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Single-molecule detection methods based on electrical readout can transform disease diagnostics by
miniaturizing the downstream sensor to enable sensitive and rapid biomarker quantification at the point-
of-care. In particular, solid-state nanopores can be used as single-molecule electrical counters for a variety
of biomedical applications, including biomarker detection. Integrating nanopores with efficient DNA
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amplification methods can improve upon sensitivity and accessibility concerns often present in disease
detection. Here, we present nanopores as biosensors downstream of a reverse-transcription recombinase
polymerase amplification (RT-RPA)-based assay targeting synthetic SARS-CoV-2 RNA. We demonstrate the
efficacy of nanopore-integrated RT-RPA for the direct electrical detection of target amplicons, and discuss
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Introduction

Over the past few years, the COVID-19 pandemic has
prompted significant renewed interest in developing
alternative disease diagnostics approaches, and in improving
upon existing assays and detection methods."™ Currently,
real-time reverse transcriptase-polymerase chain reaction (RT-
gPCR) remains the gold standard for many molecular tests
that require DNA amplification of a target RNA sequence,
such as for SARS-CoV-2 diagnosis. The detection modality of
RT-qPCR traditionally relies on the measurement of a
fluorescent signal whose intensity is proportional to the
presence of amplified nucleic acid products (amplicons) in
the sample. Although highly sensitive, this technique has
drawbacks for point-of-care applications since it involves
repeated thermal cycling which can be time-consuming and
requires more advanced equipment. The requirement for
thermal and optical components (light source and detector)
and the need for optical dyes can constrain the cost and size
of instruments or reagents especially for decentralized and
remote use. Consequently, there is a need for simpler
amplification procedures and for new sensing modalities that
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challenges from RPA-based assays and adaptations that facilitate solid-state nanopore readout.

can deliver a cost-effective and streamlined alternative
method of testing without compromising on the speed,
sensitivity and accuracy of the detection.®

Nanopores can count single molecules purely electrically
and without the use of labels, and as such provide an
alternative strategy to detect and quantify amplified
products.””® Nanopores are nanometer-sized holes in thin
insulating membranes that partition reservoirs of electrolyte
solution. The application of an electric potential difference
across the membrane generates an electric field inside the
pore that drives the flow of ions and can be used to capture
charged polymers, like DNA, thus creating a steady ionic
current that is modulated by the passage of individual
biomolecules. The characteristics of the resulting electrical
signatures (e.g., blockage depths and passage times) can be
used to infer the identity of the translocating molecules.
Having already transformed genomics by providing a low-cost
and portable nucleic acid sequencing technology,'"*
nanopore-assisted counting of disease biomarkers, in
particular amplicons from viral and bacterial pathogens, is
therefore a promising alternative sensing method to optical
sensors that can be developed into a rapid, inexpensive and
ultra-sensitive  diagnostic  platform, compatible with
decentralized deployment to enable point-of-need screening
for infection.

In recent years, sensing schemes have been proposed to
showcase how nanopores can be used to detect disease
biomarkers.">™"® More specifically, solid-state nanopores
fabricated from glass capillaries or in planar SiN membranes
have shown promise for such diagnostics applications, as
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their dimensions can be tuned to match the target of interest
as well as the requirements for different digital and
multiplexing schemes.'®*° To provide specificity of nanopore
signals from nucleic acid targets, these approaches made use
of enzymes, labels, probes or DNA nanocarriers to accurately
detect for example, the cystic-fibrosis mutation codon,”" the
conserved sequences of the HIV RNA genome,'” the Zika
virus gene, microRNA biomarker for human lung cancer,**>*
and circulating tumor DNA or microRNA biomarkers for
prostate cancer.?*?°

Enzymatic amplification strategies have also been used
alongside nanopore detection to generate countable
amplicon copies for the development of qualitative and
quantitative nucleic acid tests. One of our recent studies
employed a PCR-based assay to detect the presence of group
A streptococcus (GAS) in throat swabs.? Other studies have
measured SARS-CoV-2 viral loads using RT-PCR or by simply
using the reverse transcription in cases of high transcript
concentrations,”**  or have utilized loop-mediated
isothermal amplification schemes.”” Common challenges in
these studies included the need to tune the amplicon
characteristics to distinguish the amplicon signal from the
background and/or to clean up the proteins from the
amplification mixture using purification kits and/or
enzymatic digestion.* Additionally, variations in pore
characteristics that affect the molecular capture rate and
limit the accuracy of quantitative measurements had to be
addressed, either by performing calibration curves prior to
sensing or making use of an internal standard for real-time
calibration, as in Charron et al.*®

