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Early disease detection through point-of-care (POC) testing is vital for quickly treating patients and preventing
the spread of harmful pathogens. Disease diagnosis is generally accomplished using quantitative polymerase
chain reaction (qQPCR) to amplify nucleic acids in patient samples, permitting detection even at low target
Review concentrations. However, qPCR requires expensive equipment, trained personnel, and significant time. These
LAMP resources are not available in POC settings, driving researchers to instead utilize isothermal amplification,
RPA conducted at a single temperature, as an alternative. Common isothermal amplification methods include loop-
mediated isothermal amplification, recombinase polymerase amplification, rolling circle amplification, nucleic
acid sequence-based amplification, and helicase-dependent amplification. There has been a growing interest in
combining such amplification methods with POC detection methods to enable the development of diagnostic
tests that are well suited for resource-limited settings as well as developed countries performing mass screenings.
Exciting developments have been made in the integration of these two research areas due to the significant
impact that such approaches can have on healthcare. This review will primarily focus on advances made by
North American research groups between 2015 and June 2020, and will emphasize integrated approaches that

Point-of-care detection

reduce user steps, reliance on expensive equipment, and the system’s time-to-result.

1. Introduction

Early disease detection through point-of-care (POC) testing is vital
for quickly treating patients and preventing the spread of harmful
pathogens. POC testing occurs at the time and place of patient care,
allowing for early-stage diagnoses and quick medical decisions. Such
tests are well suited for resource-limited settings, as they are inexpen-
sive, require minimal equipment, and eliminate the need for patient
follow-up visits.

However, the diagnosis of many diseases is accomplished using
quantitative polymerase chain reaction (qQPCR), which requires trained
laboratory personnel, numerous liquid-handling steps, and expensive
equipment, such as a thermocycler. Isothermal amplification offers an
alternative to qPCR, allowing for nucleic acid amplification to occur at a
single, constant temperature, eliminating the need for a thermocycler.
Common isothermal amplification approaches include loop-mediated
isothermal amplification (LAMP), recombinase polymerase amplifica-
tion (RPA), rolling circle amplification (RCA), nucleic acid sequence-
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based amplification (NASBA), and helicase-dependent amplification
(HDA). A number of alternative detection methods have recently been
developed, ranging from colorimetric detection to paper-based detec-
tion methods. This expanding toolbox enables POC detection that does
not depend on expensive laboratory equipment or complicated pro-
cedures, and reduces the time-to-result. Despite significant advances in
the rapidly developing field of POC testing, most recent reviews focus
only on POC detection or isothermal amplification, with limited reviews
interfacing the two. A paper by Lau and Botella reviewed isothermal
amplification and POC detection, but focused on plant diseases (Lau and
Botella, 2017), while another review by Li and Macdonald discussed
isothermal amplification, but included non-POC detection methods such
as gel electrophoresis (Li and Macdonald, 2015). An additional review
by Giuffrida and Spoto focused on the integration of isothermal ampli-
fication methods into microfluidic devices, including many that were
not POC due to their high complexity (Giuffrida and Spoto, 2017).
Similarly, three reviews by Abaibou and coworkers, Bau and coworkers,
and Kuhlmeier and coworkers focused on the integration of isothermal
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amplification and POC detection using microfluidic devices (Maffert
et al., 2017; Mauk et al., 2018; Troger et al., 2015). This review is a
comprehensive survey of recent advances that merge isothermal
amplification and POC detection, as such an integration can benefit
low-resource areas as well as developed countries requiring mass
screening of individuals.

In this review, research investigations that have combined
isothermal amplification approaches and POC detection methods are

A. | Starting material producing step
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discussed to provide an overview of recent developments (primarily
January 1, 2015-June 30, 2020). This review is part of a special issue
focusing on biosensing research in North America. In addition, we have
focused on research that is related to human diseases, and therefore,
have not included veterinary, environmental, biowarfare, and most
foodborne pathogen applications. The mechanisms for each of the
isothermal amplification methods (LAMP, RPA, RCA, NASBA, and HDA)
will be overviewed, followed by a summary of advances in POC
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Fig. 1. Steps in the LAMP mechanism. (I) Initiation of LAMP results in the generation of a dumbbell structure. (II) Stem-loop structures are generated in the cyclic
stage of LAMP. (III) Stem loop structures are elongated; amplification occurs exponentially (Notomi et al., 2000) (CC BY 4.0 license: https://creativecommons.

org/licenses/by/4.0/).
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detection systems. Two additional isothermal amplification methods
(strand displacement amplification and nicking enzyme amplification
reaction) will also be briefly discussed.

2. Loop-mediated isothermal amplification
2.1. Introduction

Since its invention by Hase and coworkers in 2000, LAMP has been a
major focus for the development of POC technologies due to its
simplicity, high sensitivity, and rapidity (Notomi et al., 2000). LAMP
occurs between 60 and 65 °C and can amplify DNA up to 10°-10° times
in 15-60 min (Chen et al., 2016; Itou et al., 2014). In contrast to PCR,
which generates amplicons of a uniform size, LAMP produces amplicons
of various lengths, ranging from approximately 300 bp to 10 kb (Notomi
et al., 2000).

The LAMP reaction mixture includes Bst DNA polymerase, deoxy-
nucleoside triphosphates (dNTPs), double-stranded target DNA, and
four primers specific to each target sequence. These four primers consist
of two outer and two inner primers, the latter of which are each
composed of two complementary sequences (Notomi et al., 2000).
Amplification occurs through strand displacement activity by Bst DNA
polymerase. The reaction is initiated when a forward inner primer (FIP)
hybridizes to the target sequence and is extended, replacing one of the
original strands. This strand displacement process repeats with the for-
ward outer primer (F3) so that the strand containing the FIP is released.
The released strand then hybridizes to itself due to the inclusion of the
complementary sequence, forming a loop structure. The same process
repeats on the opposite side of the released strand with the backward
inner primer (BIP) and backward outer primer (B3), resulting in a
dumbbell structure with a self-hybridizing loop on each end (Fig. 1-I).

This dumbbell structure has multiple sites for initiation and serves as
a starting point for the second cyclic stage of LAMP. Through self-primed
DNA synthesis, the dumbbell is converted to a stem-loop structure, from
which more dumbbell structures are generated (Fig. 1-II). The stem-loop
structures themselves are elongated and amplified exponentially in the
third stage of LAMP (Fig. 1-III). The final products are duplex stem-loop
DNAs of various lengths, with each single strand containing inverted
repeats of the target sequence.

The longer primer length and the use of four primers derived from six
regions of the target sequence make LAMP highly specific and less
sensitive to non-target DNA than conventional PCR (Itou et al., 2014).
LAMP is relatively simple, as it requires only one type of enzyme and
fewer DNA processing steps (Tomita et al., 2008). For example, Bst DNA
polymerases adapted for LAMP are relatively tolerant of blood proteins
that strongly inhibit DNA polymerases used in PCR (Mohon et al., 2016).
It is important to note that the concentrations of LAMP reagents such as
magnesium sulfate, dNTPs, and betaine may be optimized for maximum
assay sensitivity and efficiency (Njiru et al., 2011). These optimal con-
centrations are dependent on the specific target and primer sequences,
so the development of a general LAMP kit that only requires the addition
of primers may not be possible (Njiru, 2012). Another consideration is
that LAMP amplicons are of a wide range of lengths, so the detection
method applied must be able to identify target-specific products inde-
pendent of sequence length (Chen et al., 2016). Additionally, the length
of the target sequence should typically be less than 300 bp, as LAMP
functions poorly for target DNA of more than 500 bp due to the
rate-limiting step of strand displacement DNA synthesis (Notomi et al.,
2000).

2.2. Detection methods

2.2.1. Colorimetric

Endpoint detection of LAMP products has been achieved through the
use of colorimetric indicators. One such indicator is hydroxynaphthol
blue (HNB), which changes color from violet to sky blue as the
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concentration of magnesium ions decreases as a result of amplification
(Goto et al., 2009). Unlike some intercalating dyes that must be added
after amplification is complete, such as SYBR Green, HNB can be present
in the initial LAMP reaction solution. This feature of HNB is advanta-
geous because opening the tube following amplification increases the
risk of cross-contamination of subsequent LAMP reaction solutions via
DNA aerosols. HNB-based LAMP assays provided detection of Loa loa
down to 0.1 pg/mL of crude DNA lysate from blood spot and spiked
microfilaria samples, and Chlamydia trachomatis down to 4.5 x 10°
copies in 3 pL of crude DNA lysate from endocervical samples (Choopara
et al., 2016; Drame et al., 2014). The Liu group enhanced the HNB
colorimetric signal by loading preprocessed samples into a microfluidic
chip inside a “smart” heating cup, where they were analyzed by a
smartphone app (Yin et al., 2019). The smart cup produced heat through
an exothermic reaction and maintained the temperature using a phase
changing material. When the system was used for human papilloma
virus (HPV)-associated cancer screening in clinical samples, the results
were consistent with those obtained from qPCR and the conventional
Pap smear test.

Visual detection of LAMP products has also been realized using pH-
sensitive dyes, which indicate the decrease in pH caused by DNA poly-
merase activity (Tanner et al., 2015). LAMP assays using neutral red and
phenol red to target DNA sequences of three different filarial parasites
were able to detect 1/10-1/5000™ of one microfilaria in 2 pL of a pu-
rified DNA sample (Poole et al., 2017).

2.2.2. Turbidity

One of the by-products of LAMP is magnesium pyrophosphate, a
white salt precipitate that forms when pyrophosphate ions from dNTPs
bind with magnesium ions from magnesium sulfate (Tomita et al.,
2008). The resultant turbidity can serve as a measure for detection. The
Li laboratory developed an inexpensive, battery-powered spectropho-
tometric system for analysis on a microfluidic chip (Dou et al., 2016).
When the system was tested using the LAMP turbidity signal for the
detection of Neisseria meningitidis, the limit of detection (LOD) was 15.3
ng/pL of a purified DNA sample.

