small molecules or nanoparticles,68 to produce
a detectable change e.g., in the optical or electrochemical
properties of the substrate. Redox enzymes are a popular
choice for immunoassays, particularly ELISA, due to their
ability to rapidly produce a colored signal that can be easily
analyzed using a variety of techniques. Unsurprisingly, these
enzymes have also been adapted to aid in signal generation in
nucleic acid diagnostics; some of the more commonly used
approaches are highlighted below.
Oxidases. Oxidase enzymes catalyze oxidation−reduction

reactions, commonly utilizing molecular oxygen as the electron
acceptor and hydrogen as the electron donor to reduce oxygen
to water or hydrogen peroxide. The reduced species, such as
hydrogen peroxide, can subsequently go on to induce a signal
through downstream redox processes. The most common
oxidase enzyme is glucose oxidase (GOx), which oxidizes
glucose into glucono-1,5-lactone, producing hydrogen peroxide
in the process. The redox process can be detected directly,
commonly via electrochemical methods. For example, Zhang
et al. reported a system based on electrochemiluminescence
that was able to detect single nucleotide mismatches down to 1
pM. The group developed a sandwich assay using thiolated
oligonucleotide capture probes, biotinylated oligonucleotide
detection probes, and an avidin−GOx conjugate. The
hydrogen peroxide produced by the GOx in the sandwich
complex was used oxidize luminol to 3-aminophtalate,
producing incident photons as a measurable signal.69 While
the team used this method to determine mutations in genes
associated with breast cancer, this technique could be
generalized and used for infectious disease monitoring.
Peroxidases. Peroxidase enzymes catalyze the splitting of

peroxidases into either water or alcohol in the presence of an
electron donor. The most popular and commonly employed
peroxidase is horseradish peroxidase, a metalloenzyme that
derives its redox capacity from an iron-containing heme group.
A variety of chromogenic organic compounds that produce a
color change upon oxidation, such as 3,3′,5,5′-tetramethylben-
zidine (TMB) or 4-chloro-1-naphthol/3,3′-diaminobenzidine
tetrahydrochloride (CN/DAB), have been developed to
exploit the redox activity of peroxidases. Though most
commonly employed in protein-based sandwich immuno-
assays, there have been several reports of HRP being used to
generate signal for the detection of nucleic acids in a similar
fashion. Bodulev et al. utilized HRP-labeled oligonucleotide
detection probes to specifically hybridize to hepatitis B viral
DNA that was captured onto microtiter plates.70 By exploiting
the HRP-mediated oxidation of 3-(10′-phenothiazinyl)-
propionic acid/N-morpholinopyridine, the group was able to
detect the target DNA down to 3 pM using a chemilumines-
cent signal. A more recent and promising application of
peroxidases is in electrochemical signal generation. Many
electroactive species can be utilized for electrochemical

detection, often with excellent sensitivity. For example,
Zhang et al. utilized HRP-modified DNA probes to oxidize
TMB, and measured the resulting electrochemical signal using
a gold electrode. The group was able to measure genomic
DNA from E. coli down to 1 pM when coupled with PCR
amplification.71 Hydroquinone and o-phenylamine-based sub-
strates have also been employed in a similar fashion for
electrochemical detection.72,73 A similar approach was taken by
Mao and co-workers, who attached biotin-conjugated DNA
capture probes to a gold electrode. Upon binding of the target
DNA, a conformational change enables binding of streptavidin-
HRP to the electrode. Subsequent oxidation of hydroquinone
by HRP could be detected electrochemically.74 The group
were able to achieve a limited of detection of 0.1 nM, and
could specifically detect a single base mismatch in their target
ssDNA.

■ TRANSLATION-BASED APPROACHES
The vast majority of work in the field of nucleic acid biosensing
has focused on exploiting the enzymes involved in tran-
scription (see Enzyme Assisted Nucleic Acid Amplification).
However, recent developments have moved one step further
and begun to utilize translational catalytic machinery. New
technologies that enable precise control over translation have
enabled researchers to couple protein expression to the
presence of a target analyte, and thus harness the power of
synthetic biology for biosensing. By utilizing common reporter
proteins, researchers have been able to develop expression-
driven assays that can be easily and quickly interpreted.

Translational Riboregulators. The primary method for
controlling translation is through riboregulation, i.e., by
regulating the catalytic ability of ribosomes to translate
mRNA into proteins. Methods for controlling translation first
gained traction at the turn of the 21st century, most notably
through the use of antisense RNA and RNA silencing strands
to down-regulate (silence) gene expression.75 Seeking ways to
expand upon this, several teams have reported methods to
enable gene activation as well as deactivation. The majority of
these systems rely on preventing ribosomal binding by
introducing secondary structure into RNA sequences.76−78

The conformational change caused by this secondary structure
prevents ribosomal binding and effectively halts translation.
Introduction of cognate RNA that can hybridize specifically to
the altered structure can relieve the steric hindrance, enable
ribosomal binding, and in turn initiate translation (Figure 4).
For biosensing, these systems are designed so that the target
nucleic acid fulfills the role of the cognate RNA responsible for
initiating translation. Despite their benefits, early nucleic acid
riboregulators were somewhat limited in their application. The
degree to which these early switches are able to modulate gene
expression is low; gene activation is typically enhanced 55−
100-fold, and gene repression is lower still.79−81 This leads to
relatively low signal-to-noise ratios, and hinders both the
sensitivity and dynamic range of any resulting biosensor.
Fortunately, several technologies that address the issues with
traditional riboregulation have been developed, primarily
through de novo and in vitro synthetic RNA engineering.

Toehold Switches. Early development of riboregulators
highlighted a number of limitations due to a reliance on
ribosome binding site (RBS) binding to regulate translation.
This reliance introduces significant sequence constraints into
the resulting trigger RNAs, which in turn limits the number of
targets and results in reduced specificity. To circumvent this
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issue, Green et al. developed de novo designed, in vitro
engineered synthetic riboregulators, termed toehold switches,
which are able to sequester the RBS by introducing a synthetic
upstream sequence.82 Binding of the trigger RNA to the
toehold switch still efficiently relieves RNA secondary structure
hindrance on the RBS and thus modulates translation, but is
no longer reliant on sequence complementarity with the RBS
(Figure 4). Furthermore, due to their reliance on engineered
linear−linear rather than linear−loop interactions, toehold
switches display more favorable binding kinetics and
thermodynamics, leading to more efficient riboregulation and
higher levels of expression. The authors reported enhanced
expression (up to 400-fold) over negative controls and
minimal cross-reactivity between different switches and targets.
Since this first publication, multiple improvements on toehold
switch technology have been reported, including the develop-
ment of toehold repressors, three-way junctions (3WJs)
(Figure 4), and single-nucleotide-specific programmable
riboregulators (SNIPRs).83,84 These improvements vastly
increase the capacity for target multiplexing, and facilitate
specificity down to the single nucleotide level. Overall, the use
of synthetic RNA sequences in riboregulation has led to lower
background, improved dynamic range, and increased specificity
in the resulting protein expression. Such benefits drastically
improve the utility of riboregulation for a range of diagnostic
applications.
The main barrier to the early development of biosensors

based on riboregulation was the reliance on cellular machinery.