Many isothermal amplification techniques have emerged
as alternative methods®*™" to PCR that solve the need for a
thermal cycler, thus reducing instrumentation complexity
and improving upon the diagnostic turnaround time and
cost. Recombinase polymerase amplification®*™* (RPA) is one
such amplification method and involves recombinase
proteins forming a complex with application-specific primers
that amplify dsDNA template strands (see ESI{ Fig. S0). When
combined with reverse transcription (RT-RPA), RPA can be
used to amplify complementary DNA (cDNA) strands from a
viral RNA genome in one tube. The benefits of RPA for point-
of-care or field use include: (i) a 37-42 °C operating range
without the need for a tight temperature control; (ii) no
initial denaturation steps to melt the dsDNA into single-
strands; (iii) the use of only 2 primers per target; (iv) a limit
of detection as low as 1-10 copies for certain targets/samples;
(v) a rapid amplification in <45 minutes; and (vi) no
refrigeration of reagents, which can instead be
lyophilized.>*™*' Particularly, we note that in contrast with
loop-mediated isothermal amplification (LAMP), another
popular isothermal amplification technique, RPA can be done
at a lower temperature (37-42 °C compared to 60-65 °C) and
requires fewer primers.*®

Integrating RPA with nanopore-based single molecule
detection holds promise in offering a simple and effective assay
solution on a purely electrical platform well suited for
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performing decentralized molecular diagnostics. In this work,
we demonstrate the counting of amplicons from RPA
amplification of SARS-CoV-2 RNA with solid-state nanopores.
We report on the assay optimization to produce relatively long
amplicons (363 bp) well-suited for nanopore sensing and
present how the presence of amplicons is detected by observing
capture rate changes for the expected amplicon nanopore
signals when compared to the blank sample (i.e. non-template
control). We show that as low as 10> copies of the viral RNA
can be detected following a simple dilution step of the assay
reagents into the nanopore sensing buffer. Finally, we discuss
challenges with performing quantitative measurements given
the efficiency of the current assay and analog measurement
mode despite counting single molecules.

Results and discussion
Optimization of nanopore sensing of RPA reaction

To investigate the feasibility of using RT-RPA to isothermally
amplify target RNA prior to nanopore sensing (RT-RPA-NP),
synthetic RNA fragments from SARS-CoV-2 were employed as
proof-of-concept targets, from which various samples with
predetermined template copy numbers were prepared (Fig. 1a).
We first optimized the RPA reaction to produce amplicons from
the N region encoding the nucleocapsid phosphoprotein of the
synthetic SARS-CoV-2 fragmented genome (see Methods
section). Optimization efforts focused on producing the longest
possible amplicon to facilitate nanopore detection while
maintaining a good amplification efficiency via minimization
of non-specific background amplification and maximization of
intended amplicon production.

Although shorter amplicons are known to be optimal for
RPA reactions, our previous work®*® suggests that
amplicons <100 bp in length often translocate in <10 ps,
which results in attenuated blockage signals or signals
indistinguishable from the baseline current, thus limiting
measurement accuracy. Furthermore, many background
molecules (e.g., proteins, surfactants) found in amplification
mixtures produce signals with durations in the 1-100 ps
range.’® Signals from longer amplicons can thus be more
clearly distinguished from background signals without prior
purification steps. To this end, primer sets of various lengths
were designed and screened according to the recommended
reaction conditions. Considering these factors, alongside the
practical limits of nucleic acid amplification (i.e. non-specific
amplification more likely for longer target amplicons), we
selected the primer pair that produced amplicon lengths of
363 bp, which we found maximizes length while producing
minimal non-specific background amplification. See Tables
S1, S2 and Fig. SO, S1 of the ESIf for a more detailed
description of the optimization process.