2.2.3. On-paper

Due to its low cost and ease of production, the most common
implementation of LAMP-based paper detection is the lateral-flow
immunoassay (LFA). In addition to being cheap and easy to manufac-
ture, the LFA is rapid, user friendly, and requires no equipment. How-
ever, it suffers from poor sensitivity due to having a relatively high
detection limit. To address this problem, LAMP can be used to amplify a
target nucleic acid sequence at an originally low concentration to enable
detection by LFA, thereby increasing LFA sensitivity (Rodriguez et al.,
2015). The Klapperich Group translated LAMP and LFA detection into an
integrated paper chip format for the detection of HPV (Rodriguez et al.,
2016). The modular, foldable apparatus was composed of tape and
paper, and LAMP was conducted in a polyethersulfone membrane,
reducing the amount of liquid-handling steps required. Within 45 min,
the device achieved an LOD of 10* copies/mL from DNA standards that
were purified with QIAquick Extraction Kits.

Linnes and coworkers developed a microfluidic rapid and autono-
mous analytical device (microRAAD) consisting of a microfluidic paper-
based analytical device containing an electronic chip to maintain the
appropriate temperature (Fig. 2) (Phillips et al., 2019). The paper
membrane doubled as a filter, using size-based separation to extract HIV
from whole blood. The device was assembled by placing the electronic
and paper components into their plastic housing, after which the wash
buffer and sample could be added to their respective inlets. HIV RNA
extraction and detection from whole blood was completed within 90
min with an LOD of 2.3 x 107 copies/mL in whole blood.

The Yoon Group used a printed paper-wax channel to filter out RNA
from solutions containing lysed Zika virus (ZIKV) or other flaviviruses
(Kaarj et al., 2018). Due to electrostatic and size properties, only RNA
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Fig. 2. Structure of microRAAD. A) Workflow for HIV detection: (1) The user
assembles the device in the plastic housing. (2) Wash buffer and sample are
deposited into inlets and sealed with tape. (3) Heating is initiated by powering
with a cellular phone. (4) Temperature was maintained at 65 °C for 90 min (5)
Results were analyzed on LFA. B) The assembled device connected to phone
power. Reprinted with permission from Phillips et al. (2019) - Published by The
Royal Society of Chemistry.

molecules were able to migrate to the end. A reverse transcription LAMP
(RT-LAMP) reaction mixture containing phenol red pH indicator was
then dispensed onto the filtrate, and the paper underwent a color change
due to an increase in acidity from proton byproducts released by DNA
polymerase during phosphodiester bond formation. While the color
change was visible to the naked eye, results could be further quantified
with smartphone imaging. When tested with ZIKV-spiked urine and
plasma samples, this method achieved accurate results within 10 min of
amplification, and an LOD of 1 copy/pL. However, the color changes
were inconsistent until concentrations were increased to at least 100
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copies/mL.

Another test for ZIKV used a novel device to manage its liquid-
handling steps (Jiang et al., 2018). This device consisted of three sec-
tions connected linearly along a rail: buffer, mixing, and paper-based
detection units. The buffer unit contained four reservoirs filled with
lysis buffer, binding buffer, and two with wash buffer. When the mixing
and detection units moved along the rail, a pin would trigger a ball to
release liquid. After RNA lysis and enrichment, the mixture was washed
into the detection unit which was then separated and allowed to un-
dergo LAMP in a battery-powered coffee thermos. Results were visual-
ized by the naked eye with SYBR Green and a blue LED flashlight. This
device demonstrated an LOD of 0.5 plaque-forming units (PFU)/140 pL
in urine or saliva samples.

Ellington and coworkers used LAMP amplicons to capture human
chorionic gonadotropin (hCG), the easily detected protein indicator of
pregnancy (Du et al., 2017). As a result, over-the-counter LFA pregnancy
tests could be readily purchased and used as a means to test amplified
products. Tests were performed on solutions composed of purified
genomic samples spiked into water, human serum, and saliva. Using the
store-bought devices to detect tagged products, they were able to detect
a minimum of 20 copies for Zaire Ebola Virus (ZEBOV) and 2000 copies
for the melanoma-associated SNP allele, BRAF V600E. Dehydrated
hCG-DNA probes could be stored for 90 days with no significant loss in
detection capability.

In a recent study, paper-based LAMP diagnostics were used in
conjunction with CRISPR Cas-12 to detect severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) (Broughton et al., 2020). This
method simultaneously performed reverse transcription and amplifica-
tion of RNA from nasopharyngeal or oropharyngeal swabs in universal
transport medium. Following amplification, reaction products were
introduced to a CRISPR Cas-12 assay. The gRNAs specific to the E and N
genes of SARS-CoV-2 complexed with Cas-12, allowing it to cleave
single-stranded DNA (ssDNA) probes when in the presence of the target
sequence. Uncleaved probes were captured on the control line, while
cleaved probes were captured on the test line, making the presence of
two lines indicative of a positive result. The amplification, Cas-12 re-
action, and detection process were all completed within 45 min if done
manually, achieving an LOD of 104 copies/mL.

2.2.4. Fluorescent

Fluorescent dyes are commonly used for the visual detection of
LAMP products. EvaGreen dye can be present during the LAMP reaction
because it causes less inhibition of DNA polymerase compared to in-
dicators such as SYBR Green 1, which must be added after amplification
(Lee et al., 2017). Dye compounds that must be added after amplifica-
tion are not as ideal for POC diagnostics due to the risk of contamination
when opening the tube and the increase in liquid-handling steps. It
should also be noted that intercalating fluorescent dyes, which indi-
rectly detect LAMP amplicons, may potentially cause false positives by
binding to non-target double-stranded DNA (dsDNA), especially after
extended reaction times (Hardinge and Murray, 2019).

Multiple groups have incorporated EvaGreen into microfluidic
smartphone-based LAMP systems. The Bashir laboratory developed an
RT-LAMP microchip platform for the multiplexed detection of Zika,
dengue, and chikungunya viruses in whole blood (Ganguli et al., 2017).
Samples were processed and amplified on a microfluidic card, which
was then inserted into a battery-powered heating device with a smart-
phone cradle for real-time fluorescence imaging. The system was able to
detect ZIKV at concentrations as low as 10 copies/pL. An earlier pro-
totype of this assay was able to detect as few as three RNA copies derived
from whole blood in a 60 nL reaction droplet (Damhorst et al., 2015).

The Liu group adapted their previously discussed smart cup device
for a fluorescence-based test (Liao et al., 2016). Using a smartphone
camera to monitor EvaGreen fluorescence in real time, this assay
detected down to 100 copies of HSV-2 DNA in a 22 pL reaction mixture.
Similarly, Cunningham and coworkers developed a smartphone-based
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microchip device for the endpoint detection of five equine respiratory
infectious diseases (Sun et al., 2020). The LOD was 5.5 x 10* DNA
copies/mL of a processed, spiked horse nasal swab solution.

EvaGreen was incorporated into a one-pot RT-LAMP assay for the
detection of avian influenza H5N1 in blood, achieving an LOD of 16.2
50% embryo infectious dose/mL (Tang et al., 2016). However, this
system had multiple tube-opening steps, making it less optimal for use at
the POC.

Another intercalating dye, SYTO 81, was part of a LAMP assay that
involved real-time, smartphone-based detection and a microfluidic card
that utilized an “airlock” mechanism to load samples (Stedtfeld et al.,
2015). This assay was able to detect down to 20 copies of DNA extracted
from Escherichia coli (E. coli) per ~1.8 pL reaction well.

Another fluorescent indicator used with LAMP is calcein, which is
quenched upon initial binding with manganese ions (Tomita et al.,
2008). Pyrophosphate ions produced during LAMP deprive calcein of
the manganese ions, allowing calcein to emit green fluorescence. This
fluorescence signal is further strengthened when calcein then complexes
with magnesium ions in the solution. Calcein was integrated with an
instrument-free microfluidic platform, which was heated by a
battery-powered device, for the rapid detection of Bordetella pertussis
(B. pertussis) (Dou et al., 2019). This approach demonstrated an LOD of 5
copies originating from 3 pL of a processed, spiked nasopharyngeal swab
sample.

A smartphone-based LAMP system incorporated calcein for the real-
time quantitative detection of bacterial pathogens in urinary sepsis pa-
tients (Barnes et al., 2018). This platform analyzed urine samples with
results matching those of clinical diagnostics but with a much shorter
turnaround time. The LOD of Salmonella typhimurium (S. typhimurium) in
buffer was <10 colony forming units (CFU)/mL. Note that the sample
preparation steps in this assay could be simplified to make the assay
more POC-friendly.

Other systems utilized fluorescently labeled oligonucleotide strand
displacement probes that are incorporated into LAMP amplicons (Bha-
dra et al., 2015, 2018; Jiang et al., 2017; Priye et al., 2017). In an
RT-LAMP assay for the multiplexed detection of Zika, dengue, and chi-
kungunya viruses in urine samples, probes for each virus were labeled
with a different dye to produce a color-coded fluorescent readout (Yaren
et al., 2017). The LODs were ~0.71 PFU, ~1.22 PFU, and ~38 copies of
Zika, dengue, and chikungunya viral RNA, respectively, for 1 pL of pu-
rified and extracted viral RNA sample that was mixed with urine.

LAMP has demonstrated potential for POC testing for SARS-CoV-2.
Using SYBR Green 1 fluorescence, an RT-LAMP assay achieved detec-
tion of 304 viral copies in a 2 pL sample volume within 30-45 min (Lamb
et al., 2020). This test was found to be compatible with various human
specimens, including serum, urine, saliva, oropharyngeal swabs, and
nasopharyngeal swabs.

2.2.5. Electrochemical

The Li group took a unique detection approach by translating posi-
tive amplification into the production of glucose, which was then
measured by a commercial glucose meter (Du et al., 2015). Each of four
types of single-stranded loops in LAMP amplicons initiated a specific
strand exchange reaction that released invertase, which then converted
sucrose to glucose. This RT-LAMP system accomplished detection of
Middle East respiratory syndrome coronavirus and ZEBOV down to
20-100 RNA copies/pL in preprocessed buffer, sputum, and saliva
samples.