Early investigations were cell-based and exploited the natural
machinery of prokaryotic cells to achieve translation.76,77

However, these systems are not amenable to disease
biosensing, since they are typically operated by trigger RNA
produced within the cell. Sensing external target nucleic acids
would require transport across the cell membrane prior to
detection. Fortunately, in vitro transcription/translation
(IVTT) systems provide an effective means to circumvent
this issue. IVTT systems utilize cellular extracts to perform
protein expression outside of the cell, thus presenting
opportunities to operate riboregulators using extraneous
nucleic acid targets. Cellular extracts are typically isolated
from prokaryotic cells, which can be easily and rapidly scaled
up to industrial quantities, though “bottom up” systems built
from recombinantly expressed proteins are becoming more
popular.85 The flexibility provided by cell-free expression has
sparked interest in the use of IVTT for disease biosensing.
Though the technology is relatively novel, infectious disease

biosensors based on synthetic RNA riboregulators have already
been developed. For example, Pardee and co-workers
developed a toehold switch-based biosensor for that was
capable of discerning Zika virus RNA sequences from closely
related Dengue virus sequences.49 Using computational
methods, the authors scanned the Zika virus genome to
determine disease-specific target sequences and filter out
sequences with potential cross-reactivity with the human
genome or closely related viruses. A library of toehold switches
specific to the identified targets was subsequently designed and

Figure 4. Schematic representations of different methods for regulation translation. Traditional ribosomal regulation: A transducer RNA contains
the RBS sequestered in a loop. Binding of a trans-acting RNA (taRNA) results in a conformational change that relieves the sequence constraints
and facilitates translation. Toehold switches: A transducer (switch) RNA in which the RBS is sequestered by an upstream “toehold” switch. Binding
of a trigger RNA relieves the constraints and facilitates translation. Toehold repressors: A switch RNA in which the RBS is not sequestered is able
to actively translate the gene of interest. Upon binding of the trigger RNA, conformational restraint is introduced to the RBS via a strong hairpin
structure and translation is repressed. Three-way junction (3WJ) repressors: A switch RNA in which an unstable hairpin structure sequesters the
RBS and start codon, but still allows ribosomal binding and thus translation. Binding of the trigger RNA creates a three-way junction and
translation is repressed. Splint-pairing: Separate ssDNA sequences containing a T7 promoter and gene of interest are brought into close proximity
by a target (trigger) sequence containing complementary ends on both. DNA ligation is performed by a ligase, generating an intact cassette which
can transcribe and translate the gene of interest. The figure for traditional ribosomal regulation was reprinted with permission from ref 82.
Copyright 2014 Elsevier. The figures for toehold switch, toehold repressor, and 3WJ were reprinted by permission from ref 84. Copyright 2019
Springer Nature.
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used to repress the expression of β-galactosidase on a synthetic
gene. β-Galactosidase was used as a reporter protein since its
activity can be readily assessed using common chromogenic
substrates. Using this approach, the team were able to identify
25 (52% of the total) toehold switches capable of modulating
an increase in β-galactosidase expression in the presence of
isolated Zika virus RNA, with the best switch demonstrating a
34-fold increase over background. Importantly, no cross-
reactivity with homologous sequences in the related Dengue
virus was observed. In the optimized format, and without
further amplification, the test was able to detect Zika RNA at a
concentration of 30 nM. Moreover, when coupled with an
isothermal amplification technique (NASBA), detection of
clinically relevant levels of Zika virus (3 fM) was possible. To
facilitate the use of the test at the point-of-care, the team
utilized a paper-based format consisting of an IVTT mixture
freeze−dried onto paper discs (see Point-of-Care Systems).
This is particularly important in the context of Zika virus,
where the disease burden is typically largest in resource-limited
settings. Importantly, the authors emphasized that the rapid
development pipeline of this technology makes it amenable to
fast prototyping in the advent of a new infectious disease
outbreak. Indeed, their specific toehold switch library was
designed within 4 days, with subsequent screening and device
manufacture taking a further 2 days.
Splint-Pairing. An alternative method for controlling

translation is through the use of ligase-mediated splint-pairing
to generate functional expression cassettes (Figure 4). In
splint-pairing, a designated target sequence is responsible for
mediating the ligation of a gene encoding for a specific reporter
protein and a sequence containing a transcriptional promoter
region. In the absence of the target the gene cannot be
expressed, as it lacks a promoter, but in the presence of the
target, a DNA ligase can couple the gene to the promoter and
transcription can occur, followed by translation. This process
requires a suitable ligase enzyme, e.g., DNA ligase or SplintR
ligase, to facilitate efficient construction of the expression
cassette.86 To the best of our knowledge, there have been no
reports in the academic literature of splint-pairing being used
specifically for infectious disease biosensing, although its ability
to detect miRNA has been demonstrated.87 Splint-pairing
forms the basis of Sherlock Biosciences INSPECTR (Internal
Splint-Pairing Expression Cassette Translation Reaction)
molecular diagnostics platform, and thus we expect that
many examples of splint-pairing for infectious disease
diagnostics will be forthcoming.88

It is clear that emerging developments have begun to solve
many of the prohibitive limitations associated with early
translational modulation, and have increased the applicability
of this approach for PoC diagnostics. The rapid advances in de
novo and in vitro nucleic acid engineering, coupled with the
advent of accessible IVTT technology, have led to significant
increases in the sensitivity, specificity, and practicality of
translation-based sensors. Early-stage diagnostic tests based on
this technology have demonstrated exquisite specificity, point-
of-care utility, and the potential for rapid adaptation to new
diagnostic challenges. While we have limited the scope of the
current discussion to applications within nucleic acid PoC
biosensing, it is important to highlight that these technologies
are finding significant use in biosensors for other analytes, such
as organic molecules and amino acids.89−91 We direct the
readers to reviews by Silverman and Lee for more
comprehensive overviews.85,92

■ POINT-OF-CARE SYSTEMS

System Requirements. We have previously highlighted
the vast array of different enzymes that can be employed for
nucleic acid amplification, and the different signals that
enzymes can generate to detect nucleic acids. It is imperative
that any RDT designed to take advantage of enzymes be
capable of exploiting these functions (Figure 5A). While these
features are essential for any nucleic acid IVD, there are
additional contextual requirements for field-deployable or PoC
devices, particularly in the context of infectious disease. These
requirements broadly parallel the REASSURED criteria, with a
few notable additions specific to enzyme-assisted nucleic acid
detection.

