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ABSTRACT

Nucleic acid detection methods are crucial for many fields such as pathogen detection and
genotyping. Solid-state nanopore sensor represents a promising platform for nucleic acid detection
due to its unique single molecule sensitivity and label-free electronic sensing. Here, we
demonstrate the use of the glass nanopore for highly sensitive quantification of single-stranded
circular DNAs (reporters), which could be degraded under the trans-cleavage activity of the target-
specific CRISPR-Cas12a. We developed and optimized the Cas12a assay for HIV-1 analysis. We
validated the concept of the solid-state CRISPR-Casl2a-assisted nanopores (SCAN) to
specifically detecting the HIV-1 DNAs. We showed that the glass nanopore sensor is effective in
monitoring the cleavage activity of the target DNA-activated Cas12a. We developed a model to
predict the total experimental time needed for making a statistically confident positive/negative
call in a qualitative test. The SCAN concept combines the much-needed specificity and sensitivity
into a single platform, and we anticipate that the SCAN would provide a compact, rapid, and low-

cost method for nucleic acid detection at the point of care.
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Solid-state nanopore sensors made from silicon nitride!™, glass®”’, and graphene® have shown
great potential in detecting single molecules due to their unique label-free electronic sensing,
single molecule sensitivity and potential reusability. In typical nanopore experiments, charged
biopolymers such as DNAs are electrophoretically driven through the nanoscale orifice, which
temporarily blocks the passage of ions that leads to a dip in the current. Each dip in the current
indicates one translocation of the analyte through the nanopore, often called an event. The analysis
of the event magnitude, shape, duration, and rate provides the basis for interpreting the molecule
length, shape, charge, and concentration’. Thanks to its elegant concept, solid-state nanopores have
achieved great success in analyzing macromolecules in the past decade. An existing common
challenge for solid-state nanopores was the sensing specificity!®. The typical approach for

achieving the specificity is by specific binding sites on the nanopore wall surfaces''"!?

or using
specific probe molecules'*!>. Nevertheless, additional steps of surface functionalization could

limit the device yield!®. In addition, a specifically modified nanopore means that nanopore can

only be used for a fixed target without being generally applicable.

The CRISPR-Cas9 system has shown outstanding competence in targeting nucleic acid with
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high specificity °"'’, and has been explored by combining with the nanopore sensings
addition, the recent discovery of the collateral cleavage in other Cas proteins like Cas12 and Cas13
made it possible to translate the sequence-specific targeting to other detectable signals, which has
led to the increasing emergence of CRISPR-mediated biosensors!”-2!"?’, For instance, Zhang and
colleagues developed SHERLOCK (Specific High sensitivity Enzymatic Reporter unLOCKing),
which used RNA-guided RNases Cas13a or Casl3b for RNA detection?**, In addition, RNA-

guided DNase Cas12 was explored for DNA detection, generating multiple versatile systems such

as HOLMES?, DETECTOR?, and Cas12aVDet*’. These successes have immensely expanded the



applicability of CRISPR/Cas systems for highly specific nucleic acid analysis. So far, most of the
CRISPR-mediated bio-sensing applications used fluorescent, bioluminescent, or colorimetric
reporters for readouts, which often require optical sensing and additional design and synthesis of

reporter molecules like fluorescence/quencher beacons or gold nanoparticles.

