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Abstract

A gold nanoparticle (AuNP) labeled CRISPR-Cas13a nucleic acid assay has been developed for 

sensitive solid-state nanopore sensing. Instead of directly detecting the translocation of RNA 

through a nanopore, our system utilizes non-covalent conjugates of AuNPs and RNA targets. 

Upon CRISPR activation, the AuNPs are liberated from the RNA, isolated, and passed through 

a nanopore sensor. Detection of the AuNPs can be observed as increasing ionic current in the 

chip. Each AuNP that is detected is enumerated as an event, leading to quantitative of molecular 

targets. Leveraging the high signal-to-noise ratio enabled by the AuNPs, a detection limit of 50 fM 

before front-end target amplification is achieved using SARS-CoV-2 RNA segments as a Cas13 

target. Furthermore, a dynamic range of six orders of magnitude is demonstrated for quantitative 

RNA sensing. This simplified AuNP-based CRISPR assay is performed at the physiological 
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temperature without relying on thermal cyclers. In addition, the nanopore reader is similar in size 

to a smartphone, making the assay system suitable for rapid and portable nucleic acid biomarker 

detection in either low-resource settings or hospitals.
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1. Introduction

In the past two decades, there has been an increasing frequency of emerging viral 

infections, including SARS, Ebola, and Zika, causing significant public health concerns.
[1] The incredibly swift global spread of COVID-19 re-emphasizes the critical need for 

rapid and sensitive molecular diagnostics to combat current and future pandemics. Sensitive 

polymerase chain reaction (PCR) based tests are the gold standard for molecular diagnostics 

but rely on bulky and expensive instruments. Thus, they are not suitable for self-diagnosis 

or point-of-care (POC) settings.[2] High-throughput sequencing can decipher the entire 

genomic landscape of the pathogens but is time-consuming and requires bioinformatics 

for data interpretation.[3] Immunoassays, such as rapid antigen tests, are simple and rapid 

diagnostic methods but normally lack the sensitivity to reporting the low concentration 

biomarkers.[4] Assays with high limits of detection and low accuracy have been acceptable 

out of necessity, but there are many scenarios where a rapid, sensitive, POC device would be 

beneficial. Therefore, developing a simple to use, portable, and sensitive diagnostic platform 

is one important key to addressing the current challenges for molecular diagnostics.

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) are bacterial 

systems evolved to combat bacteriophage infections by recognizing specific nucleic acid 

sequences to activate nucleolytic cleavage activities. The trans-cleavage of RNA and 

DNA molecules by various CRISPR systems has been adapted for a variety of molecular 

uses, including the design of sensitive novel diagnostic platforms.[5] An enzyme turnover 

rate of ~1-10 molecules per second has been demonstrated with the CRISPR-Cas13a 

complex, thus significantly enhancing the sensitivity of RNA detection.[6] Further, through 

combination with either isothermal amplification or conventional PCR, the CRISPR 

platforms demonstrate unprecedented pathogen detection sensitivity.[7-9] Lateral flow strips 

based on CRISPR-Cas12a and -Cas13a have been developed for simple and sensitive 

detection of SARS-CoV-2 and other infectious diseases without a complicated sample 

extraction process.[10,11] However, even though paper-based strips are highly sensitive, 

they cannot be used for quantitative detection, which is crucial for monitoring disease 

progression in patients.[12]

In recent years, solid-state nanopore sensing has attracted increasing attention in detecting 

single molecules with many advantages, including controllable feature size, high sensitivity, 

simple readout, and label-free electronic sensing.[13,14] The technology has been applied 

to many areas such as DNA sequencing,[15,16] protein detection,[17] nanoparticle separation,
[18] and energy conversion.[19] The principle behind nanopore detection is resistive pulse 
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sensing. The ionic current either decreases due to the presence of an analyte which hinders 

the access of the ions to the nanopore volume or increases when metal nanoparticles are 

passing through the nanopore and enhance the ionic current due to the high conductivity.[20] 

Highly sensitive and quantitative detection can be achieved by analyzing the features of 

the current, such as duration time, amplitude, and signal frequency. CRISPR assays have 

shown outstanding competence in highly specific nucleic acid targeting and have been 

used in various nanopore sensing platforms. For instance, Nouri et al. developed a kind 

of solid-state CRISPR-Cas12a-assisted nanopores (SCAN) to specifically detect the HIV-1. 