Fig. 1b shows a representative agarose gel image following
RT-RPA reactions at 42 °C from 10° initial RNA template
copies for different reaction times. The RT-RPA reaction
occurs efficiently in as little as 15 minutes with relatively low
non-specific amplification when the copy number is high

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Nanopore sensing of DNA control and amplified DNA. (a) Schematic representation of RPA-nanopore workflow. The RPA reaction is
typically run at 42 °C for 45 minutes prior to nanopore sensing. (b) Agarose gel analysis of an RPA ran at 42 °C from 10° initial RNA template copies
at different timepoints. Lanes from left to right: ladder; control held at 42 °C; aliquot removed after 15 minutes, 25 minutes, 35 minutes, and 45
minutes. (c) 2.5 second current trace for RT-RPA products amplified at 42 °C for 45 min, from 10° initial RNA copies. (d) Conductance blockage
(maximum deviation) versus passage time for RPA products from amplification using 10° initial RNA template copies in a 50 pL reaction volume.
Amplicons sensed on the nanopore over ~30 minutes. Gaussian fits to the data show 7 = 15 * 4 us and AG = 9.9 + 0.7 nS. (e) 2.5 second current
trace for 24 nM 400 bp dsDNA fragments. (f) Conductance blockage (maximum deviation) versus passage time for 24 nM 400 bp dsDNA fragments
sensed on the nanopore over ~10 minutes. Gaussian fits to the data show 7 = 17 + 4 us and AG = 10.2 + 0.6 nS. Data was acquired on a 5.1 + 0.5
nm nanopore at 200 mV in 3.6 M LiCl pH 8. Data sampled at 4.167 MS s™* and low pass filtered at 400 kHz.

(>10°, i.e., at a ~fM levels from tens of pL volumes). At lower
copy numbers (typically less than 10*), although the amplicon
band is observed, non-specific amplification is also present.
This can be seen in the multiple faint bands at lengths other
than the target amplicon (see ESIT Fig. S4 for reaction
sensitivity at different initial template copies). The reaction
temperature (up to 42°) was used to optimize reverse
transcriptase activity whereas the reaction time (up to 45
min) was chosen to improve amplification efficiency and
specificity (see ESIf Section S3).

As discussed, accurate nanopore detection of RPA reaction
amplicons requires the electrical identification of amplicon
population from the background molecules present in solution.
This background can include, proteins, recombinase and
polymerase enzymes, as well as interfering DNA fragments
such as primer-dimer complexes, RNA-DNA hybrids, non-
specifically amplified DNA, and other reagents used in the
commercial RPA mixture. In contrast to PCR or LAMP the
individual reagents for RPA are not available off the shelf, and
thus optimization of the reaction mixture composition for
nanopore sensing is not readily available as in our previous
study." Nonetheless, the nanopore characteristics and
operating conditions can be optimized to reduce the
observation of these background molecules while maximizing
the signal amplitude from the amplicon (see ESI{ Fig. S11 and
S12 for nanopore optimization tests). Here, following King

© 2024 The Author(s). Published by the Royal Society of Chemistry

et al.,* we used nanopores 5 nm in diameter in thin 12 nm SiN
membranes, operated in 3.6 M LiCl pH 8 at 200 mV.

To develop an understanding of the electrical signature
(i.e., types of signals) generated by the passage of RPA
amplicons through nanopores, PCR-purification kits were
used to filter the amplification products (see Methods) from
10° initial template copies (~30 fM initial target
concentration in a 50 pL sensing volume) to remove excess
nanopore background signals (see Fig. S1t for non-specific
amplification from RPA positive control reactions). A
representative ionic current trace of the amplicon
translocation events is shown in Fig. 1c, where single
transient blockades are observed. Fig. 1d illustrates the
purified RPA product translocation characteristics, by
displaying the conductance blockage depth, AG, measured as
the maximum conductance deviation from the baseline
during the event, versus the translocation time, 7, of each
individual event. The population is centered at a mean
translocation time of 7 = 15 + 4 ps and a blockage depth
tightly distributed around a mean of AG = 9.9 + 0.7 nS. Note
that some events are also observed <10 ps.