In this work, we combined the high specificity offered by the Casl2a and high sensitivity
offered by the glass nanopore sensor towards an electronic sensing platform for sequence-specific
HIV-1 DNA detection. Cell-associated HIV DNA (CA-HIV DNA, which can be extracted from
easily-obtainable fingerprick blood) is the most widely used marker for HIV persistence in infected
cells, the detection of which has significant importance in the diagnosis of HIV infection®®. The
solid-state CRISPR-Casl2a-assisted nanopores (SCAN) use circular single-stranded DNAs
(ssDNAs) as reporters, which are cleavable when the crRNA/Casl2 complex (a.k.a.,
ribonucleoprotein or RNP) is activated by the binding of the specific HIV-1 DNA. We developed
Casl2a assay for HIV-1 detection and optimized the buffer conditions for nanopore sensing. We
found that the cleavage activity of the target DNA activated RNP can be quantified by the glass
nanopore sensors. A model was developed to estimate the optimized reaction time and nanopore
reading time such that positive/negative calls in a qualitative test at the 95% confidence level can
be made as quickly as possible. We also validated the specificity of the SCAN for detecting two
different regions of the HIV-1 gene. With excellent specificity and sensitivity, we believe SCAN
offers a promising approach towards developing compact, rapid, and low-cost nucleic acid

detection at the point of care.



RESULTS AND DISCUSSION

Working Principle

Figure 1 illustrates the working principle of SCAN for sequence-specific DNA detection. It
leverages the unique features of the CRISPR-Cas12a and the nanopore sensor. Upon the specific
RNA-guided dsDNA binding, the Casl12a could perform collateral cleavage on the surrounding
nonspecific ssDNAs. This feature has been previously utilized for developing diagnostic tools**
252729 In SCAN, circular ssDNAs (M13mp18, 7249 bases) of a known concentration (typically
100 pM) were used as reporters. If target HIV-1 DNAs exist in the analyte solution (Figure 1a),
the Cas12a/crRNA complex (i.e., non-activated RNP) can be activated by binding specifically to
the target HIV-1 DNAs. The activated RNP was then able to digest the ssDNA reporters. During
this process, the effective concentration of the circular ssDNA reporter was reduced. On the other
hand, if the target HIV-1 DNAs do not present in the analyte solutions (Figure 1b), the RNP
complex remains inactive and will not degrade the ssDNA reporter. As a result, the abundance of
the remaining circular ssDNA reporter indicates the existence/absence of the target DNAs. The
SCAN approach used the glass nanopores for electronic quantification of the remaining ssDNA
reporter through the single molecule counting’ **3!. The existence of the target HIV-1 DNAs
would significantly reduce the ssDNA reporter event rate through the nanopore sensors. It is
noteworthy that while the remaining ssDNA reporter can be readily visualized by conventional gel
electrophoresis, the nanopore readout is much more sensitive and can be performed in-situ
(supplementary Figure S1). Due to the superior single molecule sensitivity of the nanopore, the
ssDNA reporter concentration we used in SCAN (typically 100 pM) is much smaller than that in

fluorescent platforms (typically 100 nM).



To ensure all events observed in the nanopore sensors correspond to the ssDNA reporter rather
than the interfering background molecules (e.g., RNPs), we performed nanopore experiment for a
pure RNP and HIV-1 DNA sample (30 nM each) without any ssDNA reporter. We did not observe
a single event for a measurement time of 1000 s (supplementary Figure S2), which confirms that
the translocation rate of the background activated RNPs is less than 0.001 s™!'. The lack of signals
from RNPs is most likely due to the fact that the size of the RNP complex and target DNA is much
smaller than the circular reporter ssDNAs (7249 bases), which cannot be picked up by the large

nanopores of a diameter of 10 nm.

HIV-1 Assay and Buffer Optimization

For sequence-specific recognition of HIV-1 DNA, the crRNAs should target conserved regions
in all HIV-1 subtypes. To this end, we focused on three commonly evaluated domains of HIV-1,
which are GAG (capsid protein), POL (protease, reverse transcriptase and integrase), and ENV
(glycoprotein) **3*, Base on this information, we synthesized two 50 bp dsDNAs from the GAG
region as our HIV-1 targets. Two specific crRNAs were designed for each of these dsSDNAs targets
(see Methods for detailed sequences).

Towards a glass nanopore compatible reaction buffer!s!