The glass nanopore sensor is effective in monitoring the cleavage activity of the target 

DNA-activated Cas12a.[21] In addition, Nicole E. et al. demonstrated the use of a highly 

specific dCas9 probe to create unique barcodes on DNA that nanopore sensors can read. 

Multiple dCas9 probes are available to create characteristic structural patterns on DNA. 

These sequence-specific structures simultaneously recognize different DNA targets in a 

mixture, demonstrating an important step toward rapid DNA identification.[22]

Even though solid-state nanopores can directly detect DNA/RNA in solution,[23,24] a tagging 

molecule is often introduced to enhance the signal to noise ratio for the translocation.[25,26] 

In addition, a stringent pre-purification process must be included as the impurities present 

in the sample can disrupt the ionic current and cause false-positive signals. In the present 

study, we leverage the strong ionic signal pulse caused by gold nanoparticles (AuNPs) in the 

detection of viral RNA. A sensitive CRISPR-Cas13a assay has been developed to recognize 

the SARS-Cov-2 target RNA. After magnetic bead separation, the CRISPR-Cas13 cleaved 

AuNPs are introduced into a solid-state nanopore reader for detection. Here, we show that 

our strategy can differentiate between similar viral RNA strains (specificity) with a detection 

limit of 50 fM (sensitivity), covering six orders of magnitude (quantitative range). Our 

results established a key step towards the implementation of a portable, rapid, and highly 

quantitative nucleic acid detection technology in POC settings.

2. Results

The approach for solid-state nanopore sensing is shown in Figure 1a. A SiNx nanopore chip 

is sandwiched between two microfluidic reservoirs shown in blue. Two AgCl electrodes are 

immersed in the reservoirs on both sides, and a constant voltage (−700 mV to 700 mV) is 

applied across the nanopore, causing a steady-state ionic-current flux at the picoamp (PA) 

level through the nanopore. The translocation of the free AuNPs changes the ionic current 

and is detected by the nanopore reader shown in the diagrams to the right. The free-standing 

SiNx membrane (thickness: 20 ± 3 nm) sits on a 200 μm thick silicon substrate with a 

frame size of 5 × 5 mm. A 60 nm thick SiO2 layer was deposited between the silicon 

substrate and the SiNx membrane to reduce the electrical noise. The nanopore (diameter: 

90 nm) was prepared with a helium ion microscope (Figure 1b),[27] the pore is visible as a 

round opening of approximately 90 nm by transmission electron microscopy (TEM). Before 

introducing AuNPs into the chip, the open-pore current in 1 M KCl solution was analyzed 

to characterize the nanopore chip and the nanopore reader. As shown in Figure 1c, a linear 

relationship between the ionic current and the applied voltage in the range of −400 mA to 

400 mA was recorded (R2 =0.999) in 1 M KCl with a corresponding pore conductance G, 
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calculated to be 732.1 nS. The ionic conductance through an open solid-state nanopore can 

be calculated by

G0 = σ[ 4l
πd2 + 1

d ]−1, (1)

where σ is the solution conductivity, l is the membrane thickness, and d is the nanopore 

diameter.

Here, l is 20 nm and σ is 10.5 S/m in 1 M KCl at 23°C.[28] The calculated nanopore 

diameter is 89.5 nm, which is consistent with the TEM characterization.

The schematic of the AuNP-Cas13 detection process is shown in Figure 2a. Lbu-Cas13a 

protein and crRNA are pre-mixed to form a Cas13a:crRNA complex. In this case, the 

crRNA is specific for a nucleotide sequence within the S reading frame of SARS-CoV-2. 

