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ABSTRACT: Existing methods for RNA diagnostics, such as
reverse transcription PCR (RT-PCR), mainly rely on nucleic
acid amplification (NAA) and RT processes, which are known
to introduce substantial issues, including amplification bias,
cross-contamination, and sample loss. To address these
problems, we introduce a confinement effect-inspired Casl3a
assay for single-molecule RNA diagnostics, eliminating the need
for NAA and RT. This assay involves confining the RNA-
triggered Casl3a catalysis system in cell-like-sized reactors to
enhance local concentrations of target and reporter simulta-
neously, via droplet microfluidics. It achieves >10000-fold
enhancement in sensitivity when compared to the bulk Casl3a
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assay and enables absolute digital single-molecule RNA quantitation. We experimentally demonstrate its broad applicability
for precisely counting microRNAs, 16S rRNAs, and SARS-CoV-2 RNA from synthetic sequences to clinical samples with
excellent accuracy. Notably, this direct RNA diagnostic technology enables detecting a wide range of RNA molecules at the
single-molecule level. Moreover, its simplicity, universality, and excellent quantification capability might render it to be a

dominant rival to RT-qPCR.
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ue to the essential roles in numerous biological
D processes, RNA molecules served as the detection

targets with great value in diverse areas, ranging from
biomedical research to clinical diagnostics. Technological
advancements over the past decades have brought forth
various RNA detection technologies, which can be categorized
into direct or nucleic acid amplification (NAA)-based
detection. The classical methods for direct RNA detection,
such as Northern blotting,1 FISH,” and microarrays,3’4 are
advantageous in terms of high fidelity, but they are often labor-
intensive and time-consuming and suffer from poor sensitivity.
Such situations have been ameliorated, to some extent, by the
recently developed strategies for direct RNA detection.”” "
However, the limitations with respect to limited sensitivity,
complex procedures,lz’13 or requiring exclusive instruments
and resources®*™"? hamper their wide application. While most
of these methods prove their success for short RNA sequence
detection, such as microRNA,**™" the applicability for
detecting long-chain RNA with more complex structures
(such as mRNA, rRNA, or viral RNA) is rarely investigated.
NAA-based RNA detection techniques, including reverse
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transcription PCR (RT-PCR)">' and other isothermal
amplification methods,'” are routinely used for highly sensitive
RNA detection, but they generally require the conversion of
RNA to DNA and subsequent template replication steps.
These steps often introduce substantial issues including sample
loss resulting from the incomplete RT step, amplification bias
caused by error-prone sequence replication, and false-positive
risk due to contamination. These issues could be disastrous
when ultrasensitive and quantitative detection of RNA
molecules is of particular need for routine diagnosis of
infectious disease, such as the quantification of viral load for
human immunodeficiency virus and the genetic identification
of SARS-CoV-2-causing infection during the COVID-19
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Figure 1. Concept of ultralocalized Casl3a assay. (A) Confinement effect on local concentration. The local concentration of a single
molecule increases inversely with decreasing analytical volume. (B) Schematic of the ultralocalized Cas13a assay. Target RNAs (light blue)
together with a Casl3a mixture are emulsified with oil into thousands of picoliter-sized droplet reactors. After recognition by a crRNA
(yellow), single-target RNA will induce cleavage of over 10* quenched fluorescent RNA reporters (F, fluorescence; Q, quencher), thus
yielding a fluorescently positive droplet. (C) Workflow of the ultralocalized Cas13a assay. By coupling a microfluidic droplet chip with
fluorescence microscopy, highly uniform microdroplets are robustly generated and self-assembled into a monolayer droplet array for

fluorescence imaging-based droplet counting.

pandemic. Therefore, it is essential to develop universal
detection methods for RNA diagnostics that not only obtain
PCR-like sensitivity but also avoid NAA-related issues.