Biocompatibility. To fully exploit the benefits of enzymes, it
is imperative that a system is capable of maintaining an
environment that supports their function. This includes
important chemical and physical factors such as pH, salinity,
cofactor content, temperature, and pressure. Materials,
electronics, physical dimensions, and mode of operation can
all be tweaked to influence these parameters. The approach
taken is often specific to the type of system employed, and the
context in which the diagnosis is going to take place. For
example, large benchtop systems are typically able to take
advantage of simple heating elements and premanufactured
reaction cartridges to maintain temperature and pressure.
Conversely, microfluidic devices require a more carefully
considered approach, with factors such as material, device
footprint, and flow rate playing an important role in regulating
pressure and temperature.

Signal Transduction Capacity. As previously highlighted,
enzymatic mechanisms can be transduced into a variety of
signals, including colorimetric, fluorescence, and electro-
chemical, and diverse schemes for each of these signals have
been developed. These detectors vary in complexity and can
provide different degrees of sensitivity and dynamic range,
depending on the need. The simplest colorimetric systems can
even take advantage of the human eye; this is particularly
useful for PoC IVDs as it greatly minimizes reliance on external
technology. While this approach is purely qualitative, it is still
useful for infectious diseases where a positive confirmation of
disease holds value. Fortunately, the simple addition of a
CMOS sensor, even within a smartphone camera, can be
enough to enable quantitative interpretation of systems
designed around colorimetric signals. Systems built around
fluorescence generally require further engineering, though they
commonly offer greater signal-to-noise compared to colori-
metric signals. Fluorescence detection has successfully been
incorporated into a variety of commercial tests, and is
particularly amenable to microfluidic systems where the small
volumes enable high localized concentrations of fluorescent
substances.93 Historically, electrochemical signals have not
been widely reported for PoC applications, with a few notable
exceptions (e.g., glucose monitoring). Nevertheless, recent
advances in miniaturization have facilitated the development of
micrometer-scale electrical components and renewed interest
in electrochemical signals for PoC nucleic acid diagnostics.

Usability. One of the primary REASSURED criteria is “user
friendliness”, and highlights the importance of designing a
system that is both practical for its application and easy to
operate. Multiple factors determine how “easy” a device is to
operate in a PoC setting, including portability, user interface,
robustness, and degree of automation. An ideal system will be
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able to meet the disease-specific requirements for sensitivity
and specificity, while maintaining a portable and robust form
factor, simple user interface, and be able to automate the entire
analytical process from sample preparation through to signal
output. Automation is of particular importance for infectious
disease diagnostics, where manual human input can increase
operator risk, in addition to introducing errors into the process.
Manufacturability. The ultimate utility of a diagnostic

system is dependent on the ability to deliver it to the desired
location, at an affordable price and in sufficient quantity to
meet demand. System simplicity is clearly favorable, though
multiple factors can affect the manufacturability of a device.
The ability to source the necessary materials globally, rather
than relying on a single material source, is advantageous,
particularly in the context of infectious disease epidemics
where transport chains can be easily disrupted. Minimizing
reliance on cold-chain transport is also beneficial as it can
dramatically reduce transport costs. In the context of enzyme-
dependent systems, methods for lyophilizing enzymes and
their substrates onto paper or other easily transportable
materials (to enable transportation at ambient temperatures)
are being explored.94 Due to their low manufacturing costs,
and the simplicity of the resources required to manufacture
them, paper-based devices are particularly promising candi-
dates when large scale, global manufacturing is paramount. A
major challenge here is the robustness of such devices,
particularly with respect to their ability to withstand the varied
environmental conditions experienced during the supply chain.
Although industrial partners are ideally suited to tackling these
issues, the reality of these requirements must be considered
from the outset.
Adaptability. An ideal diagnostic platform can be quickly

and easily retargeted to many different diseases with minimal
changes in operation. This is particularly important for
infectious disease diagnostics due to the possibility that rapid
mutations will lead to novel strains, invalidating existing
diagnostics tests within short time periods. If a system can be
easily adapted to a new strain, then it can be more rapidly
deployed. For more complex systems, there is also the
additional burden of building the prerequisite infrastructure
and training personnel. Utilizing a single system for multiple
diseases can minimize this impact, since a single user can run
multiple tests simultaneously. Once again, the current COVID-
19 pandemic exemplifies perfectly the benefits of adaptable
systems; the most promising systems (Abbott ID Now,
Cepheid GeneXpert) utilize existing frameworks, and have
been able to quickly adapt to the new challenge.
Connectivity. Once nucleic acid IVDs are moved from

centralized laboratories and into the field, it is essential to have
mechanisms in place to interpret test data and remotely
transmit results to the appropriate authorities. Fortunately, the
smartphone boom of the last ten years has provided
technologists with powerful and portable solutions for
connecting diagnostic systems. Indeed, many modern devices
exploit smartphones themselves to connect their data when
necessary.95 The smartphone revolution has also helped to
drive investment into global communication infrastructure,
even in the developing world, and many countries have
significantly improved their communications networks over the
past decade.96 These technological innovations are simplifying
the process of developing connected diagnostic devices, and it
is anticipated that going forward, most major diagnostic
systems will include connectivity options. This concept of

mobile health, or mHealth, is particularly key for the
decentralization of diagnostics and the transition toward the
end user.

Benchtop Systems. While benchtop systems are typically
associated with centralized laboratories, many manufacturers
have realized the need for smaller, more portable systems.
Though these systems still require significant infrastructure,
they can be effectively operated from regional or even field
hospitals. These types of devices are termed “near point-of-
care”, and provide an important function in the fight against
infectious disease.