Then, biotin-FAM-labeled ssRNA probes are introduced into the mixture (step 1). Next, 

Streptavidin-coated AuNPs are added to the assay (step 2). The presence of the target RNA 

(SARS-CoV-2) activates the Cas13a:crRNA complex, cleaving the ssRNA probes in the 

solution. In the absence of the target RNA, the un-cleaved ssRNA probes are captured by 

anti-FAM coated magnetic beads (step 3) and isolated by a super-magnet (step 4). Since 

the ssRNA probe cleavage is correlated to the target concentration, the amount of AuNPs 

presented in the supernatant can be used for quantitative RNA target sensing. The target 

and the guide RNA sequences are listed in Figure 2b. The SARS-CoV-2 target (703 nts) 

was selected from the plasmid pUC57-SARS-CoV-2 (spike S gene). A 20-mer guide RNA 

was selected to recognize a 20-nt sequence within the SARS-CoV-2 target. To characterize 

the CRISPR assay, we utilized an established RNase Alert kit by using SARS-CoV-1 as 

a negative control (Figure S1). The photographs of the cleaved products contained within 

microtubes are shown in Figure 2c (i). The red color is observed for positive samples 

with a concentration above 0.1 nM. On the other hand, for negative samples, the collected 

supernatants do not show any color, regardless of the input target concentration (Figure 2c 

(ii)). The results were further confirmed by TEM imaging (Figure 2d). For the 100 nM 

positive sample (Figure 2d (i)), clusters of the AuNPs are easily observed, indicating that the 

ssRNA probes were cleaved, leaving the AuNPs in the supernatant. In the negative sample 

(Figure 2d (ii)), it was extremely difficult to observe AuNPs with TEM, indicating that most 

AuNPs are conjugated on the magnetic beads.

To validate that the nanopore event rate can be used as a quantitative readout for the 

AuNP and thus target RNA abundance, we performed nanopore counting with serially 

diluted Streptavidin-coated AuNPs in 1 M KCl solution (Figure 3a). Typical current traces 

of AuNPs with varying concentrations (0.5 fM to 50 pM) translocated through a 90 nm 

nanopore are shown in Figure 3b. The upward pulses along the time trace indicate that 

the negatively charged AuNPs bring new ions into the nanopore, resulting in a temporary 

increase in conductance.[29] The nanopore chip is small in size and occupies the largest 

resistance component in the whole circuit. Therefore, when the original solution (buffer 

solution) is replaced by a more conductive solution, the resistance of the circuit would 

decrease, resulting in the current increase. The current increases when adding more AuNPs 
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to the solution since the conductivity of the AuNPs is higher than the buffer solution. A 

quick glance at these traces reveals that the events occur more frequently with the increase 

of the AuNPs concentration. The extracted event rate exponentially increases with the 

AuNPs concentration (R2 =0.9106), as shown in Figure 3c. The corresponding histogram 

of the current increase (ΔI) versus the AuNPs concentration is shown in Figure 3d. The ΔI 
value is 320.5 ± 132.1 pA for 50 fM AuNPs, 395.5 ± 90.3 pA for 0.5 pM AuNPs, 454.0 ± 

171.7 pA for 5 pM AuNPs, and 454.3 ± 197.5 pA for 50 pM AuNPs, indicating that the ΔI 
increases with AuNP concentration. To further explore the current variation of the AuNPs, 

we extracted the dwell time and the distribution of event charge deficit (ECD) for the AuNPs 

with various concentrations (Figure S2). The calculated ECD value does not change with the 

different concentrations of the AuNPs.

After verifying the relationship between the AuNPs and the nanopore event rate, RNA 

sensing was performed by varying the RNA concentration from 0.1 pM to 10 nM while 

setting the AuNPs concentration at 5.5 nM. The current traces were recorded using a 

single applied voltage (700 mV) for 5 min after the signal appeared. Multiple specific 

periods were analyzed for each concentration. Figure 4a shows the detected current trace 

of AuNPs with various SARS-CoV-2 RNA target concentrations and the corresponding ion 

current versus the observed translocation time. More current traces of AuNPs were detected 

with increasing target RNA concentrations. The current trace of the AuNPs for negative 

control (SARS-CoV-1) is shown in Figure 4b. A flat control signal was detected at most 

concentrations, and we only found a very low frequency of AuNPs in the 10 nM negative 

sample.

To quantify the target RNA concentration, a calibration curve of extracted rate versus AuNPs 

concentration was constructed (Figure 5). A linear relationship was found between the 

extracted rate and the logarithm of the AuNP concentration (R2=0.9944). The scattering 

intensity of the AuNPs increases with the increasing target RNA concentration (black 

curve). We are able to detect the signal from the AuNPs when the target concentration is 

low as 100 fM, thus achieving a highly sensitive detection. In contrast, the negative samples 

show a flat line and do not increase with the concentration. Extrapolating the positive 

measured rate and comparing it with the negative control suggests a detection limit of ~50 

fM.