The recently discovered clustered regularly interspaced short
palindromic repeats (CRISPR) effector Cas13a in prokaryotes
has provided further opportunities for RNA detection.'®"” As
an RNA-guided RNA-targeting effector, Casl3a possesses the
target-dependent trans-cleavage mechanism linking highly
specific target recognition and highly processive cleavage of
nearby reporter molecules, which allows developing advanced
sensing strategies for direct RNA detection without reverse
transcription. However, the direct Casl3a assay could only
detect RNA at sub-pM concentrations.”’™** The insufficient
sensitivity will hinder its applications in which detecting RNA

target at the aM level is a critical need, such as liquid biopsy
and pathogen detection from clinical samples. Recently, a more
sensitive Casl3a-based technique termed SHERLOCK has
been explored for RNA detection, exhibiting single—molecule
sensitivity and single-nucleotide specificity.”>"*° But this
technique still retains the weaknesses of NAA-based methods,
because of the introduction of RT, T7 RNA polymerase
transcription and recombinase polymerase amplification.
Herein, we attempted to circumvent these issues by learning
from the natural confinement effect. It is well known that the
various interaction-based biochemical reactions occurring
within the cell are very efficient, although the amount of
substrate molecules for these reactions was very minimal.””**
For instance, most mRNAs’ expression level is lower than 100
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Figure 2. Quantitation performance of the ultralocalized Cas13a assay. (A) Microscopic photography of picoliter-sized droplets under a 10X
objective lens (scale bar: 100 gm). (B) Size distribution of the droplets. (C) Time course of the proportion of positive droplet (PPD) for
single-molecule miRNA detection that underwent a 37 °C incubation. (D) Background-subtracted fluorescence difference between the
positive and negative droplets during single-molecule miRNA detection via the ultralocalized Cas13a assay. (E) Representative end-point
fluorescence images of various miRINA-17 concentrations for the ultralocalized Cas13a assay (10X magnification, scale bar: 200 ym). (F)
Quantification range of the ultralocalized Cas13a assay. (G) Schematic concept of the ultralocalized Cas13a assay and bulk Cas13a assay.
(H) Quantitation range of synthetic miRNA-17 using the bulk Cas13a assay, in which the initial velocity is defined as AF/AT. Here, AF
represents the change of the fluorescence intensity before reaching a plateau, and AT is the corresponding time frame. All experiments
shown above are repeated three times, and bars represent mean + s.e.m.

copies per cell.”” It is quite difficult to detect such a minimal
number of mRNA molecules in vitro (e.g, in a PCR tube)
without the aid of NAA. However, it is easy to visualize these
mRNA molecules in a cell using fluorescent probe-based
imaging techniques.’® A key factor of this phenomenon is the
confinement effect, which promotes the local molecule
concentration for highly efficient reaction or detection. We
wondered whether an in vitro Cas13a assay confined in a cell-
sized volume could reproduce a similar outcome to enable
detection of less than 100 copies of RNA per cell. To verify
this concept, we performed the Casl3a assay in picoliter-sized
droplets by droplet microfluidics. We found that the
accumulated fluorescent signal from a single RNA target-
activated Casl3a’s collateral cleavage is sufficient to illuminate
a picoliter-sized droplet, thus enabling NAA-free and digital
RNA quantification at the single-molecule level. Moreover, we
explored its applicability for precise counting of cell-free
microRNAs from clinical serum samples, ultrasensitive
detection of 16S rRNA from uropathogens, and accurate
diagnosis of SARS-CoV-2 with 100% concordance with RT-
qPCR results.