Benchtop PCR. Recent outbreaks have highlighted the
reliance of nucleic acid IVDs on PCR, and the historical
prevalence of PCR-based benchtop IVDs reflects this.97 The
first thermal cycler for PCR was launched in 1987 by
PerkinElmer, with the aim of limiting the interaction of the
user with the system, thus streamlining the analytical process.
Since then, devices have evolved to include higher levels of
automation and real-time quantification capabilities (qPCR),
though they still require significant input from trained
personnel. Unfortunately, these benchtop instruments require
power and can be highly sensitive to temperature variations,
limiting their utility in resource-limited settings. Furthermore,
the large number of temperature cycles fundamentally limits
the assay time due to thermal inertia, and multiplexing
capabilities remain limited.98 Recent developments have
focused on making PCR instruments more compact, battery
powered, and smartphone connected, such as the two3
thermocycler from Biomeme. Similarly, a number of compact
qPCR systems have been developed commercially, including
Open qPCR from CHAIbio, Franklin from Biomeme, and Mic
Real-Time PCR from Labgene Scientific. These systems
provide multiple accessibility options including remote
operation and data analysis using cloud-based frameworks.
More recently, there has been a focus on incorporating
additional workflows into existing PCR technologies to
enhance diagnostic utility. For example, sample extraction is
a common bottleneck in high-throughput diagnostics. To
address this issue, the private sector is moving toward modular
systems that integrate nucleic acid extraction and preconcen-
tration, aiming to create fully automated sample-to-result
platforms. Many of these platforms are highly versatile and can
be rapidly adapted to specific diseases and enzymatic
amplification reactions, such as the QIAstat-Dx Respiratory
2019-CoV Panel by Qiagen.99

Isothermal Approaches. In recent years, isothermal
amplification approaches have gained traction. By doing away
with complicated temperature programs, the instrumentation
associated with isothermal amplification can be greatly
simplified, making isothermal methods highly promising as
field-deployable IVDs. For example, Crannell and co-workers
reported the use of body heat to regulate RPA reactions, an
approach with obvious advantages at the point-of-care.100

Similar PoC-friendly approaches have been combined with
various detection methods including fluorescence and electro-
chemical detection,101,102 and can be performed using
lyophilized reagents (in test tubes) for in-the-field use.101,103

Benchtop instruments for isothermal amplification, such as the
ID Now by Abbott, are now commercially available and
commonly employ disposable cartridges containing dried-
down reagents.104 With that said, these test tube-based,
semiopen systems require a skilled operator to perform
complex reagent manipulations, potentially exposing the assays
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to contamination. Greater automation could help to minimize
human interaction during the diagnostic pipeline and unlock
the true potential of isothermal technologies.
Chip-Based Microfluidic Systems. Over the past three

decades, microfluidic systems have transformed the way in
which chemical and biological experiments are performed.105

By shrinking the length scales associated with an analytical
process down to the micrometer scale, both mass and heat
transport can be significantly enhanced. This in turn means
that fluidic mixing occurs in a rapid and controllable fashion,
thermal homogeneity can be maintained across the system, and
rapid heat transfer will occur between the device and the
contained fluid. In practical terms, microfluidic technologies
are ideally suited to perform complex operations on small
volumes and have paved the way for portable diagnostic
systems (Figure 5B).106 Their ability to perform a range of
functional operations (such as sample preconcentration,
filtration, extraction, reaction, separation, and product
detection) in an automated and integrated fashion enables
the creation of fully integrated platforms able to perform
sample-to-answer assays without the need for an expert
operator.
On-Chip PCR. Microfluidic-based PCR was perhaps the first

application of microfluidics in diagnostics.107−109 In such
systems, thermal cycling may proceed in a batch, continuous
flow, or segmented flow fashion, with the extent of the reaction
being monitored in real time or via end-point analysis. Flow-
based systems are especially advantageous in this regard, since
thermal masses are significantly reduced, and thus the time
constraints associated with heating and cooling can be as short
as a few milliseconds. Multiplexing can be achieved by
parallelizing batch microsystems or by sequential addition of
sample in flow-based systems.110 It is important to note that
monolithic systems comprising, for example, sample lysis,
nucleic acid extraction, sample preconcentration, target
amplification, and signal detection can be realized through
standard micromachining methods.109

Several commercial platforms leverage proprietary micro-
fluidic cartridges to achieve fully automated molecular
diagnostic workflows (e.g., GeneXpert from Cepheid or
Filmarray from bioMeŕieux). While such systems provide for
fully automated workflows, with no user-controlled operation,
their high cost, large size, and reliance on single-use cartridges
somewhat limits their utility, restricting them to near point-of-

care settings. Nevertheless, there are a number of reports of
these systems being used successfully in RDTs for infectious
disease. For example, Opollo and co-workers employed the
GeneXpert HIV-1 Qual for in-field testing of infant HIV in
Kenya and found that it performed well in comparison to the
gold standard laboratory test.111 Moroever, Andrews et al.
compared the Filmarray system to traditional laboratory testing
for monitoring of upper respiratory tract infections in the UK,
and found that the microfluidic system facilitated faster
treatment decisions.112

On-Chip Isothermal Amplification. The last ten years have
seen a renewed effort in harnessing the power of nucleic acid
amplification in increasingly miniaturized, hand-held devi-
ces.113,114 Unfortunately, the majority of these are still at a very
early stage of development and require significant off-chip
manipulations during sample preparation and loading. The
integration of nucleic acid extraction and amplification within
microfluidic devices remains a significant challenge. Fortu-
nately, isothermal amplification greatly simplifies the hardware
required to perform nucleic acid amplification in chip-based
systems, leaving more resources dedicated to on-chip sample
pretreatment without compromising with respect to footprint
or cost. For example, Yeh et al. recently presented the low-cost
and self-powered “SIMPLE” platform for digital nucleic acid
amplification.115 Based on RPA, the chip-based system uses a
pre-evacuated chamber to slowly draw fluid through a channel
network. DNA extraction is achieved in one step using a
branched design with a deep main channel. The extracted
DNA, mixed with the RPA reagents, is then directed into an
array of microwells where the reaction is triggered by the
rehydration of prepatterned reagents and the fluorescence
signal can be read. Using this approach, the authors were able
to successfully detect methicillin-resistant Staphylococcus aureus
bacteria, achieving a limit of detection of 10 DNA copies per
μL. Delamarche and colleagues showcased the use of a silicon
chip capable of dispensing enzymes and other RPA reagents in
a timed and passive manner, through control of coalescence in
capillary-driven flows.116 Their approach, while still being
preliminary from a diagnostic point of view, is simple and
modular, and uses standard microfabrication technologies. The
simplicity and portability of these approaches demonstrate the
potential of microfluidic systems to perform complex biological
workflows in a fully integrated manner.