3. Discussion

The CRISPR-enabled solid-state nanopore sensing established here shows great sensitivity 

and specificity for viral RNA sensing. Without front-end target amplification, a detection 

limit of 50 fM (30,000 copies/μL) is achieved by the unique trans-cleavage property 

of the CRISPR-Cas13a assay. This detection limit is close to the required sensitivity 

for rapid screening of SARS-CoV-2.[30] Moreover, our protocol can be integrated with 

established reverse transcription-loop-mediated isothermal amplification (RT-LAMP) and 

reverse transcription-recombinase polymerase amplification (RT-RPA) methods to extend 

the detection limit further by several orders of magnitude.[31,32]
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Our solid-state nanopore sensing platform requires only a smartphone-sized nanopore 

reader designed for POC applications. Simple and inexpensive, CRISPR-based lateral 

flow strips have been developed to diagnose SARS-CoV-2, but these tests cannot provide 

quantitative results. On the other hand, qPCR (quantitative polymerase chain reaction) is 

ultra-sensitive and quantitative but relies on bulky instruments and cannot be used in POC 

settings or for frequent self-diagnosis.[33] Our strategy can differentiate SARS-CoV-2 and 

SARS-1 with femtomolar level sensitivity with a wide dynamic range of six orders of 

magnitude, ideally for accurate detection and frequent testing to monitor the viral load in the 

patients. Furthermore, since the nanopore chips are made by conventional microfabrication, 

numerous nanopores can be patterned on a single substrate. Coupling with the commercially 

available miniaturized multi-channel amplifiers, our system can enable a highly multiplexing 

diagnostic instrument. However, we realized that pore-to-pore variation might affect the 

detection limit. For future POC testing, all the nanopores will need to be calibrated with 

reference samples.

Due to the small feature size of the nanopores, the presence of debris and air bubbles can 

prevent the solution and target particles from flowing through the nanopore. Therefore, 

a pre-wetting and cleaning process is crucial for the stable translocation of the AuNPs. 

We found that treating the chip with a 5 min sonication, followed by washing with DI 

water (deionized water) and IPA (Isopropyl alcohol) is sufficient to wet and clean the chip. 

In our case, 40 nm AuNPs are chosen for this CRISPR assay and are passed through 

a 90 nm nanopore. The nanoparticle and nanopore size combination ensure the sensitive 

trace tracking of single AuNPs without causing nanopore blocking issues. With the same 

nanoparticle size, we determined that a larger nanopore can indeed reduce the blocking, 

but it also compromises the sensitivity. The mechanism of nanopore detection is to detect 

the concentration of nanoparticles by detecting the current change when nanoparticles pass 

through the nanopore at a certain time. When the nanopore size is too large in proportion 

to the size of the nanoparticles, most of the nanopore space is not affected when the 

nanoparticles pass through the nanopore. Therefore, the current change is not obvious, and 

it is difficult to distinguish it from the signal fluctuation caused by artefacts, such as current 

noise. For example, many translocation events were not distinguished from the background 

with the 150 nm nanopore but were apparent with the 90 nm nanopore (Figure S4).

In this work, the upper bound of the voltage setting is 700 mV, and the maximum current 

value that can be read is 200 nA. In the future, the sensitivity of solid-state nanopore sensing 

can be further improved by upgrading the electronic sensing circuit. Since the driving 

force of AuNPs movement comes from the electrical potential difference of the electrodes, 

increasing the voltage at both ends will increase the number and frequency of nanoparticles 

passing through the nanopore. In addition, increasing the current by either increasing the 

applied voltage or changing the buffer concentration can also increase the signal-to-noise 

ratio as the translocation signals from the background noise can be better identified.[34,35]

For the trace of the CRISPR-cleaved AuNPs, the histogram of the current increase does 

not fit a Gaussian distribution. There could be two reasons for this: 1) Impurities, such 

as CRISPR-Cas13 complexes and nucleic acid probes in the sample, can affect the 

translocation signal of the AuNPs. In contrast, the current signal of the pure AuNPs (Figure 
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3) fits the Gaussian distribution well because there are no impurities in the solution; 2) For 