RESULTS AND DISCUSSION

Concept and Construction of an Ultralocalized
Cas13a Assay. Different from the strategies based on
amplifying the target itself or the detection signal, herein we
harness a bioinspired confinement effect for sensitivity
enhancement. As illustrated in Figure 1A, the presence of a
single molecule in a bulk volume, such as one microliter, yields
an aM level molecular concentration that is beyond the
detection limit of the most conventional biochemical assays or
detectors. If the single molecule is confined in a volume of 1
nL or 1 pL, its local concentration will increase to 1266/ M or
166 pM, respectively. When the molecule acts as a trigger of
biochemical reaction, the enhanced molecular concentration is
known to promote the reaction efficiency; when it severs as a
signal reporter, the yielded high local concentration is detected
by an ordinary detector. Coincidentally, the Casl3a assay is a
homogeneous method that relies on the target RNA
recognition triggered trans-cleavage of quenched fluorescent
reporters.”’ > The bienhancement of the local concentration
of target and reporter via ultralocalization could potentially
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promote this assay to be an ultrasensitive RNA detection
technology, which we termed as ultralocalized Casl3a assay.

This concept can be verified by performing the Cas13a assay
in picoliter-scale reactors via droplet microfluidics. As
schematically illustrated in Figure 1B, a mix of the target
RNA molecules, Casl3a, crRNAs, and fluorescently labeled
RNA reporters are compartmentalized into several tens of
thousands of monodisperse picoliter-sized droplets and
subsequently assembled to a high-density droplet array for in
situ incubation and fluorescence imaging. During the
incubation, the target RNA can be specifically recognized by
the programmable crRNA of the Cas13a system. On binding a
target RNA sequence, Casl3a becomes activated and
continuously cleaves the self-quenched fluorescent RNA
reporters with an extraordinarily high turnover (>10*).”* The
high-yielding fluorescent signal confined in an ultrasmall
volume could be facilely accumulated to illuminate a droplet.
Meanwhile, in the absence of the RNA target, Casl3a
activation, cleavage of the reporter RNAs, and generation of
fluorescence do not occur. If'a single' RNA"target molecule is
sufficient to “light up” a droplet in this way, digital counting of
single RNA molecules can be achieved by assigning each
positive and negative droplet as “one” and “zero”. As such, the
RT-free, NAA-free, and absolute RNA quantification can be
realized.

Noting that the Casl3a assay is an isothermal and one-step
reaction, the entire workflow can be implemented using a
syringe-vacuum-driven microfluidic droplet chip coupled with
a standard fluorescence microscopy (Figure 1C). Once
pipetting the Casl3a mixture on the sample inlet, highly
uniform microdroplets can be robustly generated and
subsequently self-assembled into a droplet array by with-
drawing the piston of a connecting syringe. The resulting
droplet array can be in situ detected by fluorescence imaging-
based droplet counting, without the need for droplet transfer.

Single-Molecule MicroRNA Detection and Quantifi-
cation. To mimic the confinement effect of a cell, we
constructed a microfluidic droplet platform to conduct the
ultralocalized Casl3a assay in cell-like-size droplets (Supple-
mentary Figure S1). This platform is capable of high-
throughput generation of monodisperse picoliter-sized droplets
with minimal sample consumption (Figure 2A and Supple-
mentary Video S1). The generated droplets are highly uniform
(approximately 30 ym in diameter with CV < 1.7%) and have a
similar diameter to a human mammalian cell (Figure 2B).
Moreover, up to 10° droplets can be generated on the
microfluidic chip within 3 min. These features facilitate
investigating the confinement effect on the Casl3a assay in
highly paralleled and identical conditions.

To evaluate this effect on the Casl3a assay, we used 107M
(~6 X 10* copies per uL) synthetic miRNA-17 as input. At
this target concentration, each droplet contains no more than
one target molecule with a probability of 99.67%, which means
there is almost single-target RNA included in a “target-
containing” droplet. We observed the time course of the
proportion of fluorescence positive droplet (PPD) during in
situ isothermal incubation (37 °C). The PPD of the single-
molecule assay approached a plateau around 60 min, and no
positive droplet was found in no-template-control (NTC)
experiments (Figure 2C).