3. Recombinase polymerase amplification
3.1. Introduction
Developed by Armes and coworkers in 2006, RPA takes advantage of

recombinant proteins to amplify DNA with specificity and sensitivity
comparable to PCR (Piepenburg et al., 2006). RPA is currently

Biosensors and Bioelectronics 170 (2020) 112674

commercialized by TwistDx™, which offers kits for fluorescent and LFA
detection. Alongside standard liquid reagents, TwistDx"™ offers lyoph-
ilized kits with a longer shelf life intended for POC use. The effectiveness
of an RPA reaction is dependent on a number of factors: temperature,
reaction time, primer and probe design, and amplicon size. RPA per-
forms optimally at temperatures between 37 and 42 °C, with the reac-
tion run for approximately 20 min (Sun et al, 2016). RPA is
advantageous in that it only needs two primers, while LAMP requires at
least four primers. Compared to PCR, RPA primers are relatively long,
typically between 32 and 35 nucleotides. Shorter primers between 18
and 25 nucleotides have been used, albeit with decreased reaction speed
and sensitivity (Fuller et al., 2017; Mayboroda et al., 2016; Wang et al.,
2017a). Most RPA literature employs amplicons with sizes between 100
and 250 nucleotides, but amplicons as small as 79 nucleotides and as
large as 1941 nucleotides have been reported (Jauset-Rubio et al.,
2016a, 2016b; 2017; Martorell et al., 2018; Wang et al., 2017b).

RPA can amplify both DNA and RNA with great specificity. While
RPA is highly specific amongst non-closely related species (100% in
most cases), its tolerance of mismatches makes multiplex detection
among closely related species less successful (Mondal et al., 2016).
However, this slight mismatch tolerability can be advantageous, as it
allows for more flexibility in primer design for highly polymorphic
targets (Boyle et al., 2013). Additionally, the sensitivity of RPA can be
negatively affected by the presence of the crowding agent Carbo-
wax20M (a standard RPA reagent) at low target copy levels since Car-
bowax20M can increase the viscosity of the solution, which in turn,
decreases the rate of diffusion. However, a short mixing step, which can
be as simple as 8-10 inversions followed by a spin down in a micro-
centrifuge, can resolve this issue by decreasing the length scales for
diffusion (Lillis et al., 2016b). Although RPA is robust in the presence of
traditional PCR inhibitors (hemoglobin, ethanol, and heparin), ampli-
fication can be inhibited by high background DNA concentrations
(Kersting et al., 2014; Rohrman and Richards-Kortum, 2015).

To begin RPA, the T4 UvsX recombinase binds to the oligonucleotide
primers with the assistance of T4 UvsY protein (loading factor) to form
recombinase-primer complexes (Fig. 3). These complexes scan dsDNA
for homologous sequences and initiate strand invasion at cognate sites.
The displaced DNA strand is stabilized by single-stranded binding pro-
teins in order to prevent the expulsion of the primer complex by branch
migration. After recombinase disassembly, a strand displacing DNA
polymerase (the large fragment of Bacillus subtilis POL I, Bsu) binds to
the 3’ end of the primer and primer extension ensues in the presence of
dNTPs. Exponential amplification is achieved through the cyclic repe-
tition of this mechanism.

3.2. Detection methods

3.2.1. Colorimetric

Colorimetric detection can be integrated with RPA due to its low
cost, short assay time, and visual readout. Standard colorimetric
detection typically takes advantage of the reaction between 3,3',5,5'-
tetramethylbenzidine (TMB) and horseradish peroxidase (HRP) in the
presence of hydrogen peroxide (H202), which produces a blue-colored
product visible to the naked eye.

A TMB-HRP system was developed for the detection of long non-
coding HOX transcript antisense intergenic RNA in ovarian cancer
cells with an LOD of 10 cells/mL from purified RNA samples using
naked-eye detection (Islam et al., 2018). Biotinylated amplicons were
produced and then bound by a streptavidin-HRP complex. The reaction
between TMB and HRP produced a visible color change that served as
the signal (Fig. 4). The multiplex colorimetric detection of 16 pathogens,
including but not limited to HIV, HPV, and ZIKV, was demonstrated by
Bau and coworkers using an RPA-LAMP based microfluidic device (Song
et al.,, 2017). The chip was composed of a main chamber for the
first-stage RPA reaction which branched into numerous chambers for the
second-stage LAMP reactions. Following RPA, the solution diffused into
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allowed for more quantitative measurements by comparison to a control
and the application of preprogrammed thresholds to determine positive
and negative results.

3.2.2. On-paper

By far, the most common platform utilized for endpoint detection of
RPA products is the LFA. Results can be achieved rapidly and with a
highly intuitive visual readout using gold nanoparticles (GNs). To ach-
ieve detection with an LFA, an additional probe is required alongside the
two standard primers (Fig. 5a). This probe is typically 46-52 nucleotides
long and contains a 5’ label (carboxyfluorescein, digoxin, etc.), an in-
ternal abasic site (tetrahydrofuran or dSpacer), and a 3’ block. An
endonuclease IV is used to cleave the abasic site when the probe forms
dsDNA, and an extendable 3" hydroxyl group is formed, transforming the
probe into a primer. To produce a dual-labeled amplicon, an opposing
primer with a different 5’ label is required. This dual-labeled amplicon
can then be detected by antibodies in a sandwich assay format.

Detection of RPA amplicons using an LFA was first demonstrated by
Armes and coworkers in 2006 (Piepenburg et al., 2006). This LFA
technology for RPA is currently commercialized by TwistDx ™ in the
form of the Milenia HybriDetect 1 and the Milenia HybriDetect 2 strips,
by far the most popular strips used in the literature. Numerous publi-
cations detail detection of various pathogens - including Orientia tsut-
sugamushi, Plasmodium falciparum, Rickettsia typhi, Leishmania Viannia
spp., and Entamoeba histolytica — using the aforementioned commercial
LFA strips (Chao et al., 2015; Lalremruata et al., 2020; Nair et al., 2015;
Saldarriaga et al., 2016). For all cases mentioned, results were obtained
within 1 h for both amplification and detection with LODs as low as 10
DNA copies per reaction. An RPA-LFA detection scheme (LOD of 1 pg/pL
purified DNA sample) has also been shown to improve the detection of
purified Fasciola hepatica DNA from adult stool samples compared to
PCR (LOD of 1.6 pg/pL purified DNA sample) (Cabada et al., 2017). The
LFA has also shown successful multiplex detection, with the Macdonald
group demonstrating hepta-plex detection using seven distinct 5’ labels:
biotin, digoxigenin, TAMRA™, Texas Red-X, Cascade Blue C6-NH,
DNP-X C6-NH, and Dansyl C6-NH (Li et al., 2019). They found that
LODs for Rift Valley fever virus S, in water, using Cascade Blue (5.11 x
102 copies/pL), DNP (5.11 x 10° copies/pL), and Texas Red (5.11 x 10*
copies/pL) were 10-1000 times higher than those using digoxigenin,
Dansyl, and TAMRA (all three at 5.11 copies/pL) and biotin (511
copies/pL), highlighting the need for further optimization (Fig. 6). To
further optimize lateral-flow detection for application at the POC, paper

Fig. 4. Colorimetric detection using a TMB-
HRP system. The target nucleic acid
sequence is amplified with RPA using bio-
tinylated deoxyuridine triphosphates
! (dUTPs). Streptavidin-HRP and streptavidin-
magnetic beads bind to the biotinylated
amplicons which are then magnetically iso-
lated and purified. In the presence of TMB, a
color change occurs allowing for the naked
eye detection of positive samples. Reprinted
with permission from (Islam et al., 2018).
Copyright 2018 Royal Society of Chemistry.
(For interpretation of the references to color
in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 5. Modified probes for RPA detection.
A) The nfo probe is composed of a 5’ label,
an internal abasic site such as tetrahydro-
furan (THF), and a 3’ block. The probe is
exchanged at the cognate site using recom-
binase proteins and the abasic site is cleaved
by an endonuclease (yellow). The probe is
converted to a primer and DNA polymerase
(purple) begins extension. B) The fpg probe
is cleaved by glycosylase/lyase E coli. fpg at
the dR site (the deoxyribose of the abasic site
via a C-O-C linker) to release the fluorophore
and allow a fluorescent signal to develop. C)
The exo probe is cleaved by the E. coli
exonuclease III at the abasic site (THF)
releasing the fluorophore from the quencher
and creating a fluorescent signal. (For
interpretation of the references to color in
this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 6. Septa-plex amplification and detection using RPA-LFA. A) Positioning of the antibodies in the 7 segment display. B) Number displays based on amplicon tags.
C) Corresponding 5’ forward primer labels necessary for the aforementioned number displays. D) Successful detection of targets with visible numbers 0-9 and control
lines (composed of rabbit anti-mouse antibody). Reprinted with permission from (Li et al., 2019). Copyright 2019 American Chemical Society.
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and plastic devices have been developed for the detection of Plasmodium
DNA and HIV RNA with the addition of reverse transcriptase (Cordray
and Richards-Kortum, 2015; Rohrman and Richards-Kortum, 2012).
These devices store lyophilized enzymes and facilitate mixing of reac-
tion components, and are small, lightweight, and easy to use, making
them particularly suitable for the POC.

3.2.3. Fluorescent

RPA can also be monitored in real-time as opposed to an endpoint
detection assay. Real-time RPA typically uses fluorescent labels and
fluorometers to measure signal output over time. While these fluorom-
eters are not inherently portable, rechargeable versions have been
created that are more POC-friendly. Although no longer sold by
TwistDx M, the Twista® Portable Real-Time Fluorometer is one example
of a portable fluorometer that has been used in POC applications (Jiang
et al., 2020).

Exo and fpg probes are commonly used in place of nonspecific flu-
orophores (Fig. 5b and c). The exo probe is composed of a blocked 3’ end
and a dT-fluorophore and dT-quencher next to a dSpacer, such that a
fluorescent signal is initiated by the cleaving of the dSpacer site once the
probe binds a complementary target. The fpg probe, while similar to the
exo, differs in the location of the fluorophore and quencher. It contains
the same blocked 3’ end, but the quencher is attached to the 5’ end and
the fluorophore is linked to an abasic nucleotide situated 4-5 nucleo-
tides away. Once the probe binds homologous DNA, the E. coli exonu-
clease III or the glycosylase/lyase E. coli fpg cleaves at the abasic site and
a fluorescent signal is generated.

