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ABSTRACT

The outbreak of the SARS-CoV-2 caused the COVID-19 disease to spread globally. Specific
and sensitive detection of SARS-CoV-2 facilitates early intervention and prevents the disease from
spread. Here, we present a solid-state CRISPR-Cas12a-assisted nanopore (SCAN) sensing strategy
for the specific detection of SARS-CoV-2. We introduced a nanopore-sized counting method to
measure the cleavage ratio of reporters, which is used as a criterion for positive/negative
classification. A kinetic cleavage model was developed and validated to predict the reporter size
distributions. The model revealed the tradeoffs between sensitivity, turnaround time, and false-
positive rate of the SARS-CoV-2 SCAN. With a preamplification and 30 min of CRISPR Cas12a
assay, we achieved excellent specificity against other common human coronaviruses and a limit
of detection of 13.5 copies/ul (22.5 aM) of viral RNA at the 95% confidence level. These results

suggested that the SCAN could provide a rapid, sensitive and specific analysis of SARS-CoV-2.
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The coronavirus disease 19 (COVID-19) caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is an ongoing pandemic throughout the world 2. To facilitate the
management and containment of the disease, reliable, rapid, and accessible testing is required.

% and antibody test ' have been

While numerous diagnostic strategies such as sequencing -
introduced for SARS-CoV-2 detection, nucleic acid testings (NAT), primarily quantitative real-
time PCR with reverse transcription (RT-qgPCR), are the current gold standards '*!!. The recent
development of the clustered regularly interspaced short palindromic repeats (CRISPR)-based
methods started a new path towards molecular diagnosis 2. Particularly, the discovery of the
collateral cleavage of Cas proteins such as Casl2 and Casl3 made it possible to translate the
sequence-specific targeting to detectable signals. These discoveries have led to a variety of
CRISPR-mediated biosensors 32!, These CRISPR-based methods often incorporate an
amplification process such as polymerase chain reaction (PCR) 2>, loop-mediated isothermal
amplification (LAMP) ¥, or recombinase polymerase amplification (RPA) 2326 to enhance the
starting molecule population '*27. Amplification coupled CRISPR-Cas detection has been shown
to be highly sensitive (as low as M level *'%) and highly specific (down to single-nucleotide level

28-29) Due to their outstanding sensing performances, CRISPR-based systems have been adopted

for SARS-CoV-2 detection amid the ongoing COVID-19 pandemic '% 23 30-38,

So far, most of the CRISPR-based methods use fluorescent, bioluminescent, or colorimetric

t 3. As alternatives to the

reporters for readouts, which is easy to operate, sensitive and convenien
optical readout, electronic-based methods such as electrochemical !> 4742 and field-effect ** have
also been investigated due to their integration and miniaturization potential. One of the intriguing

electronic readout systems utilized for CRISPR-based detection is the nanopore sensor 3. The

single molecule sensitivity of the nanopore sensors has made them a promising candidate for



CRISPR-based detection. We previously demonstrated a solid-state CRISPR-Cas12a-assisted

1 *°, While we demonstrated

nanopore (SCAN) sensor for sequence-specific recognition of HIV-
that the SCAN can detect target DNA concentrations above 10 nM within an hour, detecting

concentrations less than 10 nM with a fast turnaround time would likely require pre-amplification

steps.

In this work, we developed a reverse transcription amplification coupled SCAN device for
rapid, highly sensitive, and highly specific detection of SARS-CoV-2 viral RNAs. The method
used an improved nanopore sized counting approach to examine the reporter size distributions and
their relative abundance. We showed that the cleavage ratio of the intact circular ssDNA reporters
could be quantified by the SCAN, which is used as a criterion for classifying the test as positive
or negative. To guide the experiments, we developed a kinetic model to compute the reporter
length distribution as a function of the cleavage reaction time. This experimentally validated model
revealed the tradeoffs between sensitivity, turnaround time, and false-positive rate of the SARS-
CoV-2 SCAN. With a preamplification and 30 min of CRISPR Casl2a assay, we achieve a limit
of detection (LoD) of 13.5 copies/ul (22.5 aM) of SARS-CoV-2 viral RNA at the 95% confidence
level. The SARS-CoV-2 SCAN has also shown excellent specificity against three other common
human coronaviruses. Our results suggested that the SCAN could provide a rapid, sensitive, and

specific analysis of SARS-CoV-2.