Control experiments were performed with dsDNA to help
confirm the identity of the populations resulting from the
passage of purified RPA products. A representative ionic
current trace of these events is shown in Fig. le. Fig. 1f
shows a scatterplot of conductance blockage versus
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translocation time of 400 bp dsDNA in the same pore. A
population is observed centered around a mean translocation
time of 7 = 17 + 4 ps and a mean blockage depth of AG = 10.2
+ 0.6 nS. This blockage level corresponds to the expected
value from the single-file passage of dsDNA under these
operating conditions. This then suggests the population
observed in Fig. 1d is the single-file RPA amplicon
population. Lastly, we argue that the shallower and faster
events <10 ps in Fig. 1d is a result of remaining primers
and/or non-specific amplification producing shorter
amplicons. ESIt Fig. S15 provides some evidence to support
this by showing the results of a control experiment of
translocating primers through a similarly sized pore.

Given that both the translocation time and conductance
blockage distributions of purified RPA amplicon signals are
well described by Gaussian distributions centered around 7
and AG, with widths of ¢, and o, respectively, we define an
elliptical event classification filter in AG vs. 7 scatterplots which
retains most of the amplicon population as in King et al.*

View Article Online
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Section S4 of the ESIf discusses the choices of parameters of
eqn (1). Given that this filter can help identifying amplicons
from background signals, we now move to studying the
performance of the nanopore-based sensing system for the direct
detection of RT-RPA without the need for a purification step.

Nanopore detection of unpurified RPA products

An ideal RT-RPA-NP assay scheme would involve only two
steps to streamline the assay: (i) one-tube reverse
transcription and amplification, and (ii) direct nanopore
sensing of RT-RPA products without any cleanup steps.
Omitting a purification stage prior to nanopore sensing
means that in addition to amplicons, background molecules
such as excess primers, enzymes and other proteins involved
in the reaction mixture will be present in the sample, which
will make it more challenging to accurately identify and
quantify amplicons. To investigate this, we now show the
response of a nanopore sensor to unpurified RPA products
simply diluted in a 3.6 M LiCl pH 8 sensing buffer.

(t-(T+0,)) (AG—E)Z Fig. Za-—d re.spectivel-y d-ep-)ict the blockage -depths AG and
1> 902 RE—p (1) translocation times of individual nanopore signals from the
AG . . . . .
! master mix (MM), ie. the RPA reaction mixture with no RNA
a b d
1.0 1.0 1.0 1.0
0.03:0.01 Hz 0.10 £0.01 Hz 0.24£0.03 Hz 0.17 £0.02 Hz
0.5 05 ‘ 05 05
= 250 500 ™ 250 500 250 500 . 250 500
25 25 25 25
)
=15 15 15 15
9 _ .
| ] g #
5 MM 5 NTC 5 10° 5 102
10 100 1000 10 100 1000 10 100 1000 10 100 1000
Translocation Time (us)
e
NTC 105 102 10?2
10nS 10 nS
5nS |_
1ms 0.05ms 50/iis -

Fig. 2 Nanopore sensing of RT-RPA amplicons without purification. Scatterplot of the conductance blockage (max deviation) as a function
passage time for all passage events collected over 1800 seconds on the same nanopore for (a) master mix prior to heating (n = 1363 total, n = 58
classified events by selection filter) with a representative passage event trace, (b) non-template control (NTC) (n = 990 total, n = 188 classified
events) with a representative passage event trace, (c) amplification using 10° initial RNA template copies - in 50 ulL, equivalent to a ~3 fM initial
concentration (n = 1261 total, n = 443 classified events) with representative amplicon-classified event traces (blue) and background event traces
(grey), (d) amplification using 102 initial RNA template copies in 50 pl, equivalent to a ~3 aM initial concentration (n = 1247 total, n = 311 classified
events). Amplicon-classified passage events are shown in blue. (e) RT-RPA product samples on a 2% agarose gel at 70 V for 100 minutes. Nanopore
data was acquired on a 5.3 * 0.5 nm nanopore at 200 mV in 3.6 M LiCl 10 mM HEPES pH 8 and any other reagents contained in the TwistAmp
Basic RPA kit from TwistDx. Each RPA reaction was run for 45 minutes at 42 °C prior to sensing.
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template, from the non-template control (NTC), ie. the
master mix sample incubated at 42 °C for 45 minutes, and
from the RPA products resulting from the amplification of
10° copies and 10* copies of RNA templates. Fig. 2c shows
that signals from the RPA products of the 10° copy number
sample are more tightly distributed than the MM and NTC
samples, and that parameters for an elliptical event
classification filter could be determined (eqn (1)) from its
distributions in order to classify RPA amplicons of interest.
To quantify how much the background molecules overlap
with the RPA amplicons, this same filter was applied to the
MM and NTC samples, as per Fig. 2a-c which highlight, in
blue, events that fall within the classification filter, and in
gray those that do not.