Real-time fluorescent detection was demonstrated for DNA and RNA
products in singleplex and multiplex applications. Reverse transcription
RPA was used for the cross-subtype detection of HIV-1 in a comparison
of fluorescent detection using the exo probe and LFA detection using the
nfo probe (Lillis et al., 2016a). Both fluorescent and lateral-flow detec-
tion produced an LOD of 30 copies of HIV-1 RNA using samples
extracted from blood using a QIAamp DNA Blood Mini Kit and were able
to accurately detect up to seven HIV-1 subtypes. Additionally, the Lee
laboratory demonstrated multiplex fluorescent detection of Campylo-
bacter coli (C. coli) and Campylobacter jejuni (C. jejuni) in various food
samples including chicken broth, chicken meat, and eggs (Kim and Lee,
2017). The assay exhibited an LOD of 1 CFU per reaction using purified
genomic DNA, as well as 1 CFU/mL and 10 CFU/g in chicken broth and
egg/meat samples, respectively. It was capable of specifically detecting
C. coli and C. jejuni when tested against 33 strains, of which 12 were
Campylobacter spp. and the other 21 were non-Campylobacter organisms.
Although most real-time RPA reactions are carried out in micro-
centrifuge tubes, the detection of methicillin-resistant Staphylococcus
aureus (MRSA) DNA has been shown using a microfluidic chip powered
by a fully integrated vacuum battery (Yeh et al., 2017). This chip was
able to amplify and detect DNA from whole blood samples in approxi-
mately 30 min between a range of 10-10° copies/puL, the most critical
range for determining antibiotic treatment effectiveness and predicting
mortality rate. Furthermore, a modified 3D printer capable of nucleic
acid extraction, amplification, and detection has been shown to provide
a limit of detection as low as 0.5 PFU/extraction for ZIKV RNA in saliva
samples (Chan et al., 2018).

3.2.4. Electrochemical

While electrochemical detection of RPA products is not typically
POC-friendly, the utilization of portable potentiostats and galvanostats,
as well as screen-printed carbon electrodes has made it amenable to POC
use. RPA-electrochemical detection is highly sensitive and is often used
as a quantitative detection method (Islam et al., 2018).

The Whitesides Group developed a handheld electrochemical device
capable of detecting up to 19 members of the genus Mycobacterium
(Tsaloglou et al., 2018). This device takes advantage of [Ru(NHzs)g] 3+ as
an electroactive mediator for electrochemical detection of DNA. When
the ruthenium complex binds dsDNA, the number of free ruthenium

Biosensors and Bioelectronics 170 (2020) 112674

complexes drops in proportion to the amount of DNA present in the
initial sample, decreasing the cathodic current that can be measured
voltametrically. This device is particularly useful for samples that
require elaborate purification and provides rapid and sensitive detection
down to approximately 0.040 ng Mycobacterium tuberculosis
(M. tuberculosis)/pL of purified genomic DNA. Although electrochemical
detection is not currently the best suited detection method for resource
poor settings, it shows great potential for future use in POC applications.

4. Rolling circle amplification
4.1. Introduction

RCA is one of the earliest documented isothermal amplification
techniques. It was developed in 1989 by Salas and coworkers, based on
the principles of rolling circle replication (Blanco et al., 1989; Liu et al.,
1996). These reactions are simple to design and well suited for POC
applications due to a mild operating temperature of 25-37 °C and rapid
amplification, occurring within 1 h (Ali et al., 2014). RCA requires a
circular template and a DNA or RNA polymerase with high processivity
and strand-displacing activity (most frequently $29 DNA polymerase).
The polymerase synthesizes long ssDNA or ssRNA that is complementary
to the circular template, containing tandem repeats of the target. This
allows for a 107-fold amplification with high specificity, as the system
can amplify a single copy of target DNA with 100,000 copies of back-
ground DNA (Nelson et al., 2002). This robust system has been applied
to the amplification of DNA, RNA and microRNA (miRNA), infectious
pathogens, and single nucleotide polymorphisms. Following the 2003
SARS outbreak, sensitive RCA-based assays were designed to detect
SARS-CoV down to a single target viral template (Wang et al., 2005).
This demonstrates the potential for RCA to improve the sensitivity of
rapid tests for SARS-CoV-2. RCA is unique in that it requires a circular
template, making it compatible with amplification of circular viral ge-
nomes without need for a circularization step. Furthermore, RCA can be
conducted in solution as an in-tube reaction, or solid phase, in which
probes are bound to a solid support, such as a microarray. Additionally,
because of repeated sequences in the product, RCA is well suited for
hybridization-based assays.

There are three primary approaches to RCA: linear, ligation, and
hyperbranched (HRCA) (Fig. 7). RCA reactions contain the following
components: a DNA or RNA polymerase, a short oligonucleotide primer,
a circular template, and dNTPs. The strand-displacing polymerases most
commonly used are Bst, $29, and vent (exo-) DNA polymerases or T7 for
RNA. The polymerase binds to the primer and synthesizes the strand
complementary to the circular template using dNTPs.

Linear RCA is the most basic form, using a single-stranded circular
template that is between 15 and 200 nucleotides (Fig. 7b). A short DNA
or RNA primer anneals to the template, and the polymerase adds nu-
cleotides complementary to the template in the 5’ to 3’ direction using
dNTPs in the solution. When the polymerase circles the template back to
the primer binding site, the synthesized strand is displaced and the po-
lymerase continues synthesizing the complementary strand. This results
in long ssDNA or ssRNA with repeated sequences corresponding to the
entire circular template.

Ligation RCA is used to convert linear DNA or RNA into a circular
template which then enters the RCA cycle by using a padlock probe
(Banér et al., 1998; Jonstrup et al., 2006). The single-stranded padlock
probe has ends that are complementary to the 3’ and 5’ ends of the target
strand. Both ends of the padlock probe are hybridized to the target
sequence with DNA ligase, circularizing the template (Fig. 7a). This
process is highly specific; a single nucleotide mismatch is enough to
prevent circularization (Xu et al., 2012). Once circularized, it is ampli-
fied by either linear RCA or HRCA.

HRCA uses additional primers to achieve exponential amplification
(Lizardi et al., 1998). As with linear RCA, the forward primer is extended
by the polymerase to create ssDNA with tandem repeats complementary
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Fig. 7. Schematics of RCA mechanisms. A) Ligation RCA. B) Linear RCA. C) Hyperbranched RCA.

to the circular template. The reverse primer binds to the newly syn-
thesized DNA and is extended by the polymerase to create a dsDNA
branch at each repeat (Fig. 7c).

4.2. Detection methods

4.2.1. Colorimetric

Several approaches have been taken to allow for colorimetric
detection of RCA products. Colorimetric detection is primarily achieved
using enzyme substrates, dyes, and pH indicators. The most common
enzyme substrates are 2,2'-azinobis[3-ethylbenzothiazoline-6-sulfonic
acid]-diammonium salt (ABTS) and TMB.

ABTS oxidation results in a colorimetric signal that can be detected
with the naked eye. The RCA template can be designed to form G-
quadruplex structured products that associate with hemin, creating a
DNAzyme with peroxidase-like activity (Roembke et al., 2013). In the
presence of HyO,, these DNAzymes catalyze the oxidation of ABTS,
leading to a visible shift in color. An ABTS-based system employing
peptide nucleic acids (PNAs) was developed by Gomez and coworkers,
in which the PNAs allowed the remainder of the DNA to remain double
stranded, reducing background signal. The PNAs complexed with the
target DNA, creating the site for padlock probe ligation, which

circularized the template for subsequent HRCA (Fig. 8) (Gomez et al.,
2014). The template contained multiple nicking enzyme sites, which
produced new sites for strand displacement reactions, facilitating
exponential amplification. The colorimetric readout allowed for
discrimination of E. coli, S. typhimurium, and Clostridium difficile
(C. difficile) with single-base specificity and LODs of 10 and 100 fM
purified DNA in buffer from C. difficile and Salmonella, respectively. In
another =~ ABTS-based  design, Li and coworkers used
aptamer-functionalized microbeads to capture, purify, and concentrate
platelet-derived growth factor-BB (PDGF-BB) (Tang et al., 2012). A
sandwich complex was formed as a secondary aptamer, containing the
RCA primer and template, bound to the target. Upon target recognition,
RCA was initiated, with rational template design allowing for the for-
mation of a G-quadruplex-based DNAzyme to catalyze ABTS oxidation.
Absorbance increased as a function of concentration from 1 to 1000
pg/ml, as the solution became deepening shades of blue-green (Fig. 9).
As proof of concept, the system was used to test for PDGF-BB in serum
with an LOD of 0.2 pg/mL.