Further, the statistical data show that 10 fM synthetic
miRNA-17 yielded a robust measured value that agreed closely
with the predicted value (8.4%) (Figure 2C). Even if it takes

up to 15 min to initialize droplet generation, the premature
Casl3a’s trans-activity in the Casl3a mix could hardly cause
overestimation of RNA abundance (Supplementary Figure
S2). The trans-cleavage activity of Casl3a triggered by the
binding of the target RNA could subsequently cleave collateral
RNA reporters in a nonspecific manner.”> Once the activated
Casl3a is encapsulated into a droplet, its continuous trans-
cleavage of the self-quenched fluorescent RNA reporters is
confined in this droplet. Although some RNA reporters are
also cleaved by this activated Casl3a prior to droplet
formation, these reporters were highly diluted when they
subsequently dispersed into several tens of thousands of
droplets. The highly diluted reporters could hardly generate
enough fluorescence signal comparable to those of the true
positive droplets containing either RNA target or activated
Casl3a. This is different from the NAA-based droplet digital
assay; the preamplified sequences prior to droplet formation
could also serve as templates to generate indistinguishable
positive events. This evidence reveals that the ultralocalized
Cas13a assay is capable of single-molecule miRNA detection,
which merely requires a 60 min isothermal incubation. The
low temperature for Casl3a mix preparation (below 25 °C),
combined with a short time frame (<3 min) for droplet
generation, could minimize the premature Casl3a’s trans-
activity (Supplementary Figure S3). Consequently, an evident
difference (~20-fold) in the fluorescence signal between the
positive and negative reactors could be measured (Figure 2D
and Supplementary Figure S4), which is favorable for accurate
binarization of the resulting reactors in the subsequent digital
assay.

To investigate the quantification capability, we tested the
ultralocalized Casl3a assay using serial dilutions of known
concentrations of synthetic miRNA-17 (10" to 107 aM). The
end-point fluorescence images displayed an apparent con-
sistency between the input concentration and PPD (Figure
2E). An excellent (R* > 0.9999) linear response was also
observed between the measured concentration and the input
concentration in the dynamic range from 10' to 10° aM
(Figure 2F). Although target concentrations over 10° aM were
also quantified, an underestimation of the input concentration
occurred despite using Poisson distribution correction. Noting
that the bulk-volume Casl3a assay using the same cocktail
could only obtain a limit of detection of 500 fM (Figure 2G,H
and Supplementary Figure S5), over 10*-fold enhancement in
sensitivity was achieved by the ultralocalized Casl3a assay.
Further, the current amplification-free assay has an extended
lower limit of quantification compared with the well-
established RT-qPCR assay, in which as low as 100" aM
miRNA)could be quantified (Supplementary Figure.S6).

Quantitative Analysis of miRNA in Complex Matrices.
Prior to analyzing miRNA in complex matrices, we examined
the analytical specificity of the ultralocalized Casl3a assay.
Here, we first discriminated miRNAs from different families
including miRNA-17, -10b, -21, and -155 using truncated
miRNA-17 targeted crRNAs with a 20-nt spacer (Supple-
mentary Figure S7). The miRNA-17 complementary to the
crRNA yielded over a 200-fold increase in outcomes compared
to those obtained with the other three miRNAs when using an
equal amount of input. To investigate its selectivity, we tested
the ultralocalized Cas13a assay with mixtures of these miRNAs
at 1:1 molar ratio. As expected, the outcome of miRNA-17
including a mixture (“Mix 4”) showed no significance to that of
the individual miRNA-17 assay, and the miRNA-17-excluded
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Figure 3. Direct miRNA analysis in synthetic sequences and cancer-derived serum samples using the ultralocalized Casl3a assay. (A)
Detection of four miRNAs from different families utilizing crRNA complementary to miRNA-17. Mix 4 represents the mixture of four
miRNAs (miRNA-17, -21, -10b, and -155), and Mix 3 represents the Mix 4 mixture excluding miRNA-17. The final concentration of each
miRNA in these assays was 10 fM (two-tailed Student’s ¢ test; **%%, p < 0.0001). (B) Heat map analysis of the orthogonal identification of
four homologous miRNAs. (C) Evaluation of miRNA-17 expression in the total small RNA extracts (10 pg per uL) using qRT-PCR, ddPCR,
and ultralocalized-Cas13a assay. (D) miRNA-17 relative expression levels in the total small RNA extracts (10 pg per uL) measured by the
ultralocalized Cas13a assay (from C) (two-tailed Student’s ¢ test; ***, p < 0.001; **** p < 0.0001). (E) Absolute quantification of miRNA-
21 in serum derived from six breast cancer patients and five healthy donors using the ultralocalized Casl13a assay. MiRNA-39 spiked-in
control was used to normalize the efficiency of extraction. (F) Box and whisker plots of miRNA-21 relative expression by the ultralocalized-
Casl13a assay and qRT-PCR. Boxes mark the intervals between the 25th and 75th percentiles. Black lines inside the boxes represent medians.
Whiskers indicate the intervals between the Sth and 95th percentiles. Black dots denote data points outside the Sth and 95th percentiles. All
the experiments shown above were replicated three times, and bars represent mean + s.e.m.