RESULTS AND DISCUSSION

Working principle of nanopore sized counting

Figure 1a illustrated the working scheme of the SARS-CoV-2 SCAN using nanopore sized

counting. There were three streamlined steps: reverse transcription and amplification, Cas12 assay,
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and nanopore-based molecule classification and counting. In the first step, a one-step reverse
transcription-polymerase chain reaction (RT-PCR) of SARS-CoV-2 RNA was performed to
improve the overall sensitivity of the system *!-3% 34, After amplification, the complementary DNA
(cDNA) amplicons were introduced to the sequence-specific CRISPR RNA (crRNA) and Cas12a
ribonucleoprotein mixture (a.k.a, RNP). Upon the specific cDNA binding, the Casl2a could
perform collateral cleavage on the surrounding ssDNA reporters *. We used circular M13mp18
single-stranded DNA (ssDNA) as the reporter in this study which is widely available and has an
excellent signal-to-noise ratio in nanopore measurement. In the trans-cleavage process, the mother
circular ssDNA reporters could be digested into daughter linear ssDNAs, and the daughter
reporters could be further digested into granddaughter reporters (positive case in Figure 1a). On
the other hand, if SARS-CoV-2 viral RNAs were not present in the analyte solutions, the Cas12a
remains inactive and will not degrade the mother circular ssDNA reporter (negative case in Figure

1a).

These un-cleaved mother reporters and multi-generational cleaved daughter reporters were
then counted and classified by a glass nanopore sensor to infer its size and concentration
distribution. Figure 1b shows two representative ionic current time trace for a positive sample and
a negative sample (no target control), using a glass nanopore with a diameter size less than 10 nm
(Figure S1a and b). For the positive sample (presence of SARS-CoV-2 RNA), it is apparent that
molecule translocation events become more frequent but have less current blockage magnitude as
compared to the negative sample. This is because the mother circular reporters were cleaved to
many smaller daughter linear reporters. Our previous work analyzed the resulting reporter
concentration by nanopore digital counting without taking the daughter reporter size distribution

into consideration *°. This assumption is not exactly accurate if the reaction time is short. To further



analyze the daughter reporter size distribution and its relative abundance, we here adopted a
nanopore sized counting method. First, the conventional event duration versus blockage was
obtained from the ionic current time trace data (Figure S1b). As shown in Figure 1c¢, it is evident
that the event duration and blockage in a positive case are smaller than in a negative case. Second,
we classified each event based on its event charge deficit (ECD), which is used as the molecule

size approximation*’. The ECD is defined as ECD = fevent AI(t)dt = Alt *', where Al and 7 are

the duration and blockage of each event, respectively. It was previously demonstrated that ECDs
of DNA translocations with the same length are identical regardless of whether the molecules are
in a linear, circular relaxed, or supercoiled form *“°. An ECD bin size of 20 fC was used in this
study unless otherwise stated. Third, the event rate of each ECD sub-population was obtained by
normalizing sub-population event numbers by the nanopore reading time (Figure 1d). This enables
us to quantify the reporter sub-population concentration through R= C; alN4, where N4 is the

Avogadro constant, and a is usually referred to as the capture rate 4>

The mean () and standard deviation (o) of the ECD value in the negative cases was used to
establish an ECD threshold (ECDt=u-20, dashed line in Figure 1d). An event must have an ECD
larger than ECDt to be classified as the intact mother reporters (i.e., to the right of the dashed line
in Figure 1d). To quantify the percentage of the mother reporters being cleaved into daughter
reporters, we defined the cleavage ratio (CR) as the ratio between the cleaved mother reporter
( Co — Cyncieavea ) to the total initial mother reporter ( Cy). This cleavage ratio can be

experimentally obtained by evaluating the aggregated event rate as
CR=1-%;Rpi/XRnj (1)

in which the event rate summation is over all events with ECD larger than ECDt (thus representing



the intact mother reporter concentration in the system), and » and p denote the negative and
positive cases, respectively. The increase in the cleavage ratio of a testing sample would confirm

the existence of the target viral RNA.