The master mix sample exhibits some amplicon-classified
events, but the corresponding detection rate is low at only
0.03 + 0.01 Hz (58 for 1363 total events). The non-template
control sample contains a somewhat larger number of events
in the region expected for the amplicon, with a capture rate
of 0.10 + 0.01 Hz (188 for 990 total events). In contrast, when
looking at the 10° copy number sample, we observe a
significant increase in signal rate in comparison to the non-
template control. The amplicon-classified molecules exhibit a
capture rate of 0.24 + 0.03 Hz (443 for 1261 total events),
corresponding to a +0.14 Hz increase.

As shown in Fig. 2d, despite the large number of
background molecules present in the unpurified solution, we
were able to discern the 10?-copy number sample from the
non-template control as its amplicon-classified events display
a capture rate of 0.17 + 0.02 Hz (311 for 1247 total events).
However, amplification and sensing at low copy numbers was
inconsistent (see ESIt Sections S3 and S10) as amplification
did not always occur consistently and efficiently for reactions
from <10" initial RNA template copies (i.e., sub-fM initial
concentration in a 50 puL volume).

To understand the signals observed in the NTC sample,
all samples were also examined on a 2% agarose gel as
shown in Fig. 2e. Multiple bands are present in the NTC lane,
indicating the presence of several DNA lengths or complexes
in the samples. Such streaking is also present in the RNA-
positive samples, but in contrast their lanes contain a bright
band corresponding the correctly amplified 363 bp target
amplicon. Notably, at low copy numbers (<10*) non-specific
amplification and amplification artifacts are more likely, as
illustrated by one of the separate samples of 10> RNA copy
numbers exhibiting split amplicon bands. Consistent with
our observations, amplification artifacts produced during
RPA have been found to exhibit lengths shorter or longer
than the intended amplicon. The short artifacts are often
primer-dimer complexes that result from homology between
primer sequences, or primers that partially hybridize non-
specifically ~with  enough stability to allow for
polymerization.>” Note that nanopores cannot differentiate
polymer length varying by less than a few hundred bp due to
the dynamics of the translocation process leading to wide
distribution of passage times for identical molecules.*®?*°

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Therefore, the different bands seen in the gel overlap in the
nanopore scatter plots.

The observed background signals from the unpurified
NTC sample (i.e., the blank) have a substantial impact on the
limit of detection of this RT-RPA-NP assay. Nanopores can
provide precise and sensitive quantification of molecules of
known length by controlled counting or capture rate
measurements, provided that the target can be distinguished
from other molecules in solution. In this case, since there are
no characteristic structures in the events (e.g., sub-levels) and
the passage times of similarly sized DNA polymers coincide
significantly, the background and amplicon populations can
overlap, which complicates classification and thus
quantification at low copy numbers. As observed in Fig. 2d
however, despite the presence of the non-specific background
molecules, using 10 initial RNA copies is enough to produce
sufficient specific amplification to detect a signal rate
increase of the amplicon population on the nanopore (>2 s.d.
above the limit of blank’). We note that RT-RPA assays
designed specifically for COVID-19 detection typically use
<200 bp amplicons,"™** and have been shown to detect <10
total RNA template copies, on par with detection limits from
RT-qPCR. The fact that this RT-RPA-NP assay relies on a
longer amplicon length (363 bp) could explain the
inconsistent amplification results, as shorter amplicons result
in more efficient amplification.