Figure 5. (A) Idealized point-of-care diagnostic utilizing enzyme-assisted nucleic acid biosensing. (B) Different microfluidic devices used in point-
of-care diagnostics.
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When designing a microfluidic device, it is important to
consider the range of signals that can be generated by the assay
under investigation. As discussed previously, enzyme-assisted
nucleic acid sensors can output a broad range of signals, each
with their own advantages and disadvantages. A problematic
aspect of fluorescence-based approaches remains the need for
bulky and often expensive optical components (such as lenses,
filters, cameras, and photodiodes), though progress is being
made in developing miniaturized optical components for the
quantification of fluorescence in small-volume environments,
even using mobile phone cameras.93,117−119 On the other
hand, electrochemical detectors are intrinsically more compact
than optical systems, with electrical signals readily processable
using mobile phones. For example, Hsieh and co-workers
reported a compact electrochemical microfluidic platform
capable of detecting as little as 16 copies of S. typhimurium
genomic DNA in a single microfluidic chamber.120 In this
system, LAMP reactions were monitored quantitatively in real-
time using an intercalating electroactive dye. However, it
should be noted that spiked DNA samples in buffer were used
in all experiments, with no consideration of sample pretreat-
ment in real-world application. That said, cell lysis and DNA
preconcentration have been achieved within microfluidic
platforms,121 and we expect that fully integrated microfluidic
systems with electrochemical detection will play a crucial role
in bringing nucleic acid detection to the field. Finally, we
would like to highlight that label-free detection methods have
also been used to good effect in nucleic acid analysis. For
example, Toumazou and colleagues fabricated microfluidic
devices with integrated ion-sensitive field effect transistors
using conventional CMOS fabrication methods.122 Such a
device is able to monitor ssDNA amplification in real time by
taking advantage of the small change in pH that results from
the release of hydrogen ions during amplification (the greater
the initial concentration of the target, the more rapid the pH
change). Although the technique has yet to be used for the
detection of disease biomarkers, the method shows significant
promise.
Paper-Based Systems.Microfluidic paper-based analytical

devices (or μPADs) have emerged as a promising point-of-care
diagnostic platform owing to their ultralow cost, biocompat-
ibility, and relative independence from external power
sources.123,124 In recent years, several paper-based immuno-
assays have been approved by the WHO for malaria and HIV
antigen/antibody detection.125 μPADs for nucleic acid
detection are currently less developed due to the increased
complexity of the assays, but are the subject of intense
research.126,127 Several challenges remain with paper-based
nucleic acid tests, including reduced specificity due to
nonspecific adsorption, reproducibility, and storage lifetimes.
Paper-Based PCR. Lateral flow assays are the most

recognizable μPAD format. Here, sample flows unidirectionally
along a paper strip and the targets and/or laboratories are
captured on a line for detection. In the case of a colorimetric
label, the result can be read qualitatively by the naked eye, or
quantitatively analyzed using digital cameras and image
analysis software. The detection of PCR amplicons was
among the first use of μPADs for nucleic acid detection.128

In such applications, primers are typically modified with a
hapten or a unique overhang so that they can be captured and
labeled with plasmonic gold nanoparticles on the test line.
Similarly, line probe assays have also been developed using the
same approach and are now commercially available for the

rapid detection of genes associated with resistance to first- and
second-line antibiotics.129,130 For example, the GenoType
MTBDRplus assay system from Hain Lifescience can detect up
to 27 different PCR amplicons on a single strip, using alkaline
phosphatase enzymes to amplify the colorimetric signal.
Multiplexing is achieved by printing the capture oligonucleo-
tides sequentially along the flow path, with results analyzed as a
barcode.
Motivated by the need for equipment-free methods for field

testing, μPADs are becoming established tools for the
quantification of isothermal amplification reactions. TwistDx
is now offering TwistAmp info kits for RPA with a lateral flow
colorimetric readout.131 Amplification is typically performed in
a test tube, and the lateral flow strip is subsequently dipped
into the reaction mixture to generate a readout without the
need for additional equipment. Similar approaches have also
been developed using LAMP.22,132 Due to the nature and large
size of the amplification product, other strategies based on size
discrimination have also been explored in LAMP-based
techniques. For example, Du et al. reported a “signal-off”
approach, using the fact that the LAMP product is too large to
migrate through cellulose paper, effectively detecting the excess
of unbound labels on the test line.133 The team reported a limit
of detection of 20 copies of the Ebola virus in spiked serum
within 150 min.

Paper-Based CRISPR-Cas Diagnostics. After their initial
discovery, Cas-based nucleic acid detection platforms were
swiftly incorporated into μPAD systems. This is unsurprising,
as the collateral cleavage activity of CRISPR-Cas13 combines
ideally with probes commonly used for lateral flow assays. An
early system, termed specific high-sensitivity enzymatic
reporter unlocking (SHERLOCK), developed in the Collins
and Zheng laboratories at MIT, exploits oligomers with FAM-
and biotin-modified ends to enable lateral flow readout.63 After
RPA, anti-FAM gold nanoparticles are added to the sample
and flowed through a lateral flow strip modified with a
streptavidin test line. The assay can then be read visually using
the plasmonic properties of the gold nanoparticles. The power
of this approach was showcased by detecting RNA targets for
both Zika and Dengue viruses, and clinically relevant limits of
detection were achieved in patient samples. Following on from
this, the team reported SHERLOCKv2, in which they achieved
multiplexing by employing orthogonal CRISPR-Cas systems
and fluorophores.65 Myhrvold et al. subsequently refined the
SHERLOCK workflow to incorporate sample pretreatment,
comprising reducing agents and two subsequent heating steps
to lyse viral particles and inactivate ribonucleases found in
bodily fluids.134 This protocol enables testing for nucleic acids
in unprocessed whole blood, saliva, or urine, thereby providing
an instrument free sample-to-answer assay. A major advantage
of Cas-based diagnostic platforms is that they can be rapidly
adapted to new sequences, and thus new diseases. This
adaptability was perfectly illustrated in the recent COVID-19
pandemic, with protocols based on RT-LAMP and the
SHERLOCK or DETECTR platforms being rapidly developed
once the virus had been sequenced.11,135

Paper-Based Translational Diagnostics. Perhaps one of
the most promising technologies to be combined with μPADs
is IVTT (see Translation-Based Approaches), demonstrating
great potential in point-of-care nucleic acid IVDs.49,94