Yu and colleagues took a unique approach to colorimetric output
through the use of liquid crystals decorated with the cationic surfactant
octadecyltrimethylammonium bromide (Qi et al., 2019). Magnetic
beads were used as a probe, on which ligation RCA proceeded in the
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Fig. 8. Schematic of the PNA-based padlock probe system. A) The bis-PNAs bind to one strand of the target DNA, leaving the opposite strand open for padlock probe
ligation. B) The linear padlock probe hybridizes to the displaced strand to form a PD-loop. C) The circularized template undergoes HRCA. D) Nicking enzymes cut one
strand of the double-stranded product into multiple nicked pieces. Primer extension subsequently displaces the nicked strands which then form G-quadruplex
structures to complex with hemin to form DNAzymes. Reprinted with permission from (Gomez et al., 2014). Copyright 2014 American Chemical Society.
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Fig. 9. DNAzyme-mediated ABTS colorimetric detection of PDGF-BB, with
concentrations ranging from 0 to 1000 pg/mL. A) Photographs captured 5 min
after ABTS oxidation. B) Changes in absorbance as a function of time. C)
Absorbance at 415 nm as a function of PDGF-BB concentration. Reprinted with
permission from (Tang et al., 2012). Copyright 2012 American Chemi-
cal Society.

presence of the target biomarker in blood. Following amplification, the
product was transferred to the liquid crystal. In a positive sample, the
interaction between the amplified DNA on the magnetic beads and
adsorbed surfactant induced a planar orientation of the liquid crystal,
leading to a visible change in brightness (Fig. 10). The brightness was
quantified by imaging the liquid crystal to determine the bright area
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coverage ratio. As a proof of concept, this method was used to detect
PDGF-BB and adenosine in Tris-HCI buffer with LODs of 0.12 pM and 31
pPM, respectively, and also proved effective in heparin-anticoagulated
human blood. To determine specificity of the assay, the target—either
PDGF-BB or adenosine—was replaced with other proteins including
glucose oxidase, IgG, and thrombin. All other proteins resulted in a
bright area coverage ratio approximately equal to blank, while the target
resulted in a ratio of nearly 100%, indicating a high specificity. This
demonstrated the ability of this method to detect both macromolecular
and small molecule biomarkers with high specificity and sensitivity.

Finally, pH-responsive RCA detection appears to be a rapidly
developing approach to POC detection. During amplification, H" ions
are released as byproducts proportionately with amplification efficacy,
and can result in large changes in pH. Ligation RCA was used by Hamidi
and Perreault to amplify viral targets (HsN; virus or M13 bacteriophage)
in plasma with high sensitivity. Colorimetric changes as a function of
viral concentration were observed using the phenol red pH indicator
(Hamidi and Perreault, 2019). Unfortunately, the use of linear RCA
manifested in a narrow range of colors, making it difficult to detect with
the naked eye.

4.2.2. On-paper

Surprisingly, there has been less integration of RCA with detection
on paper. The Li group, however, developed a paper-based device that is
compatible with four different detection strategies (Liu et al., 2016). As
proof of concept, this assay was used to detect a region of the hepatitis C
virus genome and miRNA. A biotinylated DNA-streptavidin conjugate,
which acted as the RCA primer, was printed on a nitrocellulose mem-
brane, accompanied by pullulan-stabilized RCA reagents. Detection was
enabled by either (1) radiolabeling the RCA product, (2) hybridizing the
RCA product with a fluorophore-labeled probe, (3) functionalizing GNs
with a complementary probe for colorimetric detection, or (4) designing
the modified circular DNA template to create a peroxidase-like DNA-
zyme, which in the presence of hemin and H,O, oxidizes TMB for a
colorimetric output (Fig. 11).This work demonstrated that, due to the
restriction of reaction components to a nearly two-dimensional space,
the length scales for diffusion were significantly reduced. Since the
components could more easily encounter each other, diffusion no longer
limited the reaction, leading to higher efficiency than in-tube RCA. This
robust paper-based system is compatible with four different detection
strategies and can be tailored to various targets, making it well suited for
POC applications.

Fig. 10. Schematic of liquid crystal colori-
metric detection of PDGF-BB or adenosine.
(A) Ligation-RCA amplifies the target on the
magnetic bead, while (B) RCA does not pro-
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Fig. 11. Paper-based detection of RCA products using (A) a radioactive tracer, (B) a fluorophore-labeled oligonucleotide, (C) functionalized GNs for colorimetric
detection, and (D) DNAzyme-mediated oxidation of TMB for colorimetric detection. TP1: non-fluorescently labeled primer; CDT1: circular DNA template. Reprinted
with permission from (Liu et al., 2016). Copyright 2016 WILEY-VCH Verlag GmbH & Co.

4.2.3. Fluorescent

By combining fluorescence with RCA, biomarkers can be detected
with high sensitivity. RCA was combined with a graphene-based
biosensor to detect thrombin, ATP, and a region of the hepatitis C
virus to demonstrate its versatility (Liu et al., 2014). In the presence of a
reduced graphene oxide monolayer, which has a high affinity for
single-stranded DNA and is a strong fluorescence quencher, a
FAM-labeled aptamer was reversibly adsorbed and quenched, elimi-
nating fluorescence in the absence of target biomolecules. When the
target was present, the DNA aptamers underwent a conformational
change and were released from the graphene oxide surface. Upon
release, the aptamers served as the primer for RCA. The RCA products
were then combined with a molecular beacon to enable fluorescence
proportional to target concentration. The double stranded,
label-hybridized RCA product was not adsorbed to the graphene oxide
surface, thus attenuating the quenching.

In addition, the Brennan group developed both in-solution and
paper-based one-pot assays with SYBR Gold and QuantiFluor dyes to
detect platelet derived growth factors with LODs of 10 nM in solution
and 6.8 nM on paper (Bialy et al., 2020). The same scheme was applied
to thrombin, and LODs of 100 pM in solution and 240 pM on paper were
achieved. In this work, without addition of a protein target, a
protein-binding aptamer would be able to bind a complementary cir-
cular template, and therefore initiate RCA in the presence of $29 DNA
polymerase and dNTPs. Resulting products could bind to fluorescence
dyes to generate a signal. However, in the presence of a target protein,
an aptamer-protein complex would form, preventing aptamer binding
with the template strand, inhibiting RCA and causing no signal to be
produced.

Finally, another approach used gel microparticles with miRNA-
specific probes for multiplexed fluorescent detection (Chapin and
Doyle, 2011). A sample was added to the microparticles and the probes
captured their specific miRNA target—either miRNA 141, miRNA 210,
or miRNA 221, which have their dysregulation associated with cancer
development. After target binding, RCA proceeded and the product was
labeled with fluorescent reporters. By hybridizing each product with
several labels, amplification bias, in which final target concentration
does not reflect initial relative abundance, was mitigated. This system

11

allowed for single-molecule resolution, which could be expanded to a
detection range of 300 aM to 40 pM in serum. The assay was slightly
modified to allow this detection in serum—which proved compatible
with the fouling-resistant microparticles—for integrated RNA extrac-
tion, target amplification, and detection.

4.2.4. Electrochemical

Electrochemical detection has seen growth in recent years as a POC
detection method for RCA products. Xue and colleagues developed an
amperometric biosensor to detect Vibrio parahaemolyticus (V. para-
haemolyticus), a foodborne pathogen (Teng et al., 2017). The
V. parahaemolyticus was captured by immobilized antibodies on the
surface of a gold electrode, followed by single-stranded aptamer probe
binding to the captured target, forming a hetero-sandwich structure.
Ligation RCA proceeded, followed by product hybridization with
ssDNA-functionalized GNs. The hybridized product was labeled with
methylene blue, which has a higher affinity for dsDNA, to enable elec-
trochemical detection. The signal was characterized using differential
pulse voltammetry, cyclic voltammetry, and electrochemical impedance
spectroscopy. The device had an LOD of 2 CFU/mL in buffer, which is a
drastic improvement compared to other recently developed nanodevices
to detect V. parahaemolyticus. This assay also exhibited high specificity,
and despite similarities, it did not result in a false positive for Staphy-
lococcus aureus (S. aureus), Shigella sonnie, E. coli, Salmonella, C. jejuni, or
Vibrio mimicus. This work shows the potential of an aptamer-immuno
hybrid electrochemical biosensor for highly sensitive detection, with
the possibility of expanding its applications to POC disease detection.

5. Nucleic acid sequence-based amplification
5.1. Introduction

Nucleic acid sequence-based amplification (NASBA) is a well-
established isothermal amplification method developed by Compton in
1991 (Compton, 1991). The amplification reaction is carried out at
41 °C, and within 90 min, target nucleic acid sequences of 100-250
nucleotides can be amplified by approximately 10'2-fold (Farkas and
Holland, 2009).
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Three enzymes are used in the NASBA reaction mixture: T7 RNA
polymerase, RNase H, and avian myeloblastosis virus (AMV) reverse
transcriptase. The reaction requires two specific primers. The first
primer (primer 1) contains a promoter sequence at its 5 end that is
recognized by T7 RNA polymerase, and its 3’ end is complementary to
the 3’ end of the target sequence. Upon introduction of a target RNA
molecule in the noncyclic phase of the reaction, primer 1 initiates
reverse transcription of the RNA sequence to form an RNA-DNA hybrid,
followed by the addition of RNase H that degrades the original RNA of
RNA:DNA hybrids, leaving the cDNA for the second primer (primer 2) to
anneal. The 5 end of primer 2 is complementary to the 3’ end of the
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cDNA. AMV reverse transcriptase, which also acts as DNA-dependent
DNA polymerase, will extend the 3’ end of primer 2 to form dsDNA,
which is then transcribed by T7 RNA polymerase to make the antisense
RNA. Each newly synthesized dsDNA can create up to 100 copies of
antisense RNA, which then enter the cyclic phase of NASBA, resulting in
amplification of the antisense RNA strand (Compton, 1991). The NASBA
mechanism is shown in Fig. 12 below.

The optimal temperature for NASBA is 41 °C, allowing cheaper, easy-
to-use heating methods to be utilized. NASBA can also selectively
amplify RNA in the presence of background DNA, as well as DNA target
sequences if they are denatured in advance (Deiman et al., 2008; Malek
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phase amplification, which in turn forms more RNA (-) products.
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etal., 1994). However, NASBA may be limited by nucleic acid extraction
and purification steps prior to amplification and imperfect primer design
(Asghar et al., 2019; Morabito et al., 2013). Additionally, due to the low
reaction temperature, primer dimerization and non-specific hybridiza-
tion are prone to occur, which dramatically increase the rate of false
positives.