It should be noted that while it was possible to obtain
statistically relevant numbers of translocation events (which
we define here as >100 events) when running unpurified
samples to estimate the capture rate, we observed an increase
in the likelihood of clogging and a decrease in pore longevity
(see ESIf Fig. S13) compared to running purified samples.
Out of 10 bare SiN pores tested with unpurified samples, 6
clogged prior to running all control experiments. To
investigate the ability of this RT-RPA-NP assay to quantify
RNA viral load while using the same amplicon length, we
next move to analyzing purified RPA samples to better isolate
the specific DNA amplicon prior to nanopore sensing.

Nanopore quantification of purified RPA products

One way of reducing the background signals to improve
detection sensitivity and to prolong the lifetime of the
nanopore sensor (without chemically functionalizing the SiN
surface) is to filter the RPA samples with a purification kit
prior to sensing. Cleaned up samples can facilitate the use of
a single pore in generating calibration curves of increasing
template concentrations and in testing samples of interest of
unknown concentrations. Here, to address the above, we
used a PCR-purification kit (see Methods section) to remove
residual reaction enzymes, primers, nucleotides and short
DNA molecules less than 100 bp.

Fig. 3 shows the results of nanopore detection of
different RPA reactions following a purification step with a
PCR-purification kit, sensed by the same 5.3 nm nanopore
at 200 mV in pH 8 3.6 M LiCl for 30 minutes for each
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Fig. 3 Nanopore identification of RT-RPA amplicons after PCR purification kit. (a) Scatterplot of the conductance blockage (max deviation) vs.
passage time for all passage events (grey) and amplicon-classified events (color) collected over 1800 seconds on the same nanopore for RT-RPA
product samples (from left to right): non-template control (n = 524 total, n = 95 classified events), amplification from 10° initial RNA copies - in 50
uL, equivalent to a ~30 aM initial concentration (n = 780 total, n = 128 classified events), amplification from 10* initial RNA copies - in 50 pL,
equivalent to a ~0.3 fM initial concentration (n = 519 total, n = 179 classified events), amplification from 10° initial RNA copies - in 50 pl,
equivalent to a ~3 fM initial concentration (n = 561 total, n = 237 classified events), and amplification from 10° initial RNA copies - in 50 pL,
equivalent to a 30 fM initial concentration (n = 870 total, n = 581 classified events). The capture rate of each sample is shown in the top-right
corner of each panel. (b) Distribution of the log of inter-event times for the amplicon-classified events from each sample. (c) Nanopore extracted
amplicon signal rate (circles) compared with amplicon band intensity extracted from a gel (triangles) for each sample. (d) RT-RPA product samples
ran on a 2% agarose gel at 100 V for 60 minutes. Nanopore data was acquired on a 5.3 * 0.5 nm nanopore at 200 mV in 3.6 M LiCl 10 mM HEPES
pH 8. Data sampled at 4.167 MS s™* and low pass filtered at 400 kHz. Band intensities were determined using GelAnalyzer 19.1 analysis software.

sample. Fig. 3a depicts the conductance blockage versus
translocation times for all events for the non-template
control and RNA-positive samples ranging from 10° to 10°
initial copies. The amplicon translocation events are
highlighted on the scatterplots and were identified using an
elliptical filter as defined above (eqn (1)) with parameters
obtained from fitting the 10° sample, as it presents the
most clearly separated population from the background
signals. All samples were also spiked with a 2 kbp dsDNA
internal control to monitor pore behaviour fluctuations
between each experiment, as demonstrated more extensively
in Fig. S14 of the ESLf

Fig. 3b illustrates the inter-event delay histograms from
which the amplicon capture rate of each sample was
calculated.?® Fig. 3c illustrates a clear correlation between the
signal rate and the initial copy number of the RNA template,
showing an increase in amplicon signal rate as the initial
copy number rises. However, over the range of copy numbers
tested, this assay exhibits a subpar calibration sensitivity as
demonstrated by the weak sub-linear dependence of capture
rate on copy number which limits the quantification
precision of the assay.