Remarkably, all of the transcription/translation components
required for this complex reaction network showed long-term
stability when freeze−dried on paper, with activity remaining
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even after a year of storage at room temperature.94 When
rehydrated with the diluted sample solution, the mixture is
incubated on small paper discs for 2 h at 37 °C to yield a
fluorescent or colorimetric signal. As proof-of-concept, Collins
and colleagues developed a test capable of differentiating the
Sudan and Zaire strains of the Ebola virus with good
sensitivity.94 The colorimetric test, based on a LacZ-expressing
toehold switch, requires 25−60 min to complete and is
quantifiable using a smartphone camera or an in-house
developed optical reader (<100 USD). Each test is cheap
(<65 cents per sensor) and quick to manufacture, and can be
rapidly adapted to a new disease by high-throughput screening
(240 reactions in parallel on a single sheet of paper). Still, as a
standalone method, the detection limit of approximately 30
nM is insufficient for clinical application. In a follow-up study,
the authors showed that synthetic gene networks can be
combined with NASBA for increased sensitivity, and when
integrated with an additional CRISPR/Cas9-mediated selec-
tion downstream of the amplification yielded single-nucleotide
discrimination.49 This approach resulted in a sample-to-answer
test in under 3 h with low femtomolar sensitivity for both Zika
and Dengue viruses. Nevertheless, the method still required a
nucleic acid extraction step performed by a skilled user.
Fully Integrated Paper-Based Systems. A major limitation

of the paper-based methods discussed thus far is that the
sample preparation and amplification steps are performed “off-
paper”. This increases the number of liquid-transfer steps,
increasing the chances of error. The reliance on such
preprocessing is not surprising; the complete integration of a
nucleic acid test on paper is a considerable challenge.
Controlling all the necessary parameters (flow rate, temper-
ature, concentration) for both extraction and amplification on
paper is complicated by factors such as evaporation and the
absorptivity of the paper itself. Additionally, cellulose paper has
been shown to inhibit enzymatic isothermal amplification
reactions,136 though the exact cause of inhibition remains
unclear. Nonetheless, many groups have found creative ways to
exploit the peculiar properties of paper to perform complex
operations, ranging from nucleic acid extraction to elaborate
detection methods.127 For example, Byrnes et al. showed that
paper strips are able to extract DNA from cell lysate by flow
separation, effectively removing possible amplification inhib-
itors for subsequent nucleic acid analysis.137 The same group
also demonstrated an in-flow DNA concentration method
using chitosan-coated paper as a solid-phase material for anion
exchange chromatography.138 DNA capture and purification
can also be performed with reasonable efficiency on cellulose
paper.139,140

An interesting example of a highly integrated μPAD was
reported by Cooper and co-workers for malaria detection in
low resource settings.141,142 This origami-based μPAD
comprises different panels containing the necessary reagents
for cell lysis and DNA amplification (via LAMP), which are
folded to sequentially perform each step. Multiplexing is
achieved by having a 2D-patterned layer to dispense the lysed
sample to different reaction zones: up to five, including a
positive control for LAMP.143 The required temperatures can
be realized by simply laying the device on a hot plate, or even a
cooking stove, with the top and bottom layer covered with a
plastic film to limit evaporation. Signal can be generated either
directly via fluorescence or by contacting the bottom layer to
multiple lateral flow strips containing dried nanoparticle labels.
Their method is able to process crude clinical samples, such as

whole blood, and if the sample is too viscous lysis can be
performed off-device before dilution. This platform was
recently deployed in rural Uganda for the diagnosis of malaria.
Enzymes and reagents were stored and transported in
lyophilized form and, once rehydrated, retained their activity
for more than 3 days without refrigeration. Buffers for the
LAMP reaction and the lateral flow assay were stored in sealed
plastic chambers that opened when pressed with the finger,
thus limiting the contact of users with the sample. During field
tests, the device worked well, demonstrating 93% specificity
and sensitivity when compared to qPCR. A similar origami-
based approach was developed by Magro et al. for diagnosing
Ebola using reverse-transcriptase RPA.144 Here, the necessary
reagents were freeze−dried onto the paper, and no significant
reduction in the signal-to-noise ratio was observed after one
month of storage; after three months of storage, a 20% loss in
performance was reported. However, it should be noted that
these stability tests were performed using high viral loads, and
it is unclear how the limit-of-detection will be affected at lower
concentrations. Yager and colleagues also presented a
prototype of a fully integrated μPAD with no moving/foldable
parts for methicillin-resistant Staphylococcus aureus detection
from nasal swabs.37 The 3D-printed device comprising several
resistive heating blocks with associated electronics and a
μPAD. Heat-actuated wax valves were printed on the channel
to achieve automated timing of the various steps. Achromo-
peptidase, an enzyme with bacteriolytic properties, was dried in
the fluid introduction tubing, and iSDA and detection reagents
(nanoparticle labels and capture probes) were freeze−dried
onto the lateral flow strips. The device provided robust results
even when stored for more than 6 weeks at room temperature,
and confirms the feasibility of fully automated, low-cost nucleic
diagnostic tools for in-field testing. With that said, the
prototypes did exhibit some reliability issues, in particular,
overheating during valve actuation and nonideal flow
conditions due to evaporation, thus highlighting the ongoing
challenges associated with fully automated paper-based nucleic
acid detection.

■ OUTLOOK
Throughout this review, we have highlighted some of the
issues associated with the use of enzymes within PoC tests,
while simultaneously acknowledging the unrivaled specificity,
versatility, and efficacy that enzyme-assisted nucleic acid IVDs
can achieve. Accordingly, we contend that technological
developments that enable these assays to join the march out
of centralized laboratories toward simple and robust PoC tests
are extremely important. Using the recent COVID-19 crisis as
a case study, we now illustrate the current state of PoC nucleic
acid IVDs, before turning our attention to where we go next.

Where Are We Now? The initial stages of the COVID-19
pandemic highlighted the critical role of IVDs in infectious
disease control.145 A key issue in this respect has been the need
for gene-based (i.e., nucleic acid) or antigen-based (i.e.,
protein) testing as opposed to serology; antibody testing has
been ineffective at revealing early stage infections when people
were at their most infectious.146 Unfortunately, the unavail-
ability of widespread and rapid diagnostics led to a severe data
deficit in the initial phase of the disease, data that were
urgently needed to inform critical time-sensitive interventions
(i.e., test, trace, and isolate). Notably, regions that managed to
perform extensive testing, e.g., South Korea, Germany,
Singapore, Taiwan, and Hong Kong, had the greatest success
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in containing early outbreaks, highlighting the vital role of
epidemiology alongside healthcare.147 As researchers in the
field of IVDs, our community was uniquely positioned to
analyze diagnostic efforts and draw conclusions to aid in future
outbreaks. Importantly, we observed a deep gulf between the
“state-of-the-art” technologies and the “ready now” technolo-
gies. For COVID-19, the “ready now” turned out to be the
decades-old but reliable PCR, run in centralized laboratories by
highly skilled professionals. This restricted the global capacity
for testing, and often resulted in significant delays between
sampling and result. A more agile technology, capable of
providing faster diagnoses to a larger proportion of the
population, would have substantially changed the course of the
pandemic. As highlighted previously, at a fundamental research
level, many technologies to facilitate this already exist; the
problems arise primarily from our ability to translate these
technologies from the research lab to the end user in a timely
fashion. In the spirit of the REASSURED criteria, despite past
experience and knowledge of the challenges,148,149 we failed on
the “D”delivery. Delivery refers to the organizational
structures and relationships established with the purpose of
coordinating and steering the logistics of selecting, procuring,
shipping, storing, distributing and delivering a new health
technology to ensure it reaches the end users.5