, we explored three candidates:
NEBuffer 3.1, PBS buffer and IDT buffer (see supplementary Table S1 for detailed compositions).
The gel analysis was performed to validate each of these buffers (Figure 2a). As shown, the

commonly used NEBuffer 3.1% 273

indeed worked in our HIV-1 Casl2a assay. However, it is
incompatible with the nanopore sensor. The presence of high concentrated (1.5 uM) Bovine Serum

Albumin (BSA) in the NEBuffer acts as an opposing obstacle for ssDNA reporters and

dramatically impact the nanopore ssDNA reporter event rates. For the PBS buffer, the gel results



showed that it did not support the cleavage activity of Casl2a. This is likely due to the lack of

Mg?" ions, the key co-factor in Cas12a enzymatic activities®.

We hypothesized that a buffer with Mg?* ions that has no BSAs is desirable for The SCAN
device. The IDT buffer is such a candidate. We validated its functionality for our HIV-1 Casl2a
assay (Figure 2a). While Casl2a indeed functioned properly in the IDT buffer, the low salt
concentration of the buffer (100 mM) is non-ideal for the nanopore sensing®’. It was previously
shown that high salt concentration would be favorable for nanopore sensing as the low salt
concentration will result in a dramatic reduction of event rate and the signal in glass nanopores®”
38, To this end, we evaluated how increasing the salt concentration in the IDT buffer would impact
the Casl2a assay. It was found that 200 mM salt would start killing the activity of the Casl2a
(Figure 2b). This indicates the IDT buffer with 100 mM salt should be used in the HIV-1 Casl2a
reaction. To solve the conflicting buffer requirements in the Casl2a reaction (low salt) and the
nanopore sensing (high salt), we used a two-step protocol in our SCAN system. The reaction
between the target DNA, Casl2a/crRNA, and ssDNA reporter was performed in the IDT buffer.
The reaction was then terminated by adding 1.045 M KCI solution such that the final salt
concentration is 1 M for efficient nanopore counting of the remaining ssDNA reporter. Nanopore

Event Rate for Circular ssDNA Reporters Quantification

For a typical SCAN experiment, the RNP concentration remains constant during the Casl2a
cleavage reaction. To validate if the nanopore event rate can be used as a quantitative readout for
the ssDNA reporter concentration at the constant RNP background, we performed nanopore
counting experiments with serially diluted ssDNA reporter. In all experiments, the RNP and salt
concentration was fixed as 30 nM and 1 M, respectively. Figure 3a shows the time traces of the

ionic current from each of these cases. A quick glance of these traces revealed that events occur
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more often as the ssDNA reporter concentration increases. The extracted event rate as a function
of the reporter concentration was plotted in Figure 3b. A clear linear relationship between the
event rate and the ssDNA reporter concentration was observed (R*> = 0.98), which validates the
abundance of ssDNA reporter can be quantified by nanopore counting at the constant RNP

background.

HIV-1 Activated Cas12a Trans-Cleavage Monitored by Nanopore Counting

After verifying the linear relationship between the ssDNA reporter and the nanopore event rate
under the constant RNP, we set out to perform the HIV-1 sensing using the SCAN. Three different
HIV-1 concentrations (15, 30, and 60 nM) were tested by adding the dSDNA sample to the RNP
solutions in the IDT buffer. In all the experiments, the initial ssDNA reporter concentration was
fixed at 100 pM. The reaction was terminated at various reaction times (0, 5, 10, 20, and 30
minutes) by adding KCI salt to the final salt concentration of 1M. The remaining ssDNA reporter
concentration was measured by the calibration-free nanopore counting method *! (Supplementary

Note S1).