mixture (“Mix 3”) gave a similar outcome to that of the To assess the utility for accurate quantification in complex
individual assay of the other three miRNAs (Figure 3A). To samples, we used the ultralocalized Casl3a assay to quantify
further demonstrate the specificity, we challenged the ultra- miRNA-17 expression levels in four different cell lines,

localized Cas13a assay with highly homologous miRNAs (-17,
-106a, -20a, and -20b), which belong to the same family and
differ by just one or two nucleotides. Considering that the
Casl3a system has a tolerance for one mismatch but is
sensitive to two or more mismatches in the crRNA
spacer:target duplex,”””® herein we introduced an artificial
mismatch in the crRNA spacer sequences (Supplementary

including human breast normal cells (Hs578Bst), adenocarci-
noma cells (MCF-7 and MDA-MB-231), and human glioma
cells (U87). Overall, the relative expression levels of miRNA-
17 in different cell lines using the ultralocalized Casl3a assay
show similar variations to those measured with qRT-PCR and
ddPCR and reveal significant differences in miRNA-17

Figures S7 and S8). The orthogonal testing result displayed the expression between the normal cell lines and the cancer-
successful discrimination and ultralow cross-reactivity, indicat- related cell lines (Figure 3C and D). Compared with the
ing the ultralocalized Casl3a assay has excellent specificity for results from qRT-PCR and ddPCR, a slightly higher level of
discriminating homologous sequences, even those with single- miRNA-17 expression was measured in each cell line using the
nucleotide differences (Figure 3B). ultralocalized Casl3a assay. This might be attributed to the
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the designed crRNA to trigger the ultralocalized trans-cleavage of quenched fluorescent reporters, with the resulting droplets producing
detectable fluorescence signals to indicate the presence and amount of the target of interest. (B) Detection of P.a. 16S rRNA in total RNA
sample using the ultralocalized Cas13a assay. Concentrations of total RNA for the ensemble readout ranged from 0.1 fg to 1 pg per uL. (C)
Species-specific crRNAs for identification a panel of uropathogens, including Pseudomonas aeruginosa (P.a.), Enterococcus faecalis (E.f.),
Klebsiella pneumoniae (K.p.), Staphylococcus aureus (S.a.), and Escherichia coli (E.c.). The red letters represent the spacer region. (D)
Heatmap analysis of the orthogonal identification of five uropathogens. The total RNA used for analysis is 1 fg/uL for five uropathogens,

respectively.