Although the causes of our failure to deliver are myriad,
particular problems include the danger of a market-driven
approach to technology transfer in pandemic preparedness, the
fact that the majority of funding remains in high income
nations where research agendas are often disconnected from
the needs of countries where outbreaks commonly originate, a
general lack of funding and interest in IVD R&D compared to
drugs and vaccines, and the inevitable politicization of actions
surrounding a crisis. There could also be a case made that
relevant higher-level decision makers were assuming that
researchers would be able to deliver diagnostic technologies on
demand, when in reality there needs to be a solid pipeline from
fundamental research right through to implementation. We
must find ways to solve these problems and facilitate efficient
technology transfer if we are to successfully deliver the
promising technologies coming out of the lab.
Where can we improve? Although many of the problems

in the IVD development pipeline are beyond the control of
technologists, there are distinct areas where we can effect
improvements. By focusing on transferability from the outset
of a project, rather than solely on novelty, we can ensure that
the time and resources we invest in our research have the best
chance of achieving real impact further down the line. Clear,
concise, and easily accessible guidelines exist to help
researchers develop effective IVDs. The REASSURED (see
the Introduction) criteria stand out as widely applicable,
comprehensive, and easily understandable by any technolo-
gist.5 By considering these criteria from the outset of a project,
we can design affordable PoC tests that mitigate common
problems such as market forces, supply chain issues, and a
reliance on highly trained personnel. In addition to
REASSURED, national and international regulatory bodies
provide comprehensive guidelines and requirements for IVD
device development, designed to aid in the realization of
marketable and deliverable products. Although the specifics
differ between bodies, the process essentially divides into the
following phases: proof-of-concept, assessment of technical
feasibility (e.g., sensitivity, specificity, and precision in the
relevant matrix), safety and performance evaluation, certifi-

cation, market launch, and post-market surveillance. As
technologists, we spend the majority of our time and energy
on the first two stepstranslating fundamental discoveries
into a working concept. If this process represents the
foundation of a new IVD, then everything that comes after
represents the concrete realization of a project. The best way
to ensure that you build an appropriate foundation is to make
yourself fully aware of everything that the foundation must
support. We refer readers to the US Food and Drug
Administration IVD documentation,150 the European Com-
mission’s directive on IVD devices,151 and to the International
Organization for Standardization (ISO) requirements for
quality management in the manufacture of medical devices,152

including IVDs.
Excellent resources and assistance can be attained by

engaging with bodies that exist to facilitate the development
and delivery of diagnostics to combat major diseases. One
example is the Foundation for Innovative New Diagnostics
(FIND), a global nonprofit organization headquartered in
Switzerland with regional hubs in India, Kenya, South Africa,
and Vietnam.153 FIND can assist in the entire diagnostic
development pipeline, including identifying needs, developing
fit-for-purpose tests, generating evidence for regulators and
policy-makers, and introducing new products to the markets.
Another excellent example is PATH, a nonprofit organization
focused on increasing public health equity, which includes
work in diagnostics.154 In summary: It does not matter how
excellent a diagnostic approach is if it is not deliverable at the time
and place that it is required. So, as technologists, we must consider
all of the enabling steps between that spark of inspiration at the lab
bench and the delivery of an impactful diagnostic to the point-of-
need.

Where Are We Going? Widespread availability of cheap
and accurate IVDs will play an increasing and integral role in
global management of infectious disease. Furthermore, it will
also play a key part in moving our general healthcare model
from pure “crisis intervention” toward “preventative main-
tenance”, a transition that is vital for improving global health.
In this review, we contend that nucleic acid diagnostics will
play a key role in achieving these ambitious goals. Going
forward then, what are key areas of consideration for the next
generations of nucleic acid IVD assays and devices?
New research and discoveries in enzymology and synthetic

biology undoubtedly hold immense potential for impact in
enzyme-assisted nucleic acid IVDs. Regarding natural enzymes,
even considering humanity’s expansive investigations and
knowledge in enzymology, we have likely only scratched the
surface of nature’s pool of useful biocatalysts.155 Thus, further
fundamental studies in biology will continue to reveal new and
important enzymes for advanced applications. For example,
further study of bacteria and viruses, in particular, the
mechanisms by which bacteria defend themselves,156 could
give rise to new opportunities in nucleic acid assays; this is
precisely what happened after the discovery of CRISPR-Cas
enzymes.157 Another exciting area of exploration is the field of
enzyme engineering. We believe that advances in de novo
enzyme design, for example, using protein structure modeling,
computational enzyme design, and molecular dynamics
simulations, will give rise to ever more advanced enzymes for
manipulating and detecting of nucleic acids.158 These
techniques are already having a huge impact in other fields
of research;159 therefore, we have good reason to be optimistic
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about the impact they will have in enzyme-assisted nucleic acid
IVDs.
The ultimate goal for point-of-care testing, in the context of

infectious disease, is to create a simple sample-in, answer-out
platform that requires minimal user input and infrastructure to
operate effectively. Despite the multitude of advances
described in this review, it is clear that we have not yet
achieved this goalat least not in a format that has been
practical enough for widespread adoption during recent
pandemics. Considering the complexity, the drive toward
making these tests simpler (i.e., smaller, easy to operate) is a
challenge, particularly while maintaining affordability. After all,
these challenges are what necessitate the current reliance on
complex machinery and centralized laboratories. Accordingly,
we should ask, how far can we go to bridge the gap between a
well-equipped lab and an end user self-test? Can we really
envisage people performing nucleic acid IVDs in the same way
we use home pregnancy tests now? The technologies discussed
in this review suggest that this is indeed a possible future, at
least from a technological standpoint. Nevertheless, we have to
be smart in identifying whether our new ideas in the lab have
any chance of finding real-world application, with a particular
focus on practicality and affordability. Furthermore, we must
not lose sight of the importance of sample preparation in the
testing process; we feel that this crucial area has been relatively
overlooked by technologists, and that there is great potential
for impact here.
Versatile and Marketable Platform Technologies. The

versatility and adaptability of IVDs are vital considerations in
their marketability. We suggest that a key opportunity exists in
looking for synergies between IVDs for chronic and infectious
diseases. Chronic diseases such as cancer, diabetes, and obesity
are increasing in wealthier populations, which is establishing an
attractive market for companies looking to maximize their
profits in the area of IVDs. However, the burden of infectious
diseases is predominant in less wealthy nations, and the market
for IVDs can be unstable given the transient or inconsistent
demand for particular tests. One way to reconcile this conflict
is to look for synergies in IVD requirements between chronic
and infectious disease, such that IVDs that are developed to
serve the chronic market could be rapidly reengineered and
deployed against an infectious disease threat. In the context of
epidemics, this would yield platform technologies that are
“epidemic sensitive” rather than “epidemic specific”. However,
in academic publications there is pressure to go for specificity,
where we write papers tackling a specific disease/problem of
interest. We suggest that it would be more useful to allow the
versatility of an approach to shine through. The target then
must be to make systems where a minimal number of
components need to be changed to detect a new target, with
minimal reoptimization.
Mobile Health and Connected Diagnostics. Although the

power of combining nucleic acid IVDs and mHealth solutions
is obvious, there are still many challenges in practical
implementation. For example, the policy and regulation
governing mHealth concepts, software, and devices provide a
headache for regulatory bodies that have evolved to work
within the traditional centralized medicine model, though
there are advanced global efforts to make vital reforms here.160