Figure 4 plots the remaining ssDNA reporter concentration as a function of the reaction time
for different target HIV-1 concentrations. For each target HIV-1 concentration, the ssDNA reporter
concentration reduced exponentially and can be well fitted by the Michaelis—Menten kinetics,
C = Cye *Tr, where C and Cy are the remaining and initial sSDNA reporter concentration,
respectively. 7» is the reaction time and £ is the rate constant. The rate constant k£ went up from
0.037 min™! at 15 nM target HIV to 0.051 min™' at 30 nM target HIV, and further to 0.081 min™ at
60 nM target HIV. These trans-cleavage rate constants were in par with previously reported value

of 0.03 min! 3. It was evident that the more target HIV-1 present in the analyte solution, the faster



the ssDNA reporters get degraded by the activated Cas12a.

Although some of the translocation events recorded in the nanopore sensing could come from
the partially cleaved ssDNA reporter, the fact that the extracted remaining reporter decay
exponentially by the reaction time (Figure 4) and follow the Michaelis-Menten kinetics suggested
that the interference from the partially cleaved ssDNA reporter is negligible. To further explore
the impact of the partially cleaved DNAs, we evaluated the distributions of the current dips, dwell
time, and event charge deficits (ECDs) of the events for a negative sample and positive samples
(supplementary Figure S3). No significant difference was observed between these two samples,

indicating most of the detected events were from the intact circular ssDNA reporter.

Statistical Modeling for Qualitative Positive/Negative Test in SCAN

Practically, the SCAN device would require a certain reaction time 7 such that the HIV-1
activated Cas12a could degrade a certain amount of ssDNA reporters. The longer the reaction time,
the less the remaining reporters. Subsequently, the remaining reporters will be measured by the
nanopore counting within a measurement time of 7. It was previously shown that the translocation
of molecules through the nanopore is a Poisson process*’. Thus inferring the event rate from
observing n events in T will have an uncertainty of (1.96(n)”*)/T *'. In other words, longer
measurement is statically beneficial for more accurate rate determination. As a result, longer
reaction time 7»and measurement time 7 is preferred to make a statistically confident call for a
qualitative positive/negative test. However, minimizing the total experimental time (7+7») would

be highly desirable towards a fast sample-to-result turnaround.

In order to estimate the total experimental time for a qualitative positive/negative test, we

developed a statistical model. For the negative case (i.e., no reporter degradation), the expected



number of events in the nanopore in a measurement time of 7, is given by
An = auCoTy, (1)

where u is the electrophoretic mobility of the ssDNA reporter, « is a constant, and Co is the initial
ssDNA reporter concentration before the reaction. On the other hand, for the positive case after
reaction time T, the initial reporter concentration C, would decrease to Cye *Tr (Michaelis-
Menten kinetics) and the expected number of events in the nanopore in a measurement time of 7o

would be:
Ay = apCoe T, (2)

in which £ is the rate constant that is linearly proportional to the activated RNP concentration. The
activated RNP concentration is limited by the smaller values between HIV-1 DNA and RNP

concentration in the system and can be written as
k = A x min(Cypy, Cryp) (3)
where A is a constant (0.00148 min"'nM"!, see Supplementary Note S2).

In our experiment, we found that while the RNP complexes do not produce measurable events,
they do affect the electrophoretic mobility of the ssDNA reporters. It was found the reporter
electrophoretic mobility reduces exponentially as we increase the RNP concentration
(Supplementary Note S3). This phenomenon was previously observed in gel electrophoresis and
was described by the Ogston-Morris-Rodbard-Chrambach model, in which molecule
electrophoretic mobility has an exponential relationship with the obstacles concentration (u o«
e~ CrNP) 4243 Hence, electrophoretic mobility of the reporters can be extracted by fitting an

exponential curve to our experimental results:
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= poe FCrNP(4)

where py (1.73 X 10 m*V-!s™!) and B (0.025 nM™) are the constants of the fitted exponential

curve to the experimental results (Supplementary Note S4).