high fidelity of amplification-free quantification, which avoids
amplification bias and sample loss during reverse transcription.
This capability encourages us to apply the ultralocalized
Casl3a assay for distinguishing the serum miRNA-21 levels
from breast cancer patients and healthy individuals. In this
experiment, 11 serum specimens from six breast cancer
patients and five healthy donors were tested, and the
miRNA-39 spiked-in controls were used to indicate the
deviations among the individual RNA extracts (Figure 3E).
Collectively, the quantitative results from the ultralocalized
Cas13a assay reveal a 2.9-fold up-regulation of the miRNA-21
level in breast cancer patients’ serum, which is consistent with
those reported previously.”* The results were further
confirmed by the well-established qRT-PCR method, which
gave an average of 4.8-fold up-regulation with greater
variability (Figure 3F and Supplementary Figure S9).
Ultrasensitive Detection of Uropathogen 16S rRNAs.
Motivated by the success in detecting the short-sized miRNA,
we wonder whether the ultralocalized Cas13a assay could also
be applicable for large-sized RNA detection. To verify this, we
chose bacterial 16S rRNA (16S rRNA), a structure RNA with a
sequence size approaching 1500 nucleotides, as a proof-of-
concept model. As an initial attempt, we tested the Casl3a
assay through direct targeting of the sequence of 16S rRNAs
(Figure 4A). Here, a crRNA to specifically target 16S rRNA of
Pseudomonas aeruginosa (P.a.) was designed, and the targeted
16S rRNA sequences together with other total RNAs extracted
from P.a. cells were tested. The bulk-volume Casl3a assay
showed that the designed crRNA has excellent selectivity
(Supplementary Figure S10). However, the bulk detection
could only detect this 16S rRNA in total RNA at subng levels
(Supplementary Figure S11). We anticipated a more sensitive
16S rRNA detection could be achieved by the ultralocalized

Casl3a assay. To validate this, we used serially diluted total
RNA extracts from P.a. as input. We found that it was able to
detect 16S rRNAs in a 0.1 fg/uL total RNA sample and linearly
respond to input concentrations from 0.1 fg/uL to 1 pg/uL
(Figure 4B). This sensitivity for detection of P.a. total RNA
represents a calculated quantity of approximately 6 cells per 10
mlL, assuming a total RNA amount of 170 fg per P.a. cell.”
Given the natural high abundance of 16S rRNAs in a bacterial
cell (over 10* copies per cell),*® the sensitivity obtained here is
also approximately equivalent to 6 copies of 16S rRNAs per
uL. This means this amplification-free Casl3a assay could
determine the presence of a single viable pathogen in a 1 mL
volume.

To check its specificity for species-specific identification, we
designed a set of organism-specific crRNAs to distinguish five
common pathogens responsible for urinary tract infections
(UTIs): Pseudomonas aeruginosa (P.a.), Enterococcus faecalis
(E.f.), Klebsiella pneumoniae (Kp.), Staphylococcus aureus (S.a.),
and Escherichia coli (E.c.) (Figure 4C). As expected, the
orthogonal testing confirmed this assay was able to
discriminate these five pathogens with desired levels of
specificity (Figure 4D).

Molecular Diagnosis of SARS-CoV-2 Infection from
Clinical Samples. Having shown successful quantification of
16S rRNAs, we reconfigured our platform to exploit the
potential for detecting large-sized complex RNA molecules,
such as RNA virus genome. Here, SARS-CoV-2 RNA with a
sequence size approaching 30 000 nucleotides was selected as a
target to develop the ultralocalized Casl13a assay (Figure SA).
The corresponding crRNAs were designed to target the open
reading frame 1a (O) gene and nucleocapsid (N) gene of the
SARS-CoV-2 viral genome (Figure SB) and were optimized to
avoid structured self-hybridization in the spacer region

https://dx.doi.org/10.1021/acsnano.0c08165
ACS Nano XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/10.1021/acsnano.0c08165?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08165?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08165?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08165?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c08165?ref=pdf

ACS Nano WWWw.acshano.org

A COVID-19 patient SARS-CoV-2 Virus Ultra-Cas13a assay

Viral RNA

Genome »(’a

Nasopharyngeal Swab Specimen Viral RNA Genome ooooooo
B 5 |_266 13468 21563 29647 4 5,
i ORFla é o
I I | I I ORF1b | s
I | | E N
O-gene crRNA . [T 11 ”n