CRISPR experiments, the AuNPs concentration in the solution is low. Since our data model 

will only fit the Gaussian distribution with a large amount of data, the statistical analysis 

is likely to deviate when the AuNP concentration is low. In the future, we will focus on 

improving our data model to interpret the data more effectively.[36]

One unique advantage of the CRISPR-Cas13a assay is that the guide RNA sequence can be 

programmed to detect a specific target RNA. In this work, we designed a guide sequence 

for SARS-CoV-2, and this guide showed great specificity against the SARS-CoV-1 negative 

control. This strategy can be extended to detecting other diseases, such as sepsis, cancer, 

and genetic disorders, by using nucleic acids as biomarkers.[37] The combination of the high 

specificity of the AuNP-based CRISPR assay with a sensitive solid-state nanopore sensor 

can provide an appealing alternative for nucleic acid detection methods. Finally, it is worth 

noting that the experimental setup presented here may be useful for studying the dynamics 

of microscopic particles, as well as the change of conductivity of microscopic particles in 

different solutions.[38]

4. Experimental Section

Purification of Lbu-Cas13a:

Purification of Lbu Cas13a was purified as previously described with some alterations.[39] 

Briefly, E. coli cells (Rosetta 2) were grown at 37°C with shaking at 180 rpm in LB broth 

supplemented with 0.5% glucose, 100 μg/mL ampicillin, and 5 μg/mL chloramphenicol, 

and induced with 0.5 mM IPTG at 0.8 OD. Cells were harvested after 16 hr of growth 

and resuspended in lysis buffer (50 mM HEPES pH 7.0, 500 mM NaCl, 5% glycerol, 1 

mM DTT, 0.5 mM PMSF, and protease inhibitor). Cells were lysed by sonication and the 

resulting lysate was clarified by centrifugation at 4°C. Lbu-Cas13 was isolated through 

affinity chromatography using HisPur™ Ni-NTA Resin (Thermo) and the Cas13-containing 

eluate was dialyzed overnight at 4°C in dialysis buffer (50 mM HEPES pH 7.0, 250 mM 

NaCl, 5% glycerol, 1 mM DTT) and in the presence of TEV protease to cleave the His-MBP 

tag. Cas13 was further purified through cation exchange using a linear KCl gradient (0.25 

M – 1 M) on a HiTrap SP HP column (GE) and ÄKTA pure FPLC system (GE). The 

Cas13-containing fractions were pooled, concentrated, and resolved by gel filtration on a 

Superdex™ 200 Increase 10/30 GL column (GE) using gel filtration buffer (20 mM HEPES 

pH 7.0, 200 mM KCl, 5% glycerol, 1 mM DTT). The purified protein was concentrated and 

stored at −80°C for subsequent experiments. Protein purity was assessed by SDS-PAGE and 

is shown in Figure S5.

Lbu-Cas13a Activity Assay:

Purified Lbu-Cas13a was tested for activity by a radioactive cleavage assay. Briefly, 100 

or 1,000 nM Cas13a was incubated with 10% excess of guide RNA in cleavage buffer (20 

mM HEPES pH 6.8, 50 mM KCl, 5 mM MgCl2, 10 μg/ BSA, 100 μg/mL yeast tRNA, 

0.01% Igepal CA-630, 5% glycerol) and incubated at 37°C for 10 min to allow effector: 

guide complexing. Target RNA with a 5’ gamma ATP end label was then added at a 

final concentration of 2 nM, and the reactions were incubated at 37°C for 60 min. The 
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reactions were terminated by the addition of 2x formamide loading buffer (95% deionized 

formamide, 20 mM EDTA pH 8.0, 0.05% w/v bromophenol blue, 0.05% w/v xylene 

cyanol), resolved by 15% urea-PAGE, and subsequently visualized with using a Typhoon™ 

9410 Trio Phosphoimager (Cytiva). Activity assay results are presented in Figure S5.

RNA sequences:

Guide RNA and RNA reporters were purchased from IDT. Inc or synthesized in-house, and 

the sequences are listed in Table S1.