1738 | Sens. Diagn., 2024, 3,1733-1742

As shown in Fig. 3a, the presence of background
molecules (grey events) is reduced for samples with more
than 10" initial template copies, which helps separate
amplicon populations from background signals. In the
samples with only 10° initial copies, amplification did not
occur as efficiently as can be seen by the 0.08 + 0.01 Hz
capture rate and the high number of background events (429
unclassified out of 524 total events). This sample maintained
a high concentration of non-specifically amplified DNA as
can be seen by the elevated capture of short molecules
(shown in grey, <10 ps). In comparison, the sample with 10°
initial RNA copies has a significantly higher amplicon
capture rate of 0.35 + 0.03 Hz and a much lower background
count (289 unclassified out of 870 total events).

The poor quantification sensitivity of this RT-RPA-NP
assay can be linked to the performance our implementation
of the RPA amplification step. This is illustrated in Fig. 3d,
which shows the migration of the same RPA products on a
2% agarose gel. A strong band is present at the amplicon
length in the samples with greater than 10" initial RNA
template copies. Conversely, the amplicon band appears faint
in the 10° initial RNA template copy sample, and akin to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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NTC samples, shorter RPA products are also visible. We can
see that this particular amplification reaction performed
more poorly at low template copy numbers (under 10° copies)
in comparison to the gel in Fig. 2e, which highlights the
amplification challenges and the variability of the RPA
process in our hands.

Fig. 3c compares the capture rate of the RPA samples on
the nanopore (circles) to their relative band intensity on an
agarose gel (squares). The gel results depict a similar lack of
separation of the amplified DNA and the presence of a non-
specific amplicon population, particularly at lower copy
numbers, which agree with the results of nanopore detection
scheme. The nanopore is able to detect a small increase in
capture rate for the 10° sample in comparison to the NTC
(0.08 + 0.01 Hz vs. 0.05 + 0.01 Hz, respectively) while there is
no visible difference in their lanes on the gel. We thus relate
the difficulty in obtaining a precise calibration curve to the
challenges with the RPA isothermal amplification process.
Unlike with PCR assays, where background signals can be
reduced by custom master mix formulation,” there are
limitations on the development of custom RPA assays and
amplification formulation as commercial RPA kits are only
commonly available from one source. More importantly, RPA
uses a time threshold instead of a cycle threshold, which is
inherently dependent on the reaction kinetics. This time
threshold is not only controlled by the initial template
concentration, but also by the temperature, reagent
concentration, and mixing step of the reaction. Therefore,
further optimization of the RPA reaction to improve the
amplification efficiency for low copy numbers is needed to
improve the sensitivity and quantification accuracy of this
RT-RPA-NP assay.

Conclusion

We have demonstrated the feasibility of detecting amplicons
produced from RT-RPA amplification of SARS-CoV-2 RNA
using solid-state nanopores. We showed that as low as 10”
copies of RNA can be detected using our RPA implementation
with 363 bp amplicons. Furthermore, we discussed the
challenges associated with accurately classifying the
amplicon  population and  performing quantitative
measurements due to the limited amplification efficiency of
the current RPA assay leading to poor calibration sensitivity.
Additional optimization of the amplicon length could
facilitate quantification of the initial copy number by
minimizing potential overlap with the non-specifically
amplified DNA. As it is, the amplicon does not produce a very
specific electrical signal and is indistinguishable from any
other DNA of similar length present in solution. Increasing
the amplicon length closer to the 1000 bp upper limit for
RPA would further separate the amplicon's dwell time from
the background fragments and facilitate the analysis for low-
copy numbers. Other isothermal amplification methods, such
as RT-LAMP, might produce less non-specific fragments, but
their amplicon is often size-limited to <300 bp which may
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not be compatible with nanopore sensors since
translocations could be too fast (<10 ps) to be reliably
detected. An alternative approach would be to design a digital
assay scheme integrated with isothermal amplification
instead of only relying on an analog capture rate signal. This
could diminish the effects of the non-specific fragments by
generating distinct features in the blockage patterns of the
amplicons, permitting digital quantification of the amplicons
as opposed to absolute measurements and thus removing
instrumentation noise from the quantification.**™*¢

The results presented in this study demonstrate that RPA
is compatible with nanopore detection. Given its simplicity
and the fact that amplification requires only a relatively low
and constant temperature, this technique continues to hold
promise for future applications in disease diagnostics, for
which point-of-care/need use is an attribute of ever-
increasing importance.