-5 '
CUIH—CCAACCUCUUCUGUAAUUUUUAAAC-3'
N-gene crRNA

-5l
(:[IIH—AUGCCAAUGCGCGACAUUCCGAAGA'3'

c 07 o ) D 8x104p E 10'p
. Measured concentration . .
= - == Linear Fit = . = === Linear Fit
3 10°F
> . /’ g ex10f ‘..
210 . 2 e
g - g o 07r &
Lo . = 4x104}f a .
T e 3 * 107} » =
£ 102 oe R’=0.99987 S ) R’=0.99932
2 » 2 2x104 3
© . © -3 =
9] . o 103} P
= @ =
10° 0 10*
10° 10? 10 10° WS P © 10° 10* 10° 107 10" 10°
. NN, o
Expected (copies/pL) 6’00 & RV N Dilution factor
& F &
(=) o
X
&
F Measured
COVID-19 positive specimen samples (copies/ulL)
2000
O-gene 1500
1000
N-gene 500
0
Patients ID# 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20
Measured
COVID-19 negative specimen samples (copies/uL)
2000
O-gene 1500
1000
N-gene 500
0

Patients ID# 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

Figure S. Ultralocalized Casl3a assay for detection of SARS-CoV-2. (A) Schematic of clinical diagnosis of SARS-CoV-2 using the
ultralocalized Cas13a assay. Total RNAs are extracted from clinical nasopharyngral swab samples. When target regions within a viral RNA
genome was recognized by the designed crRNAs in a droplet, they will trigger the trans-cleavage of quenched fluorescent reporters, thus
“lighting up” the droplet to indicate the presence of the target of interest. (B) SARS-CoV-2 genome map showing Orfla (O) and
nucleocapsid (N) gene regions chosen for the ultralocalized Cas13a assay. (C) Assessment of the quantification ability of the ultralocalized
Casl3a assay by detecting the N-gene, using serially diluted in vitro synthesized SARS-CoV-2 RNA standards. (D) Assessment of the
specificity of the ultralocalized Casl3a assay. N-gene crRNA was designed to specifically target SARS-CoV-2. (E) Quantitation of the full-
length SARS-Cov-2 RNAs by targeting the N-gene. The correlation between the dilution factor and PPD is Y = 9.6552%*X — 3.5025 X 10~*
(R* = 0.999 32). (F) Ultralocalized Cas13a assay-enabled quantitative diagnosis of SARS-CoV-2 infection. Here, 40 clinical nasopharyngeal
swab specimens collected from suspected COVID-19 patients were tested.

(Supplementary Figure S12). We first evaluated the effective- standards with N-gene crRNA and observed a reproducible
ness of this assay using serially diluted SARS-CoV-2RNA detection limit down to ~6 copies/uL and an excellent
G https://dx.doi.org/10.1021/acsnano.0c08165
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linearity (R* = 0.99987) over 4 orders of magnitude (Figure
SC). Moreover, we investigated that this assay could
specifically detect the N gene of SARS-CoV-2 with no cross-
reactivity toward the related N gene sequences from other
SARS-like coronavirus, including SARS-CoV and bat SARS-
like coronavirus (Figure SD). To test its efficiency in detecting
full-length SARS-CoV-2 RNA, we applied this assay to quantify
10-fold dilutions of total RNA extracted from cultured SARS-
CoV-2 ranging from 1:1 to 1:10° (Figure SE). The excellent
linear correlation between the dilution factor and PPD (R* =
0.999 32) reveals that this assay could accurately quantify the
full-length viral RNA as expected.