SARS-CoV-2 Casl2a assay validation

Prior to the Casl2a assay, a one-step RT-PCR was performed to increase the number of
molecules and boost the signal. We utilized the primers designed by the United States Centers for
Disease Control and Prevention (CDC) targeting the N2 region of the SARS-CoV-2 *°. We
performed a real-time RT-PCR with 2x10° copies/pl of SARS-CoV-2 viral RNAs for a duration
of 45 cycles. The fluorescent signal confirmed the amplification after 20 cycles (Figure S2). To
further confirm the amplicon product, we performed gel electrophoresis of the RT-PCR products,

which showed a sharp band at 67 bp, as expected with our RT-PCT primer design (Figure 2a).

Afterward, we performed the SARS-CoV-2 specific Casl2a assay with reaction time ranging
from 0 to 30 mins. The reaction was stopped by adding the DNA gel loading dye (6X), which
contained ethylenediaminetetraacetic acid (EDTA). Figure 2b presents the gel electrophoresis
results of the Casl2a assay. We observed several important features. First, the mother reporter
appeared in a double band around 7 kbp. This is due to the fact that electrophoretic mobility of
DNA in gels could also be affected by the conformation of the DNA*’. Second, the daughter
reporters become visible after 2 minutes, indicating the cleavage of mother reporters. Third, the
primers were observed as a blurred short band in all cases. Fourth, as we increased the reaction
time, more mother reporters were cleaved. At 30 minutes, the 7.2 kilo-nucleotides (knt) band of

un-cleaved mother ssDNA become barely visible.

To examine the Casl2a cleavage kinetics at a much longer time scale, we performed another



test by intentionally extending the Cas12a reaction time up to 24 hours. We found that all mother
and prior generation daughter reporters were completely cleaved to be less than 250 nt after 24
hours (Figure S3). This suggests the trans-cleavage activities indiscriminately and continuously
affect both the mother reporters and the partially cleaved daughter reporters. As a control, we also
performed the Casl2a assay for no target samples to confirm that no degradation of the mother

reporters would occur in the absence of SARS-CoV-2 amplicons (Figure S4).

Highly sensitive nanopore measurement of the cleavage ratio

After validating the Cas12a assay with gel electrophoresis, we set out to perform the SARS-
CoV-2 detection with the glass nanopore. We performed the Cas12a assay with different reaction
times from 0 to 30 minutes and recorded the reporter translocations through the nanopore under
400 mV bias (Figure S5). Note that in our glass nanopore measurement, DNAs with sizes less
than 100 bp are often too small to be detected. Those significantly cleaved reporters with lengths
less than 100 bp and RT-PCR amplicons (67 bp) could not contribute to the detected signals. In
addition, in our previous study %%, we showed that the other components in the assay, such as
Casl12a proteins, do not create signals in the nanopore experiment. Therefore, all the signals in the
nanopore measurements are caused by the reporters with a length above the detectable threshold

(a few hundred nucleotides).

Figure 2¢ shows the extracted translocation dwell time versus ionic current blockage at each
reaction time. A clear shift of the blockage-duration distribution was observed when increasing
the reaction time, indicating the changing populations of differently sized reporters. To quantify
the abundance of differently sized reporters, we used an ECD bin size of 20 fC to classify the

events into different sub-populations and calculated its corresponding event rate. Figure 2d shows



the event rate distribution for all sub-populations. As shown, the event rate of larger ECDs (longer
reporters) is reducing as the cleavage reaction goes, whereas the event rate of smaller ECDs
(shorter reporters) is increasing. Since the concentration of the analyte could be quantified by the
event rate in the nanopore experiment, these measurements give us the capability to quantify the

relative abundance of differently sized reporters.