Methods

Gel benchmarking

2% agarose (w/v) gels were made in 1x TE buffer with either
GelRed stain (MilliporeSigma) or with SYBR safe DNA gel
stain (Thermo Fisher). Sample aliquots (2 pL) were diluted in
6x DNA gel loading dye (Thermo Fisher) with water to 12 pL.
Aliquots (6 pL) of the GeneRuler ready-to-use low range DNA
ladder (Thermo Fisher) or the Invitrogen 1 Kb Plus DNA
ladder (Thermo Fisher) were used as a benchmark. Gels were
run at 70 V or 100 V until bands were visibly separated. Gels
were imaged using an AzureC150 Gel imaging system (Azure
Biosystems) using the default settings for ethidium bromide
staining. Band intensities were determined using GelAnalyzer
19.1 analysis software.

Nanopore-optimized RPA

Recombinase polymerase amplification was conducted using
the TwistDx TwistAmp® basic kit following the outlined
protocol. Briefly, RPA master mix was prepared (to a total
volume of 47.5 pL) using 25 pL of 2x reaction buffer, 2.25 uL
dNTPs, 5 uL 10x basic E-mix, and 5.45 pL of water. 2.4 uL of
each primer at a concentration of 10 pM were added to 0.2 mL
PCR tubes. 2.5 pL of 20x core reaction mix, 1 pL of reverse
transcriptase, and 1 puL of RNA template were added to the PCR
tube, along with 41.7 pL of the master mix. To begin the
reaction, 2.5 uL of 280 mM MgOAc was added to the tube. The
samples were incubated at 42 °C for 45 minutes.

Nanopore fabrication

Nanopores were fabricated using controlled dielectric
breakdown (CBD) in 12 nm thick SiN membranes purchased
from Norcada Inc. (NXDB-50B405A122) using the Spark-E2
nanopore  fabrication  device  (Northern  Nanopore
Instruments). To reduce capacitive noise, chips were painted
in polydimethylsiloxane (PDMS) prior to fabrication. Pores
were fabricated using a linear voltage ramp in 1 M KCI pH 8
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buffered with 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), in custom 3D-printed
millifluidic flow cells made of Tough 1500 resin. Pores were
enlarged by applying AC square pulses of +3 V in 3.6 M LiCl
buffered with 10 mM HEPES pH 8 until a low noise pore,
with a diameter of ~5 nm + 0.5 nm was reached. In-depth
protocols can be found in Waugh et al.*’

RPA product purification

For the indicated experiments, RPA products were purified
using a QIAquick® PCR purification kit (Qiagen) prior to
nanopore sensing to remove primers, nucleotides, and
enzymes from the sample and prevent clogging of the
nanopore. This kit purifies DNA ranging from 100 bp to 10
kbp. Samples were purified using the protocols outlined by
the QIAGEN QIAquick spin handbook, with 10 pL of the
original RPA sample diluted 5x in buffer prior to centrifuge
processing and DNA elution.

Nanopore sensing and data analysis

Prior to nanopore sensing, 2.5 pL aliquots of the RPA products
were diluted 100x in 3.6 M LiCl buffered with 10 mM HEPES
pH 8, and 50 pL of the 100x-diluted sensing mixtures were used
to perform the nanopore experiments. For samples cleaned
with a PCR-purification kit, 5 puL of the purified sample and 1
pL of 0.38 uM 2 kbp DNA (Thermo Fisher Scientific) were
diluted with 74 pL of 3.6 M LiCl 10 mM HEPES pH 8. Nanopore
experiments were conducted in 3.6 M LiCl pH 8, 10 mM HEPES
using a —200 mV voltage bias. Data was acquired using the
VC100 amplifier (Chimera Instruments) sampled at 4.17 MHz
and low-pass filtered at 400 kHz prior to analysis (or at 200 kHz
in some of the ESI} sections). Events were fitted using custom
CUSUM+ algorithm.*®

Data availability

Event trace data used in the main text figures for this article
is accessible via Federated Research Data Repository: https://
doi.org/10.20383/103.01023. Any other data including raw
current trace data and data from ESI} figures are available
from the corresponding author upon request.
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