5.2. Detection methods

5.2.1. Colorimetric

Improved and user-friendly colorimetric detection has been com-
bined with NASBA to determine the concentration of different analytes.
The Gerasimova group utilized Trizol LS (Life Technologies) to extract
and purify RNA, NASBA to amplify analytes, and a color-generating
deoxyribozyme (Dz) to detect a highly conserved region of ZIKV RNA
(Reed et al., 2019). Following NASBA, their probes, which contained a
split phosphodiesterase Dz and a peroxidase-like Dz (PDz), were intro-
duced into the reaction mixture. The split phosphodiesterase Dz
received its name from being composed of two Dz subunits, which bind
to adjacent fragments of the RNA amplicons in a positive sample,
forming a catalytic core. The core catalyzed the cleavage of an RNA
phosphodiester bond in the inhibited form of PDz (IPDz). Upon IPDz
cleavage, a PDz reporter sequence was released, which catalyzed
H20y-mediated oxidation of ABTS, resulting in color generation.
Without the presence of target amplicons, no oxidation reaction would
occur, and therefore no color change would be detected. Using Trizol LS
and this technology, ZIKV RNA could be detected at concentrations as
low as 10° copies/mL in blood, urine, and saliva (Reed et al., 2019).
Furthermore, the Gerasimova group used the same scheme to detect 16S
rRNA of Mycobacterium tuberculosis complex (MTC) with an LOD of 8.3
pg/mL and distinguish katG mRNA of MTC from its single-base variant
using an 830 pg/mL pre-amplified sample solution (Dhar et al., 2020).
Though multiple user steps are needed for this colorimetric detection
method, its low-cost, portability, and rapid time-to-result demonstrate
its potential for POC testing using NASBA.

5.2.2. On-paper

In order to make the detection method more cost-effective and
readily available for resource-limited areas, Collins and coworkers
combined their previously designed technologies—programmable RNA
sensors, toehold switches, and a freeze-dried, paper-based, cell-free
protein expression platform—to develop a paper-based sensor for
colorimetric detection of ZIKV (Fig. 13) (Pardee et al., 2016). Viremic
plasma diluted in water was boiled at 95 °C for 2 min for viral RNA
extraction. NASBA was then used to amplify ZIKV RNA, and toehold
switches that were dried on the paper were used to control regulation of
the lacZ gene and expression of the reporter enzyme (-galactosidase,
which mediated a visible color change of a paper disc (Pardee et al.,
2016). Furthermore, they developed a portable electronic reader using
an open-source code, a laser-cut acrylic housing, and a rechargeable
lithium ion battery, costing less than $250, to provide a quantitative
signal output. Additionally, using the Collins laboratory’s
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NASBA-CRISPR cleavage approach, it was possible to discriminate be-
tween African and American viral strains with only a single base dif-
ference. This technology utilized a strain-specific protospacer adjacent
motif (PAM), which only exists in American strains, as the cleavage sites
for Cas9 to selectively cleave DNA. In the presence of an appropriate
PAM sequence, Cas9 would cleave the dsDNA formed during NASBA,
resulting in truncated RNA products with no color change. In the
absence of the appropriate PAM sequence, full length NASBA products
would be generated to activate the toehold switch, resulting in a color
change of the paper disc. The use of this toehold switch technology was
expanded to the detection of a panel of 10 bacteria related to inflam-
matory bowel disease, childhood malnutrition, and cancer immuno-
therapy, along with C. difficile toxin mRNA to demonstrate its potential
to detect RNA (Takahashi et al., 2018).

The paper-based cell-free RNA toehold switch technology was also
used by Green and coworkers to detect the norovirus GII.4 Sydney strain
which was extracted with the QIAamp DSP Viral RNA Mini Kit; however,
it was also shown that a simple extraction step of boiling the PBS-diluted
sample at 95 °C for 2 min was also effective (Ma et al., 2018a). The
Green laboratory also employed a synbody (a bivalent peptide that
performs antibody-like functions)-based magnetic bead capture assay to
increase the concentration of norovirus prior to detection to achieve a
10%-fold improvement in the detection limit. According to the group,
shortened assay time and reduced costs could be achieved by decreasing
the quantity of magnetic beads used, optimizing toehold switches,
improving the binding affinity of synbodies, and implementing new
reporter proteins for faster activation.

The most frequently used paper-based endpoint detection method for
NASBA is the LFA. In recent years, improvements have been made to
solve the disadvantages of LFA. For example, the Ozcan group developed
a cellphone-based rapid-diagnostic-test reader platform to read the
signals of malaria, tuberculosis, and HIV analytes to achieve quantita-
tive results for better interpretation of LFA results in resource-limited
areas (Mudanyali et al., 2012). In order to improve the sensitivity of
LFA, researchers have also looked into enzyme-based signal enhance-
ment, thermal contrast, and fluidic control (He et al., 2018; Phillips
et al., 2016; Qin et al., 2012).

NASBA with LFA detection was successfully demonstrated for Ba-
cillus anthracis, where RNA was extracted with RNeasy mini kits and
amplified by NASBA (Baeumner et al., 2004; Hartley and Baeumner,
2003). Following NASBA, the amplified RNA was mixed with running
buffer and dye-entrapped liposomes tagged with reporter probes. The
solution flowed across the membrane via capillary flow, where the
capture probe was located. Target amplicons hybridized with both re-
porter probe and capture probe, giving rise to a qualitative signal.
However, excess free liposomes needed to be washed off by adding a
running buffer to reduce background signal.

In more recent experiments, metallic nanoparticles, especially GNs,
have been used for better sensitivity, ease of operation, and more intense
signal output. The Richards-Kortum group developed a GN-based LFA-
NASBA system to successfully detect 50 synthetic copies of the HIV gag
region of RNA generated through transcription with the MEGAscript T7

Fig. 13. Workflow of Zika virus detection. Online
databases are used for primer design. In less than 7
h, sequence-specific toehold sensors can be assem-
bled and validated. In 1 day, toehold sensors can be
freeze-dried and embedded into a paper disc with a
shelf life of more than 1 year. The paper-based
sensor can then be used to detect RNA of interest

Visual
Detection

oo

RNA Toehold

Design & Sample RNA
Synthesis Screen Manufacture
4 days 7 hr

with a change of color, using the NASBA technique.

Distribution
& Storage

Sensor Development Stage
(5+ days)

1 day | j§20C E.y |minut%>{ 2min>{ 2hr> 1hr>

Diagnostic Test
(~3 hr)

Reprinted from (Pardee et al., 2016), Copyright
2016, with permission from Elsevier. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)



E.A. Pumford et al.

kit (Applied Biosystems), which corresponded to a plasma viral load of
approximately 1000 copies/mL based on the assumptions that 100 pL of
plasma sample were used and half of the viral RNA participated in the
NASBA reaction (Rohrman et al., 2012). Gold enhancement solution was
used to amplify the test signal to improve the LOD, and the LFA setup
achieved consistent results 28 days after strip fabrication.

In addition, the Alocilja laboratory developed an LFA setup for the
visual detection of dengue type 1 virus (DENV-1) RNA extracted from
test samples with the QIAamp Viral RNA Mini Kit following NASBA
(Yrad et al., 2019). They achieved an LOD of 0.01 pM using synthetic
DENV-1 target and 1.2 x 10* PFU/mL using DENV-1 infected pooled
human sera within 20 min. These results showed that the LFA-NASBA
system will be quite promising for DENV-1 detection in
resource-limited areas in the future.

Another approach used by the Baeumner group incorporated a
micro-total analysis system (UTAS) with poly(methyl methacrylate)
(PMMA) microchannels to reduce sample volume, cost, and user steps
(Reinholt et al., 2014). Baeumner and coworkers developed a simple,
single-channel for isolation and amplification of Cryptosporidium parvum
(C. parvum) hsp70 mRNA. They applied UV/ozone treatment to
carboxylate the surface of PMMA, followed by immobilization of poly-
amidoamine dendrimers to increase the immobilization efficiency of
phosphate-modified thymidine oligonucleotide capture probes. This
allowed for a greater efficiency in isolating and amplifying mRNA within
the microfluidic device. In this work, several sample preparation steps
were required to make 150 pL of C. parvum lysate prior to amplification.
With use of an LFA, they successfully detected 30 C. parvum oocysts,
showing equivalent performance to a benchtop device. Although this
method required several liquid-handling steps, their pTAS has the po-
tential to detect analytes in a sample-to-result fashion upon further
improvements.

The combination of LFA with NASBA has shown potential for use in
resource-limited settings. With integration of microfluidic devices, the
multiple user steps may be eliminated to achieve a sample-to-result
device that would be ideal for POC testing.

5.2.3. Fluorescent

Unlike previous endpoint detection methods, real-time NASBA
measures the real-time fluorescent signal in order to achieve quantita-
tive results. However, this method usually exhibits false-positive results
and requires expensive equipment for signal readout. To avoid primer
dimerization and nonspecific hybridization, the Morabito group manu-
ally redesigned the individual bases in the primers at 41 °C to eliminate
unnecessary adenine-thymine and guanine-cytosine hydrogen bonds
(Morabito et al., 2013). They also proved that shortening the T7 pro-
moter sequence can reduce unwanted primer-dimers and hybrids.
Furthermore, adjusting the salt ion concentration to create an optimal
buffer solution could maximize primer specificity.

The Kolpashchikov group designed a split dapoxyl aptamer hybrid-
ization probe based on a DNA aptamer, which was divided into two
strands, each of which was equipped with an analyte binding arm. These
strands have low affinity to the dapoxyl dye unless specific targets bind
to adjacent positions and form binding sites for the dye to generate
fluorescent signals. In this work, they used these strands to successfully
distinguish a fragment of the inhA gene of Mycobacterium tuberculosis
from its single-base variant and detect 10 nM of Z-147 RNAs (a fragment
of the ZIKV envelope gene) extracted using Trizol LS (Kikuchi et al.,
2019). With portable fluorometers, this probe has the potential to ach-
ieve POC diagnosis.

In addition, Engelhart and coworkers introduced a competitor
duplex sequence that is unrelated to the amplicon and does not contain
T7 promoter and aptamer-encoding sequences into the Apta-NASBA
system to prohibit primer dimerization to avoid false positives (Auf-
dembrink et al., 2020). Furthermore, they developed a Raspberry
Pi-based detection system that could read fluorescent signals using a cell
phone camera, eliminating the need for expensive readers. In the
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Apta-NASBA system, a conventional NASBA primer and a second primer
that contains a fluorogenic aptamer that binds to the amplicon were
introduced into the reaction mixture. As more amplicons were ampli-
fied, the amount of RNA aptamers increased, resulting in aptamer
folding that generated fluorescent signals. The Engelhardt group
designed a green aptamer to detect the E.coli estH gene, a yellow aptamer
to detect the E.coli estP gene and a red aptamer to detect E.coli aggR gene.