To quantify the cleavage ratio at different reaction times, we utilized the nanopore-sized
counting method. The case at 0 min of reaction was considered as the negative case to establish
the ECD:. The cleavage ratio (CR) at each reaction time was then obtained by using Eq. 1. As
shown in Figure 2e, the CR was at 0.12 after 1 minute of reaction and increased as increasing the
reaction time. For instance, CR was measured as 0.92 at 30 minutes of reaction. As the reaction
times increase, more daughter and granddaughter reporters would be created, which increases the
possibility of multi-turn cleavage. Therefore, the cleavage ratio increases at a lower rate as we
increase the reaction time. It is noteworthy that we were able to detect the cleavage activity after
1 minute in nanopore reading, whereas no cleavage was barely visible in the gel after 1 minute of
reaction (Figure 2b). This indicates that the nanopore is a much more sensitive readout system for

CR measurement.

Cleavage numerical modeling and validation

In order to guide our experiments for rapid and sensitive detection of the cleavage ratio using
nanopore experiment, we sought to develop a model to estimate the distribution of reporter length
over the trans-cleavage process. At the start of the reaction, we assumed that each mother reporter
has an identical length of Lx. As the reaction starts, the reporters (including mother and daughter

reporters) were randomly picked by the activated Casl2a. The probability that a reporter was



picked and cleaved by the Cas12a was proportional to its cross-sectional area R5, where Ry is the
gyration radius of the DNA coil. It has been shown that the gyration radius of DNA is proportional
to the square root of its length (L"?) #2. Therefore, the longer the reporter was, the more chance
that it was bounded to and cleaved by the Cas12a. The reporter was cut into two parts randomly.

We assumed a normal distribution to model the cleavage position in a report. The velocity of the

[Eol[S(B)]

cleavage was modeled by w(¢) = kcatK TSOT
M

in which [E] is the initial enzyme (activated

Casl2a) concentration, [S(t)] is the substrate concentration (mother and daughter reporters), kq¢
and K, are the catalytic rate and the Michaelis constant, respectively. We used previous reported
k.q: and K, value of 0.6 (1/s), and 2.7x10° | respectively *°. This model was numerically

implemented in a customized MATLAB code (see Figure S6 for model flowchart and results).

In order to validate this numerical model for predicting the reporter size distribution after
reaction, we performed the Cas12a assay at three enzyme concentrations (7.5, 15, and 30 nM) with
reaction times ranging from 0 mins to 24 hours. Figure 3a presents the gel electrophoresis results.
As expected, higher enzyme concentration indeed results in faster cleavage activity since the
cleavage velocity is proportional to the enzyme concentration. We extracted the length distribution
of the reporter from the gel images by measuring the normalized grayscale values using ImageJ
software !, The normalized reporter length distributions were then overlaid with the results
produced by our model. As shown in Figure 3b, shorter daughter reporters were produced at a
fixed reaction time as enzyme concentration was increased. Also, both model and gel results
showed that the mother reporters were cleaved entirely after 24 hours. The distribution of reporter
length captured by our model is consistent with the gel electrophoresis results, which validates our

model.
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The tradeoff between sensitivity, reaction time, and false-positive rate

Since the cleavage ratio (CR) was used to distinguish a positive and a negative sample, we
calculated the CR with the model-produced length distributions. The model-derived CR values
were then compared with the nanopore-measured CR values using the sized counting method
(Eq.1). We measured the CR at different enzyme concentrations (7.5, 15, and 30 nM) with ranging
reaction times from 0 to 30 mins. As shown in Figure 4a, the model predicted CR values agree

excellently with that measured by the nanopore.