Preparation of SARS-CoV-2 and SARS-CoV-1 RNA segments:

The target SARS-CoV-2 (703 nucleotides) spike genes and negative control virus SARS-

CoV-1 (660 nucleotides) (sequences are listed in Table S1) were amplified from plasmids 

pUC57-SARS-CoV-1 and pUC57-SARS-CoV-2 via PCR and TA cloned into vector TOPO-

TA directly following a T7 promotor (Invitrogen, MA, USA). To generate linear template 

DNA for RNA synthesis, plasmids were digested at the 3’ terminus of the S coding 

fragments with HindIII (New England Biolabs, MA, USA), EtOH precipitated and then 

resuspended in dH2O. RNA fragments were synthesized using linear plasmid DNA as a 

template via T7 runoff reactions incubated for 4 hr at 37°C (RiboMAX, PROMEGA, WI, 

USA). Following RNA synthesis, reactions were DNase treated as per the manufacturer’s 

instructions. Proteins and excess nucleotides were removed by silica gel membrane 

column purification (RNeasy- QIAGEN, MD, USA). RNA size and initial quantitation was 

performed via agarose-TBE gel electrophoresis with RiboRuler RNA ladder (ThermoFisher, 

MD, USA) using densitometry. Quantitation was verified via UV absorption spectroscopy at 

260 nm.

CRISPR Lbu-Cas13a trans-cleavage:

We first mixed CRISPR-Cas13a and guide RNA in the following order: RNase-free water 

(22μL), 6 μl of 5x Standard (STD) Buffer (250mM KCl, 100mM HEPES, 25 mM MgCl2, 

5mM DTT, 25% Glycerol, pH 6.8), 1.67 μl of Lbu Cas13a in-stock solution (18 μM), 0.33 

μl of guide RNA in-stock solution (100 μM) to a total volume of 30 μL. The mixture was 

incubated at 37°C for 2 min followed by 8 min at room temperature, then put on ice for 

later use. We then added 2 μL of the Cas13a-guide RNA complex into 11 μl of RNase-free 

water, 4 μl of 5x STD buffer, 2 μl of RNA target with different concentrations, and 1 μl of 

the biotin-fluorescein ssRNA reporter (10 μM) to a total volume of 20 μL. The reaction was 

incubated at 37°C for 30 min.

Immobilizing RNA reporters onto AuNPs:

Streptavidin-coated AuNPs with a diameter of 40 nm (1.1 nM) were purchased from nano 

Composix Inc. We concentrated the stock solution by a centrifuge process: we added 500 μL 

of stock AuNPs in a microcentrifuge tube and spin for 8 min (8000 rpm) and then removed 

400 μl of the supernatant to achieve 100 μL (5.5 nM) of AuNPs. We took 10 μL of the 

concentrated AuNPs and added them into the 20 μL of Cas13-guide RNA-RNA reporter 

probe mixture. The sample was incubated on a rotary mixer at room temperature for 15 min.
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Magnetic bead isolation:

Dynabeads™ MyOne™ Streptavidin C1 with a diameter of 1 μm (10 mg/ml) were 

purchased from Thermo Fisher Scientific Inc. Biotinylated anti-fluorescein antibody (1 

mg/ml) was purchased from Vector Laboratories Inc. Before conjugation, streptavidin-

coated magnetic beads were washed three times with 1x PBS buffer. Ten microliters of 

biotinylated anti-fluorescein antibody (1 mg/ml) were added to the 10 μL Dynabeads 

solution, followed by incubation at room temperature using a rotary mixer 30 min. After 

incubation, the beads were washed three times with 1x PBS buffer to remove any unbound 

anti-fluorescein antibody. Thirty microliters of AuNPs labeled Cas13a reaction products 

from the last step were then added. The reaction tube was incubated at 37°C for 30 min. 

After the reaction, the magnetic beads were isolated by a magnet and left the supernatant 

for nanopore experiments. Alternatively, the Cas13a-based detection reactions could be 

detected using fluorescence detection assay. Reactions were performed as above, with minor 

modifications: Briefly, each Cas13-based fluorescence detection reaction was prepared in a 

0.6 ml microcentrifuge tube with the following components: 32.5 μl of RNase-free water, 

13 μl of 5x STD buffer, 6.5 μl of RNA target with different concentration (positive target: 

SARS-CoV-2, negative target: SARS-CoV-1), 6.5 μl of Cas13a/crRNA complex, and 6.5 

μl of RNase alert substrate (5 μM). The results were collected by a spectrofluorometer 

(FP-8550 Spectrofluorometer, JASCO Inc.)