There must be caution with regard to how mHealth solutions
are marketed and implemented, taking great care not to
impose upon people’s privacy, and balancing this against
potential stifling of innovation and impact. Another consid-

eration is that the deployment and operation of diagnostics
should not become completely reliant on digital connectivity,
given that 33% of the global population are not connected to
mobile Internet.161

Advanced Multiplexing Capabilities. The seemingly simple
transition from “does the patient have disease X?” to “which
disease does the patient have?” encompasses a huge
technological challenge. It requires tests to be multiplexed to
cover a range of infectious diseases, which increases the
complexity of the molecular biology and the device design,
with inevitable ramifications for end-point price. However, the
power of this approach is well worth the technological
investment required in engineering new solutions, and in this
review, we have discussed existing approaches that do possess
remarkable multiplexing potential. Beyond multiplexing,
conceptually the most powerful gene-based diagnosis of an
infectious disease is to perform genome-sequencing and
compare the results to extensive libraries of known sequences.
Therefore, instead of performing many tests in parallel, one is
performing a single test that can output the data necessary to
diagnose multiple diseases. However, current methods for
sequencing are still technologically demanding, and it is an
open question as to how far toward the point-of-care this
technology can penetrate. Nevertheless, there are some
extremely exciting examples of how sequencing can be used
in infectious disease diagnostics,162,163 and enzyme-assisted
amplification and/or detection could play a key role here.

Focus on Antimicrobial Resistance. Finally, but by no
means least, we would like to highlight the severe and
increasing threat to human health and wellness posed by
antimicrobial resistance (AMR). Currently, it is estimated that
AMR leads to at least 700,000 global deaths each year, a figure
that could rise to 10 million per year by 2050 if no action is
taken.164 While this number represents a worst case scenario, it
is clear that we must do something to combat AMR. Part of
our battle against the evolution of AMR is being able to quickly
discern whether an infection is viral or bacterial in nature, and
preferably what the pathogen is.165 With this knowledge,
deciding which treatment is required is far simpler, thus
circumventing the current approach of using broad spectrum
antibiotics as a first port of call for undiagnosed infections.
Future nucleic acid IVDs will likely play a key role here.

■ CONCLUSIONS
Historically, researchers have been incredibly adept at finding
ways to repurpose natural processes to drive technologies that
ultimately benefit the human race. This is particularly true in
the context of nucleic acid IVDs; after all, it was Mullis’s
intelligent repurposing of polymerases in the 1980s that
yielded the polymerase chain reaction, which forms the basis of
many of the nucleic acid amplification techniques discussed in
this review. Thanks to advances in synthetic biology, e.g.,
protein engineering, directed evolution, and DNA/RNA
engineering, we are now in a position to not only exploit
molecular biology, but actively modify and direct it toward new
and exciting challenges. We anticipate that these powers will
facilitate the development of promising next-generation nucleic
acid IVDs that can rapidly adapt to new threats.
Infectious diseases strike indiscriminately, leaving us all at

risk regardless of national boundaries and economic status.
Further, with the heaviest burden of infectious disease being
felt in resource-limited areas, the world’s poorest people are, by
no fault of their own, the most susceptible to life-threatening
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infections. Diagnosis is an absolutely key, but often overlooked,
part of disease treatment. The shift toward the point-of-care
requires a concerted, multidisciplinary effort; advances in
enzyme engineering, molecular biology, chemistry, and
engineering all contribute to the development of fully
integrated RDTs. While a substantial amount of work remains
to realize truly effective PoC nucleic acid diagnostics, each step
forward has brought the technology closer to the end user. It
stands to reason that further exploration will continue this
process, and enable the development of previously unimagin-
able diagnostic modalities. Moving forward, we must find ways
to address the challenges associated with not just the
development of diagnostic technologies, but more importantly
our ability to successfully deliver them where they are needed
most. Current and future research into nucleic acid IVDs,
encompassing both curiosity-driven fundamental science and
impact-focused engineering, provides an opportunity to
positively impact global health. It is our job now to maximize
this opportunity.
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8093 Zürich, Switzerland; orcid.org/0000-0002-2463-
4548

Leónard Bezinge − Institute for Chemical & Bioengineering,
Department of Chemistry & Applied Biosciences, ETH Zürich,
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Complete contact information is available at:
https://pubs.acs.org/10.1021/acssensors.0c01488

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

B.M. is supported by grant UG3CA241703 from the NIH
Common Fund, through the office of Strategic Coordination/
Office of the NIH Director, and a translational fellowship from
the RNA and disease Swiss National Center of Competence
(NCCR). All authors would like to acknowledge the support of
the Swiss Federal Institute of Technology.

■ ABBREVIATIONS

CRISPR, clustered regularly interspaced short palindromic
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case-dependent amplification; IVDs, in vitro diagnostics;
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qPCR, quantitative PCR; RBS, ribosome binding site; RCA,
rolling circle amplification; RDT, rapid diagnostic test; RPA,
recombinase polymerase amplification; RT-PCR, reverse
transcriptase polymerase chain reaction; SDA, strand displace-
ment amplification; ssDNA, single-stranded DNA

■ VOCABULARY

In vitro diagnostic - Diagnostic device that measures
analytes outside of the body.
Mobile health - Healthcare which exploits advancements in
mobile technologies (e.g., smartphones) and increased
access to communications infrastructure
Multiplexing - Detecting multiple biomarkers simultane-
ously either through the use of parallelization or orthogonal
signaling modalities (e.g., different colored dyes).
Platform technology - Versatile technology which can be
easily adapted, built upon, or integrated into existing
systems to address multiple diagnostic challenges, including
novel or emerging pathogens.
Point-of-care - Location at which a patient typically receives
care, e.g., a field hospital or doctor’s clinic.
Rapid diagnostic test - Diagnostic test that can deliver a
result at the point-of-care and within a practical time scale.
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