Similarly, the Unrau laboratory developed Nested Mango NASBA
that featured an outer primer NASBA reaction where amplification of
target analytes and primer artifacts occurred, followed by a second inner
Mango NASBA reaction where primers containing a Mango III tag were
added to specifically bind to the products of interest to generate fluo-
rescent signals (Abdolahzadeh et al., 2019). This system allowed them to
reduce amplification of primer artifacts, resulting in greater sensitivity
and specificity, and allowed them to achieve LODs of 25 pM for E. coli
ClpB RNA and 2.5 aM for the Pseudomonas fluorescens ClpB target.

Moreover, the Libera group investigated solid-phase NASBA, which
has potential for multiplexed microarray-based detection (Ma et al.,
2018b). In this work, they first created poly(ethylene glycol) (PEG)
microgels using electron beams to crosslink PEG and also cast thin films
on a silicon support. Subsequently, they tethered molecular beacons and
amplification primers on the microgels for target amplification and
fluorescent detection.

Furthermore, it has been demonstrated that microfluidic chip de-
vices can be integrated with real-time NASBA to lower the LOD, mini-
mize user steps, and reduce sample-to-result time (Dimov et al., 2008;
Esch etal., 2001). With further improvements to simplify the procedures
and complexity of equipment associated with real-time NASBA, it will
become a promising quantitative POC detection method.

6. Helicase-dependent amplification
6.1. Introduction

HDA is an isothermal amplification method introduced in 2004 by
the Kong group (Vincent et al., 2004). HDA uses helicase, an enzyme
that unwinds DNA duplexes during DNA replication, removing the need
for denaturation via thermocycling (Cao et al., 2013). HDA can also be
used to amplify RNA when coupled with reverse transcription (Gold-
meyer et al., 2007). Thermophilic HDA (tHDA) is the most common type
of HDA used by researchers, which uses thermostable Tte-UvrD helicase
with Bst-DNA polymerase and operates at a single uniform temperature
between 60 and 65 °C (An et al., 2005). Mesophilic HDA (mHDA) is
another type of HDA that uses E. coli UvrD helicase, operates at 37 °C,
and yields lower specificity than tHDA (An et al., 2005; Vincent et al.,
2004). The size of an HDA amplicon is generally less than 150 nucleo-
tides (New England BioLabs, 2020). The amplicons can be readily
detected by gel electrophoresis, real-time HDA with fluorescent reporter
dyes (e.g., EvaGreen), and oligonucleotide probes (Cao et al., 2013).

The mechanism of HDA is relatively simple compared to other
isothermal amplification methods (Fig. 14). Initially, helicase unwinds
the dsDNA, and ssDNA binding proteins bind to the displaced DNA
strands to prevent the strands from annealing. Next, a pair of forward
and reverse primers bind to target sequences and are extended by DNA
polymerase at the 3’ ends. The amplified dsDNA products then enter
future rounds of amplification (Cao et al., 2013; Vincent et al., 2004).

HDA requires only 2 primers, but due to the lack of a heating step,
unwanted artifacts such as primer dimers, non-target specific hybrids,
and non-canonical folds can result in loss of signal, high signal back-
ground, and false test results (Yang et al., 2015). Therefore, the HDA
primer sequences need to be carefully designed, and many primer
combinations must be screened, which adds additional time and cost
(Yang et al., 2015; Deng and Gao, 2015).
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Fig. 14. Schematic of the HDA mechanism. Reprinted with permission from (Troger et al., 2015).

6.2. Detection methods

6.2.1. Colorimetric

Colorimetric detection methods are suitable for POC diagnostics
because they are simple, rapid, and cost-effective. The Jenison group
developed a biosensor that combined tHDA of the mecA gene in MRSA
from a positive blood culture with detection using an optically-coated
chip (Jenison et al., 2014). Initially, a 10 min cell lysis step of the
blood samples was achieved at room temperature. Amplification was
then performed by adding tHDA reagents and crude lysates into a 96
well plate, with the bottom of each well containing a silicon chip
whereupon amplicons were hybridized with complementary probes.
TMB was then added, resulting in a transduced enzymatic reaction
depositing a thin film onto the surface of the chip. The hybridized probes
altered the path length of reflection resulting in a visible color change
from gold to blue (Fig. 15). This biosensor only required a heat block,
and could detect as few as 10 copies of input DNA in under 60 min. This
input DNA came from 1 pL of crude extract that originated from 10 pL of
blood culture.

Similar approaches utilized a modified silicon chip for the colori-
metric detection of S. aureus and rpoB gene mutations in M. tuberculosis,
as well as identification of Staphylococcus species following tHDA (Ao
etal., 2012; Ao and Jenison, 2013; Frech et al., 2012; Pasko et al., 2012).
However, some of these approaches had an arduous sample preparation
procedure and also required instruments for result imaging, making
them less POC-friendly.

6.2.2. On-paper

The LFA is the most common detection method for HDA products at
the POC due to its portability, rapidness, and ease-of-use. Using tHDA
and the LFA, detection and identification of five species of Plasmodium
from unprocessed blood required minimal instrumentation (Li et al.,
2013). After tHDA, the amplicons of all five species were annealed with
digoxigenin-labeled probes, and Plasmodium falciparum was hybridized
with an additional FAM-labeled probe. The labeled amplicons were
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applied to a test strip and captured by anti-digoxigenin or anti-FAM
antibody lines in a BESt cassette, a portable and disposable detection
device that contains a vertical LFA. Overall, this assay gave an analytical
sensitivity of 200 parasites/pL of blood, and its clinical performance
with 88 patient samples had 96.6% sensitivity and 100% specificity
when compared to microscopy and a NASBA malaria test.

In addition, toxigenic C. difficile, HSV, HIV, Streptococcus equi sub-
species equi, and S. aureus and its methicillin resistance from positive
blood cultures were successfully detected utilizing handheld BESt cas-
settes after tHDA (Artiushin et al., 2011; Chow et al., 2008; Goldmeyer
et al., 2008; Lemieux et al., 2012; Tang et al., 2010).

A paperfluidic platform that combined sample cell lysis, DNA
extraction, tHDA, and detection using an LFA to test for N. gonorrhoeae
had a turnaround time of 80 min (Horst et al., 2018). Initially, the
sample was mixed with a lysis buffer. The mix was then pipetted into a
reaction chamber and dried for 30 min in preparation for the subsequent
steps of detection. The platform yielded 95% sensitivity and 100%
specificity in vaginal and urethral swab samples when compared to
qPCR with an LOD of 500 cells/5 pL of sample.

6.2.3. Fluorescent

Fluorescent detection of HDA amplicons is another common method.
The Doseeva group described a detection assay for C. trachomatis and
N. gonorrhoeae that integrated sample preparation using magnetic beads
and endpoint detection (Doseeva et al., 2011). This detection approach
utilized a closed-tube reaction to omit procedures after tHDA,
decreasing risk of contamination. The magnetic beads were conjugated
with monoclonal antibodies to capture RNA probes that hybridized
specifically with target DNA, allowing the removal of extraneous DNA
by washing. The tHDA reagents and dual-labeled fluorescent probes
were then added to initiate amplification, and the amplicon-hybridized
probes subsequently generated an endpoint fluorescence. This assay
could be multiplexed using various dual-labeled probes, offer an eco-
nomic alternative to qPCR, and give high sensitivity and specificity.

Endpoint fluorescent detection with tHDA was also applied in the
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Fig. 15. The sensitivity of the MRSA detection
device. (a) Colorimetric results from the detection
of MRSA with 0 to 10° copies of genomic DNA. (b)
Color difference as a function of target DNA copy
number. (c) Real-time tHDA amplification plot
with each color representing the quantity of input
genomic DNA: no template control (gray), 102
copies (orange), 10° copies (blue), 10* copies
(purple), 10° copies (green), 10° copies (red).
Reprinted with permission from (Jenison et al.,
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2014). Copyright 2014 Royal Society of Chemistry.
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)
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IsoGlow typing assay for HSV-1 and HSV-2 (Tong et al., 2012). The
endpoint analysis utilized cycling probe technology, which uses a
chimeric probe in the form of DNA-RNA-DNA that anneals to a target
sequence and gets cleaved off by RNAse H, triggering fluorescence of the
probe while the target binds to new probes. A lost-cost, portable fluo-
rescence reader was used for detection. The assay also included an
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internal control to detect potential amplification inhibitors, decreasing
the number of false negatives. The turnaround time was approximately
1 h, with less than 5 min hands-on time, and achieved an LOD of 10
copies of HSV target per 5 pL of viral transport medium collected from
oral and genital swabs.

The Klapperich group developed a microfluidic chip that integrated
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sample preparation using a micro solid phase extraction column, tHDA,
and fluorescent detection of E. coli DNA using a UV illumination device
(Mahalanabis et al., 2010, 2011). The chip contained a micro solid phase
extraction column for lysing live bacteria cells and extracting DNA, and
triplicate tHDA reaction chambers for amplifying and detecting target
DNA. The entire procedure starting with sample preparation was under
50 min. Additionally, the chip design eliminated multiple
liquid-handling steps and allowed for multiplexing.

A droplet-based microfluidic device utilized silica super-
paramagnetic particles (SSPs) for DNA extraction and magnetic actua-
tion for the detection of ovarian cancer biomarkers Rsf-1 and E. coli
(Zhang et al, 2011). Initially, the sample was mixed with an
SSP-containing buffer droplet. By using a magnetic bar under the chip,
the position of the droplet could be manipulated to mix with other re-
agents to achieve real-time tHDA. Fluorescent detection coupled with a
melting curve analysis that helped determine specificity were conducted
using an avalanche photodiode. Conducting the assay within discrete
droplets allowed for high portability and reduced fabrication costs.