SiNx Nanopore Fabrication and Preparation:

The 90 nm diameter SiNx nanopore chips were provided by Norcada Inc. Before each 

experiment, the nanopore chip was sonicated for 5 min to remove the debris. DI water 

(deionized water) and IPA (Isopropyl alcohol) were used to wash the chip and dried the 

sample with high-pressure gas.

Nanopore Sensing and Data Analysis:

The portable nanopore reader (100 kHz bandwidth) was purchased from Elements Inc. 

The nanopore flow-cell was constructed with two translucent parts made by Delrin 

[PolyOxyMethylene (POM)]. Each part has a channel and a reservoir to hold the electrolyte. 

The two translucent parts sandwiched the nanopore chip in the middle and then were 

assembled with a 15 × 25 mm2 PCB board with integrated Ag/AgCl electrodes. Two 

microliters AuNPs samples were added into 90 μL of buffer (1M KCl) on each side of the 

reservoirs. Constant voltage (−700 mV to 700 mV) was applied across the portable nanopore 

reader in this study. The Elements data reader collected the current data with a frequency 

of 20k. The Elements data analyzer (data analysis program developed by the Elements. Inc) 

and a customized Python program was used to extract the single molecule translocation 

events, the ionic current dip, and the molecule dwell time. Specifically, the data analyzer 

detects the events by setting the baseline threshold, which is the average value of the noise 

floor,[40] and the high threshold, which is at least five standard deviations (5σ) above the 

noise floor. The dwell time of the events which are lower than 0.1 ms or longer than 100 ms 

is considered not regular dwell time, and the events are discarded.
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TEM imaging:

JEOL (JEM-2010, Japan) was used to image the AuNPs (HV=200.0 kV, direct Mag=6 k×).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Schematic of the solid-state nanopore sensing platform. The nanopore chip is 

sandwiched between two microfluidic reservoirs (blue) and silicone pads. The trans-

cleavage of CRISPR-Cas13a releases the gold nanoparticles to pass through the solid-state 

nanopore and changes the ionic current. (b) TEM image of the nanopore chip with a pore 

diameter of 90 nm with diagram showing cross-section. (c) A representative current–voltage 

(I–V) calibration curve of a ∼90 nm nanopore in 1 M KCl. The inset shows the liner 

fits yield a conductance of 732.1 nS and the diagram of KCl buffer passing through the 

nanopore.
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Figure 2. 
(a) Schematic of the AuNP-Cas13-based nucleic acid detection strategy: Step 1. Cas13a/

crRNA complex cleavage of ssRNA probes; Step 2. Streptavidin-coated AuNPs bind biotin-

labeled ssRNA probes. Step 3. FAM-labeled ssRNA probes bind anti-FAM coated magnetic 

beads; Step 4. Magnetic bead isolation of non-cleaved ssRNA. (b) The SARS-CoV-2 gene 

locus, target site, and the guide RNA sequence. (c) Images of the AuNPs containing the 

indicated concentrations of (i) SARS-CoV-2 target RNA (positive) and (ii) SARS-CoV-1 

target RNA (negative). (d) TEM images of the cleaved products of (i) 100 nM of SARS-

CoV-2 target RNA and (ii) 100 nM of SARS-CoV-1 target RNA. Scale bars are 200 nm.
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Figure 3. 
(a) Schematic of AuNPs (40 nm) passing through a nanopore chip (90 nm) at different 

concentrations. (b) Typical current-time traces of AuNPs (0.5 fM, 5 fM, 50 fM, 0.5 pM, 5 

pM, and 50 pM) passing through a 90 nm nanopore with arrows showing detection events. 

(c) Nanopore event rate versus AuNP concentration ranging from 0.5 fM to 50 nM. (d) 

The histograms of the distribution of current increase corresponding to the translocations of 

AuNPs with various concentrations, fitted to Gaussian curves.
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Figure 4. 
(a) Ionic current vs. time trace for translocation events count, dwell time histograms, 

count and current histograms, and scatterplots of current and dwell time for different 

concentrations of SARS-CoV-2 target, labeled by AuNP-Cas13a assay. (b) Current trace 

of different concentrations of SARS-CoV-1 target (negative control).
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Figure 5. 
Nanopore event rate versus RNA concentration (50 fM to 50 nM): SARS-CoV-2 (black); 

SARS-CoV-1 (red). (R2=0.9944)
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