With the capability to calculate the CR at varying activated Cas 12a and reaction time, we were
able to estimate the sensitivity and turnaround time of the SCAN system at any given CR threshold
(CRy) for a positive call. Figure 4b presents the minimal required reaction time versus the activated
Casl2a enzyme concentration. Note that the activated Cas12a enzyme concentration is equal to
the smaller values between SARS-Cov-2 amplicons and non-activated Cas12a concentration in the
system. As shown in Figure 4b, at any given CR; for a positive call, there is a tradeoff between
turnaround time and sensitivity. More reaction time was required when decreasing the activated
Casl2a enzyme concentration. For instance, at CR;=0.1, more than 45 mins will be required to
detect 1 nM of amplicons, whereas 0.45 min is sufficient with 100 nM amplicons. On the other
hand, while increasing the CR; could help to reduce the false-positive rate, it would increase the
required minimal reaction time at any given amplicon concentrations. In fact, the CR is
proportional to the product of cleavage velocity and reaction time (T}.), CR = v T,.. The cleavage

velocity v is proportional to the activated Casl2a concentration Cepzyme 38 V = BConzyme -
Therefore, one can see that Cepyyme Tr-/CR should equal to the constant coefficient 5. This
relationship suggests there is a tradeoff between sensitivity (Cepnzyme ), reaction time (T}.), and

false-positive rate (CR). With a fixed Cepzyme > a higher CR (less false-positive) calls for a longer
11



reaction time T,.. With a fixed CR, reducing the Cey,yme (better sensitivity) also requires a longer
reaction time T;. (longer turnaround). By coupling with a pre-amplification step, the Cpzyme can

be effectively enhanced and thus significantly reduce the required 7, (turnaround time).

Analytical specificity and sensitivity of SARS-CoV-2 SCAN

We then went to evaluate the analytical sensitivity and specificity of SARS-CoV-2 SCAN. We
used heat-inactivated SARS-CoV-2 RNA samples at different concentrations ranging from 2 to
200 copies/ul. In addition, three other human coronaviruses (229E, NL63, and OC43) with a
concentration of 5x10° copies/ul were used as the non-target negative controls to evaluate the
specificity. 5 ul of each sample was firstly amplified by RT-PCR for 45 cycles (Figure S7). The
product of the RT-PCR was added to 30 nM of non-activated Cas12a. The Cas12a cleavage assay
was performed at 37°C for 30 min. Afterward, the nanopore sized counting was performed to
determine the cleavage ratio. A positive/negative call was subsequently derived by comparing the
obtained cleavage ratio with CR; (dashed line in Figure 5a). The CR: was defined in our experiment
as uo+200(0.089), where wo (0.054) and 6o (0.017) are the mean and standard deviation of the
cleavage ratio obtained from no target controls (i.e., SARS-CoV-2 sample at zero concentrations).
Figure 5a presents the cleavage ratios of all SARS-CoV-2 and non-target human coronaviruses
samples. As shown, the cleavage ratios for all non-target human coronavirus samples (circle,
diamond, and star symbols in Figure 5a) are less than CR: and were correctly classified as
negatives. This confirmed that the SCAN sensor has an excellent specificity against SARS-CoV-

2.

For the serially diluted SARS-CoV-2 samples (square symbols in Figure 5a), we found that

concentrations higher than 15 copies/ul were classified correctly as positives since their cleavage
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ratios are much larger than CR:. The high cleavage ratio in these samples indicates the majority of
the mother reporters were cleaved after 30 min of reaction. On the other hand, we started to observe
false negatives results in samples with concentrations lower than 15 copies/pl. For instance, 1 out
of 5 samples at a concentration of 10 copies/ul and 4 out of 5 samples at 2 copies/ul were
misclassified as negatives. To estimate the LoD of SARS-CoV-2 SCAN, we examined the hit rate
at each different SARS-CoV-2 concentration. The hit rate is defined as the number of replicates
with a detected outcome per the total number of replicates tested °2. As shown in Figure S5b, the
hit rate started to roll off from 1 to 0.8 when the concentration decreased from 15 copies/pl to 10
copies/ul. We fitted the experimental hit rate data with a logistic curve (Figure 5b) *>% Based on
the fitting curve, we estimated the LoD of SARS-CoV-2 SCAN as 13.5 copies/pul (22.5 aM) at the

95% confidence level.