Lastly, the Krull group introduced a portable, paper-based test to
fluorescently detect probe-target hybridization after tHDA (Noor et al.,
2015). The paper surface contained immobilized quantum dot
(QD)-probe oligonucleotide conjugates that emit green light when
excited by a UV light. After tHDA, the amplicons hybridized with the
probes, resulting in a fluorescence resonance energy transfer (FRET)--
based transduction between Cy3 acceptor dye and QDs, from which an
emission was then quantitatively captured using an iPad camera for
ratiometric detection. This system had a turnaround time of 3 h
including amplification, and offered an improved LOD in the pmol range
of synthetic DNA markers for spinal muscular atrophy disorder.

6.2.4. Electrochemical

While HDA has been coupled with electrochemical detection tech-
niques to achieve highly sensitive and robust detection of pathogens, the
long detection time of such systems limits their relevance at the POC. In
addition, no North American researcher has performed electrochemical
detection of tHDA amplicons in the timeframe of interest for this review.

6.3. General developments of tHDA towards POC systems

As tHDA does not involve thermocycling steps, primer artifacts can
be easily generated. To address this problem, the Benner group designed
a “self avoiding molecular recognition system” (SAMRS) consisting of
base analogues A*, T*, G*, and C* that could only pair with respective
natural bases but not SAMRS bases (Yang et al., 2015). For example, A*
paired only with natural T but not T*. Consequently, by incorporating
SAMRS bases near the 3’ end of primers, primer-dimers would be
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eliminated. This system was shown to be effective in the amplification of
3 cancer genes, rpoB gene in M. tuberculosis, and HIV-1 viral RNA.
Additionally, by using two different sets of SAMRS-containing primers,
HIV-1 viral RNA and rpoB DNA were simultaneously detected, indicating
that multiplexing capability for both DNA and RNA targets could be
achieved using SAMRS.

While tHDA is a simple, rapid amplification method, many of the
described detection platforms still require extensive preparation and
extraction steps for unprocessed cell samples prior to amplification. The
Kamei group described a one-pot isothermal platform that incorporates
cell lysis, DNA extraction, and tHDA utilizing an aqueous two-phase
system (ATPS) (Cheung et al., 2018). A Triton X-100 micellar ATPS
was combined with tHDA reagents and a cell suspension containing
intact E. coli cells. This system was able to lyse the cells and extract and
concentrate DNA into the top phase as phase separation was induced at
68 °C for 15 min, followed by amplification of the target gene for
another 45 min (Fig. 16). The top phase was then extracted after
amplification. The one-pot reaction combined with gel electrophoresis
yielded an LOD of 10? CFU/mL of original cell solution, considerably
lower than that of the conventional tHDA performed in parallel (107
CFU/mL). Although this system has yet to be combined with POC
detection methods, it eliminated several liquid-handling steps and is a
promising direction for future work at the POC.

7. Strand displacement amplification

Strand displacement amplification (SDA) was developed in 1992 by
Walker and coworkers; however, it required a restriction enzyme
cleavage step prior to amplification (Walker et al., 1992a). To remedy
this issue, the same group developed an updated SDA mechanism that
eliminated this step, instead utilizing an exo-Klenow fragment to
generate the necessary target copies with defined 5’ and 3’ ends (Walker
et al., 1992b). This mechanism begins with a denaturation step in the
presence of four primers. These primers are annealed to 5’ adjacent
sequences to form a nick, and amplification begins at a fixed tempera-
ture of approximately 37 °C. As polymerase synthesizes DNA, newly
synthesized strands are nicked by a restriction enzyme and polymerase
starts synthesis again, kicking off the previous strand, resulting in DNA
amplification.

Due to the initial denaturation step, SDA is not a truly isothermal
amplification technique. In response to this problem, the Toley labora-
tory developed a fully isothermal SDA reaction for the amplification and
detection of S. aureus using both LFA and fluorescence (Toley et al.,
2015). To circumvent the initial denaturation step, amplification initi-
ates at sites of DNA breathing and continues in a similar fashion to
standard SDA reactions. LFA detection was found to detect as low as 10
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Fig. 16. Comparison of DNA amplification by the one-pot reaction and the conventional tHDA reaction detected by gel electrophoresis. Whole cell samples were used
in these experiments. Reprinted by permission from Springer Nature: Springer Nature, Analytical and Bioanalytical Chemistry (Cheung et al., 2018), Copyright 2018.
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copies of purified target DNA spiked in a reaction mixture and 50 copies
spiked in a reaction mixture containing high concentrations of back-
ground DNA and mucins in less than 30 min. Thus, the high sensitivity,
rapid time-to-response, and low operating temperature of the SDA assay
make it a viable choice for POC detection of pathogens.

8. Nicking enzyme amplification reaction

Nicking enzyme amplification reaction (NEAR), also known as
exponential amplification reaction (EXPAR), is an isothermal amplifi-
cation technique developed by the Galas group in 2003 (Van Ness et al.,
2003). The process utilizes a single-strand nicking enzyme and a DNA
polymerase with strand-displacement activity. Each cycle of amplifica-
tion consists of polymerization, single-strand nicking, and release,
returning to the original primer template. In order to make the process
exponential, the oligonucleotide forms a transient duplex that is stabi-
lized via extension by DNA polymerase. This then acts as a stable primer
for the further production of oligonucleotides.

The reaction takes place at a constant temperature of 60 °C, and it is
best suited for small amplicons 10-22 nucleotides long (Menova et al.,
2013). A key issue with NEAR, common with many other forms of
isothermal amplification, is the relatively high rate of nonspecific
amplification (Tan et al., 2008). As such, precautions such as physically
separating the template and polymerase prior to reaching optimal
temperatures are an important consideration for the application of
NEAR in diagnostic devices.

Recent developments have led to NEAR amplification devices
entering the market, warranting a brief discussion on the reaction. The
most prominent is the ID NOW Abbott machine. When used to detect
Influenza A/B, the ID NOW was able to amplify and detect the virus
within 10 min with a very wide degree of success, with specificities
between 52.2 and 93.8% for Influenza A cases and 72.2-93.3% for
Influenza B cases (Kanwar et al., 2020; Chapin et al., 2015; Young et al.,
2017; Nolte et al., 2016). When evaluating high viral loads, the ID NOW
provides accurate results, but precipitously drops in reliability when
approaching lower concentrations around Ct (threshold cycle) = 27-30.
When evaluated against negative controls, the ID NOW has been shown
to be resistant to false amplification, with almost all studies obtaining at
or near 100% specificity.

The ID NOW test for SARS-CoV-2 relies on fluorescent reporter
probes to detect the presence of the RdRp gene from nasopharyngeal
swabs in viral transport medium (Smithgall et al., 2020). The Green
group found that the ID NOW was able to reliably detect the disease at
moderate to high concentrations with a sensitivity of 100%. At low
concentrations (Ct > 30), it was unable to detect many cases and its
sensitivity dropped to 34.3%. A New York University study reflected this
continued trend, showing that the ID NOW was unable to detect positive
cases at reduced viral loads (Basu et al., 2020). While the device dis-
played consistent results at high concentrations, it was only able to
detect 33% of positive cases detected by a reference method. Those cases
were sampled via nasopharyngeal swabs, and since Abbott indicated
that the preferred technique of sampling was through the use of dry
nasal swabs, the same research group examined detection efficacy using
the preferred sampling method. However, they were only able to attain a
sensitivity of 54.8%, where a similar pattern emerged, as all missed
cases were exclusively of low viral load (Ct > 33.7). At the time of this
review, the ID NOW for SARS-CoV-2 was still being extensively exam-
ined by different research groups to determine its overall performance.

9. Summary and conclusions

This systematic review focused on the mechanisms of different
isothermal amplification methods, along with recent advances made by
North American research groups to improve existing and potential POC
detection methods that can be integrated with these methods. As re-
searchers begin thinking about such systems to use, a wide variety of
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factors must be considered. For example, if the technology is to be used
in regions that can vary in temperature and humidity, paper-based
detection methods incorporating dehydration of reagents and desic-
cants may be applied. On the other hand, if small sample volume is an
important parameter, on-paper, microfluidic, and in-tube detection
setups are all applicable. With regard to isothermal amplification, if it is
desirable to use the lowest power, RPA and NASBA may be good choices
due to their low amplification temperatures. Many other factors,
including sensitivity and specificity, which can vary per target, must also
be considered. Accordingly, we have summarized the literature that was
reviewed for this manuscript in Supplementary Table 1 in terms of
important design criteria, with the idea that this compiled source of
extensive information may help the researcher in the decision-making.

10. Future perspectives

POC detection methods have been trending towards colorimetric
assays, often dependent upon changes in pH or oxidation, and paper-
based assays, which are advantageous due to built-in reagent storage
and increased reaction rate. Such systems are particularly well suited for
resource-limited areas due to their low cost, short assay time, and visual
readout. Other research has focused on reducing user steps, reliance on
expensive equipment, and the system’s time-to-result. Several systems
have incorporated smartphones or iPads for a user-friendly colorimetric
or fluorescent readout. Although numerous developments have been
made in recent years, further improvements are still needed to better
integrate isothermal amplification and POC detection for greater sensi-
tivity, availability, user-friendliness, and cost effectiveness for resource-
limited areas. Firstly, many of the manuscripts that were reviewed used
extensive upstream sample processing steps to extract and purify the
nucleic acids, which prevent those methods from being POC. Therefore,
future research should focus on integrating sample preparation into POC
diagnostic devices. Diagnostic systems may potentially be made more
POC-friendly by the implementation of aqueous two-phase system-based
sample preparation, on-chip microfluidic sample preparation, and/or
paper-based filtration. Secondly, efforts must be made to mitigate the
drawbacks of current isothermal amplification methods, such as
nonspecific binding and false positives. Additionally, further improve-
ments need to be made to make microfluidic devices better suited to POC
testing. Potential improvements include simplifying the microfluidic
design and fabricating using a lower-cost material. Other detection
modalities should be investigated for their synergy with POC testing.
Finally, POC-compatible technologies (colorimetric, on-paper, turbidity,
fluorescent, electrochemical) should be further explored in the context
of improving multiplexing capabilities.
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