Experimentally observed events for negative and positive case would follow the Poisson
distribution with expected values of 4,, and A, respectively. As illustrated in Figure Sa, we aim to
find out the 4, such that the overlap of Poisson probability density functions (PDF) to that of the
negative case of 4,, is less than 5% (i.e., 95% confidence level for making a positive/negative call).
For any fixed nanopore reading time 7, we can solve the maximal A, and therefore the minimal
required reaction time 7. Figure Sb plots the total experimental time (7+7) as a function of HIV
and RNP concentrations. We observed three important features. First, under a fixed RNP
concentration, the total experimental time can be significantly reduced when HIV target
concentration is increased up to that of RNP concentration, beyond which the total experimental
time is independent of the HIV-1 target concentration. This is because the rate constant £ is
determined by the smaller amount between target HIV-1 and RNP. Second, although in regions
where RNP concentration is higher than HIV-1, the constant rate k is independent of RNP
concentration, the total experimental time would be significantly increased when RNP target
concentration is increased, especially more than 50 nM regions. This stems from the fact that the
electrophoretic mobility of the reporters decays exponentially as we increase the RNP
concentration (Eq.4). Hence, we need more time in the nanopore reading to make a call at 95%
confidence. Third, an optimized combination of HIV-1 and RNP concentration is required such
that a positive/negative call at 95% confidence can be made within an hour (dashed line). It was
found that the RNP concentration between 10-100 nM and HIV target concentration higher than

10 nM would be the optimized range in our experiment. If the starting HIV-1 DNA concentration
11



is less than 10 nM, a pre-amplification step before SCAN is highly desirable for quick turnaround.

These pre-amplification steps were widely used in previous Casl12a based assays?*2"-2°,

Sequence-Specific Test

We designed two sets of HIV-1 DNA targets and assays, in which each assay was specific to
its target (Assay 1 to Target 1 and Assay 2 to Target 2). To test the cross-reactivity of designed
assays, we performed the gel analysis on the assay products. Figure 6a showed the gel image. We
observed clear reporter cleavage when the assays were used to their specific target, and no reporter
cleavage if the assay is non-specific to the target. To validate the specificity of the SCAN, we
tested four different assay-target combinations. Figure 6b-e presents the results of the nanopore
experiment before and after 30 min of reaction. For Target 1 in Assay 1, the translocation event
rate change is significant (from 0.329+0.036 s to 0.128+0.022 s’!), whereas for Target 1 in Assay
2, the event rate change is negligible (from 0.271+0.034 s to 0.258+0.032 s!). Similarly, for
Target 2 in Assay 1, the translocation event rate change is negligible (from 0. 310+0.035 s to 0.
308+0.039 s!), whereas Target 2 in Assay 2, the translocation event rate change is significant
(from 0.326+0.037 s! to 0.103+0.022 s™). It is clear that only the matched Casl2a assay and its
target can produce a significant reduction in the number of translocation events after 30 minutes
of reaction. These results demonstrated the SCAN could detect targets specifically. While
nanopore sensors were often challenged by the specificity issue, we believe coupling the extremely
high specificity of CRISPR Cas 12a to the nanopore sensor can provide an appealing alternative

for future applications.
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CONCLUSIONS

In summary, our findings demonstrated the capabilities of solid-state CRISPR-Cas12a-assisted
nanopores for highly sensitive and specificity HIV-1 DNA detection. We found that the buffer salt
concentration plays a critical role in both the assay and nanopore readout. We verified the events
observed in the nanopore sensors were dominated by the un-cleaved circular ssDNA reporter,
rather than the background interference. The nanopore translocation event rate is a valid readout
for quantifying the ssDNA reporters in the presence of the RNP complexes. We found the reporter
cleavage rate constant is proportional to the target HIV-1 concentration. We developed a model to
estimate the optimized reaction time and nanopore reading time such that positive/negative calls
in a qualitative test at the 95% confidence level can be made as quickly as possible. We found that
SCAN can detect target DNA concentrations above 10 nM within 1 hour. Concentration less than
10 nM would likely require pre-amplification steps, similar to previous Casl2a based assays 227
2. We also validated the specificity of the SCAN for detecting two different regions of the HIV-1
gene. While the results presented in this work were from glass nanopores and HIV-1 DNAs, the

SCAN principle could be well extended to other nanopore types and DNA targets. We anticipate

that SCAN would provide a new avenue for molecular diagnostic applications.