CONCLUSIONS

In summary, we introduced and evaluated a sized counting method for nanopores-assisted
CRISPR-Casl2a-based detection of SARS-CoV-2. A sized counting scheme for cleavage
quantification of the reporters in the Cas12a assay was introduced by utilizing ECD values from
the nanopore experiment. We found that the nanopore is a sensitive readout system to measure the
cleavage ratios, a criterion used for positive or negative classification. A kinetic cleavage model
was developed and experimentally validated to predict the reporter length distribution. This model
revealed the tradeoffs between sensitivity, reaction time, and false-positive rate in the SARS-CoV-
2 SCAN. These tradeoffs could be relaxed by coupling with pre-amplification steps. With a 25
min RT-PCR step, 30 min of CRISPR Casl2a assay, and 10 min of nanopore reading (65 min of
assay-to-result time), we achieved a limit of detection of 13.5 copies/ul (22.5 aM) of viral RNA.

The SARS-CoV-2 SCAN showed an excellent specificity with no cross-reactivity to other human
13



coronaviruses. These results suggested that the solid-state CRISPR -Cas12a-assisted nanopores

could provide a rapid, sensitive, and specific analysis of SARS-CoV-2.
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FIGURES CAPTIONS

Figure 1. a) Schematic of Solid-State CRISPR-Cas12a-Assisted Nanopore (SCAN) sensor. The
process starts with a preamplification step, followed by CRISPR assay and nanopore analysis. In
a Positive case (upper side), the trans-cleavage activity of the Casl2a after activation cause
degradation of the circular ssDNA reporters, resulting in reduced reporter size. In a negative case,
the Cas12a is not activated in the absence of target dsSDNA, and thus the ssDNA reporters are not
cleaved. b) Examples of a typical ionic current trace for a positive and negative case. ¢) Duration
and blockage of translocation events for a positive and negative case. The lines represent
equivalent ECD lines from 20 to 300 fC (with a bin size of 20 fC). e¢) Event rate distribution at
different ECD values. The right side of the dashed line represents the un-cleaved region.

Figure 2. a) Gel electrophoresis results of the RT-PCR products validating the length of
amplicons as 67 bp. b) Gel electrophoresis results of Cas12a assay products at different reaction
times from 0 to 30 minutes. In all cases, the non-activated Cas12a and reporter concentration was
fixed as 30 nM and 2.1 nM, respectively. ¢) Current drop and dwell times of the ssDNA reporter
translocation events at different reaction times through the glass nanopore under 400 mV bias. The
buffer salt concentration was fixed as 1 M. The total number of events and nanopore reading time
is shown for each case d) Event rate distribution at different ECD values. The area right to the
dashed line represents the un-cleaved region. e) The calculated values for reporter cleavage ratios
at different reaction times.

Figure 3. a) Gel electrophoresis results of the Casl2a assay at three different initial enzyme
concentrations (7.5, 15, and 30 nM) and different reaction times (from 0 minutes to 24 hours). b)
Comparison between the reporter length distribution captured by the model and Gel
electrophoresis. The normalized grayscale value of the gel results was measured by Imagel
software for the estimation of the reporter concentration.

Figure 4. a) The measured cleavage ratio of the ssDNA reporter by the sized counting method
(experiment) and the numerical model at different reaction times. The outcome of the model and
nanopore experiment is in good agreement at three different enzyme concentrations (7.5, 15, and
30 nM). b) Required reaction time versus the activated Cas12a enzyme concentration (from 0.1 to
1000 nM) at four different CR thresholds values.

Figure 5. a) Cleavage ratio of three different human coronaviruses samples (for specificity test)
and SARS-CoV-2 (for sensitivity test) with different input RNA concentrations. Five repeats were
performed for lower concentrations (less than 20 copies/ul), and three were tested for higher
concentrations (more than 20 copies/ul) and non-target control samples. The cleavage ratios were
measured using the nanopore sized counting experiment. The average and standard deviation of
the CR values of 5 negative target controls were measured to identify the threshold for separating
positive from negative calls. Any cases with a CR below CR: = p+2c (0.089) were classified as
negatives. b) The hit rate percentage at different concentrations of SARS-CoV-2 RNA. The LoD
was estimated as 13.5 copies/ul at a 95% confidence level.
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