METHODS

Materials and chemicals.

A.s.Casl2a Ultra (#10001272) and IDTE pH7.5 buffer (#11-01-02-02) were purchased from

Integrated DNA Technologies (IDT). dsDNA and crRNA were also synthesized from IDT.
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MI13mpl8 ssDNA (#N4040S) and NEBuffer 3.1 (#B7203S) were purchased from NEW
ENGLAND Biolabs Inc. (NEB). DNA elution buffer was from Zymo Research (#D4036-5).
Nuclease-free molecular Biology grade water was from Hyclone (SH30538). DPBS was purchased
from Thermo Fisher (#14190250). DNA gel loading dye (6X) was from Thermo Fisher (#R0611).
10X IDT reaction buffer (200 mM HEPES, 1 M NaCl, 50 mM MgCl; and 1 mM EDTA,
PH6.5@?25°C) was made at the lab. MgClz, NaCl, KCIl and Tris-EDTA-buffer solution (10 mM
Tris-HCl and 1 mM EDTA) were purchased from Sigma-Aldrich. HEPES was from Gibco
#15630-080. Agarose was from Bio-rad (#1613102). Ethidium Bromide (EB) was from Life
Technologies (#15585011). DNA Ladder was from Thermo Scientific (#SM0311). Ag/AgCl wires
electrodes were fabricated by using 0.2 mm Ag wires (Warner Instruments, Hamden, USA). Micro
injectors of 34 gauge were purchased from World Precision Instruments. Piranha solution was
made by mixing concentrated sulfuric acid (H2SO4) with hydrogen peroxide (H202). Quartz
capillaries with inner and outer diameter of 0.5 mm and 1 mm were purchased from Sutter

Instrument.

HIV-1 Cas12a assay

Aligned sequences of three domains of HIV-1, which are GAG (capsid protein), POL
(protease, reverse transcriptase and integrase), and ENV (glycoprotein) were from HIV sequence
database?®. Shannon entropy value of each nucleotide of the aligned sequences was calculated with
the “Entropy-One” function in the HIV sequence database. Two HIV-1 DNA oligos from the GAG
region (HIV-1 Target 1 and Target 2) and two specific crRNAs were synthesized by IDT.

Sequences are as followed.

Target 1: 5’-tatcacctagaacTTTAAATGCATGGGTAAAAGTAGTAgaagagaaggct-3°

14



ctRNA1: 5’-UAAUUUCUACUCUUGUAGAUAAUGCAUGGGUAAAAGUAGUA-3’
Target 2: 5’-ccTTTAACTTCCCTCAGGTCACTCTTTGGcaacgacccctcgtcacaataa-3’
crRNA2: 5’-UAAUUUCUACUCUUGUAGAUACUUCCCUCAGGUCACUCUUUGG-3’
The synthesized HIV-1 DNA oligos were resuspended in molecular biology grade water,
annealed in DNA elution buffer. The crRNAs were resuspended in IDTE pH?7.5 buffer and stored
in -80 °C. For RNP formation, Cas12a and crRNA were mixed in 1 xPBS to form the non-activated
RNP at room temperature for 20 min and stored in -80°C. In the cleavage reaction, non-activated
RNP complex was mixed with dsDNA target and incubated at 37°C for 10 min for RNP activation.
Then ssDNA reporters were added and incubated at 37°C for cleavage. After the reaction, results
were examined both in agarose gel and in the nanopore device. For gel imaging, reactions were
terminated with DNA loading dye (6X). The 24 ul mixture was loaded to EB-stained 1% (wt/vol)
agarose gel for electrophoresis analysis. For nanopore analysis, reactions were terminated by

adjusting the salt concentrations to 1M KCIL.

Glass nanopore fabrication

To remove organic residues from quartz capillaries, as-purchased quartz capillaries were firstly
cleaned in Piranha solution for 30 minutes, then rinsed with DI water, and dried in a vacuum oven
at 120 °C for 15 min. A two-line recipe, (1) Heat 750, Filament 5, Velocity 50, Delay140, and Pull
50; (2) Heat 710, Filament 4, Velocity 30, Delay 155, and Pull 215, was used to pull the capillaries
with a laser pipette puller (P-2000, Sutter Instruments, USA). This recipe typically produces
nanopores of diameter around 10 nm. It is noteworthy that ssDNA that is less than 1kbp length

does not generate detectable signal in the glass nanopore.

Nanopore sensing and data analysis
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A constant voltage was applied across the glass nanopore by 6363 DAQ card (National
Instruments, USA). A transimpedance amplifier (Axopatch 200B, Molecular Device, USA) was
used to amplify the resulting current and then digitalized by the 6363 DAQ card at 100 kHz
sampling rate. Finally, a customized MATLAB (MathWorks) software was used to analyze the

current time trace and extract the single molecule translocation information.
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FIGURES AND CAPTIONS
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Figure 1. Schematic of Solid-State CRISPR-Casl2a-Assisted Nanopore (SCAN) sensor. a)
Positive case, the trans-cleavage activity of the Casl2a after activation cause degradation of the
circular ssDNA reporters, resulting in reduced reporter event rate through the nanopore. b)
Negative case, the Casl2a is not activated in the absence of target dSDNA and thus the ssDNA
reporters are not cleaved. The nanopore event rate remains high.
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Figure 2. Buffer optimizing for HIV-1 Casl2a assay. a) Evaluating three candidate buffers:
NEBuffer 3.1, PBS buffer and IDT buffer (see supplementary Table S1 for detailed compositions).
b) Evaluating the impact of salt concentration on the Cas12a activity in the IDT buffer.
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Figure 3. Quantitative ability at constant RNP concentrations. a) Translocation recording of
serially-diluted ssDNA reporters ranging from 50-250 pM through the glass nanopore under 400
mV bias. The RNP and buffer salt concentration was fixed as 30 nM and 1 M, respectively. b) The
nanopore event rate as a function of the ssDNA reporter concentrations. The error bars correspond
to the Poisson noise of determining the event rate.
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Figure 4. Remaining ssDNA reporter concentration as a function of reaction time (0, 5, 10, 20,
and 30 minutes) for different HIV target concentrations (15, 30, and 60 nM). In each case, the
initial ssDNA reporter concentration was set as 100 pM and the remaining concentration was
obtained using the extracted translocation rate through the nanopore. The solid line is the fitting
using the Michaelis—-Menten kinetics, C = Coe *"r, where Cp is the initial ssDNA reporter

concentration (100 pM). The fitted rate constants k& for 15, 30, and 60 nM target HIV was obtained
as 0.037, 0.051, and 0.081 min! respectively.
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Figure 5. a) Illustration of distributions for event numbers observed in the negative and positive
case. The overlap of the two distributions should be less than 5% for a positive/negative call at the
95% confidence level. b) The total experimental time needed for making a positive/negative call
at different combinations of HIV target and RNP concentrations. The dashed dotted line indicates
the region in which the qualitative call can be made within 1 hour.
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Figure 6. a) Agarose gel electrophoresis images of the designed specificity test. Only specific
combinations (Assay 1-Target 1, and Assay 2-Target 2) lead to the degradation of reporters. b-¢)
Specificity test in SCAN. The reaction time for all cases is 30 minutes and the HIV target
concentration is 30 nM. Only matched Casl2a assay and its target can produce a significant
reduction in the number of translocation events. The error bars correspond to the Poisson noise of
determining the event rate.
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