We performed the ultralocalized Casl3a assay to analyze'40
clinical nasopharyngeal swab RNA extracts. These swab
specimens were collected from suspected COVID-19 patients
in Wuhan, China (during March 2020), and the RNA extracts
of each specimen were immediately validated by the current
gold standard for SARS-CoV-2 diagnosis: RT-qPCR. By
targeting both the O-gene and N-gene, this assay correctly
identified all COVID-19 positive and negative samples, with
100% concordance with RT-qPCR results (Figure SF). Of
these, we found sample #10 (highlighted in red) was identified
as COVID-19 positive by N-gene-targeted ultralocalized
Casl3a assay, but the O-gene in this sample was missed in
the test. Moreover, the measured concentration of the N-gene
in sample #10 was low (31 copies/uL). This result lead us to
wonder the actual concentration and integrity of these clinical
RNA samples used in the ultralocalized Casl3a assay, which
have been stored for more than three months and undergone
freeze—thaw and long-distance transportation. Thus, we
immediately checked these RNAs by using the same diagnostic
kit that was used for the first validation. The repeated RT-
qPCR results show that both the O-gene and N-gene in all
positive samples except sample #10 have threshold cycle
numbers (Ct) ranging from 20.8 to 34.5, and the two genes
were undetectable in all COVID-19-negative samples (Supple-
mentary Figures S13 and S14). For sample #10, RT-qPCR
gave a Ct value of 40.3 for the O-gene and 36.7 for the N-gene.
Given that a Ct value beyond 38 is judged as negative
according to the declaration of the diagnostic kit, the Ct values
of sample #10 suggested that the N-gene copy number was
indeed low and the O-gene was probably degraded. Noting
that similar cases frequently occur in the clinical diagnosis of
COVID-19,” a single gene-targeted diagnostic assay might not
be reliable for genetic identification of SARS-CoV-2 infection
due to partial RNA degradation. In this regard, it is
advantageous to obviate false-negative results for this assay
by the addition of crRNAs to cover additional loci among the
SARS-CoV-2 viral genome.

Advantages, Limitation, and Outlook of the Ultra-
localized Cas13a Assay. The discovery of the CRISPR-Cas
system has revolutionized the field of biomedical research and
clinical diagnostics.”**” Among the developed CRISPR-based
diagnostic systems, the Cas13a system has more efficient trans-
cleavage (turnover 10*1) and less stringent PAM site
dependence.” The high efficiency allows the Casl3a assay
to directly detect Sub-pM RNA"molecules’in a bulk volume,
taking advantage of a simple procedure (eg., fluorescent
assay” ') or simple readout (eg, electrochemical assay™’).
While single-molecule sensitivity can be obtained via the
combination of T7 RNA polymerase transcription, NAA with
the Cas13 system, such as SHERLOCK,*******! the multistep

process is at risk of introducing amplification bias, sample loss,
and cross-contamination.

Herein we proposed an ultralocalized Casl3a assay as an
attractive alternative to achieve single-molecule sensitivity and
eliminate NAA-related problems. A key element of this
concept is harnessing the natural confinement effect to
enhance the local concentration of target and reporter for
the Casl3a system in ultraconfined volumes (i.e., a cell-like
size). We deduced that the dramatically increased molecular
concentration (over 10°-fold), incorporated with the high
efficiency and specificity of the Cas13a system, could lead to an
innovative RNA detection with PCR-like sensitivity in a simple
fashion. We verified this concept by performing the Casl3a
assay in picoliter-sized droplets, using a simple droplet
microfluidic platform, and we found that the accumulated
fluorescent signal from a single microRNA target-activated
Casl3a’s collateral cleavage is sufficient to illuminate a
picoliter-sized droplet. This feature endows this assay with
two important capabilities that the current Casl3a-based
methods have not provided: NAA=free single-molecule
detection and absolute digital quantification (Supplementary
Note 1). Moreover, this success in the Casl3a system may
introduce a route toward simple and highly sensitive nucleic
acid detection for other CRISPR-Cas systems (i.e., Cas12 and
Casl4 families), owing to their available trans-cleavage
mechanism.

Notably, compared to other state-of-the-art RNA detection
technologies (Supplementary Note 2), the ultralocalized
Cas13a assay is advantageous in term of simplicity and high
sensitivity. For example, this presented method is a
homogeneous assay, thus obviating the time-consuming
washing steps required in those heterogeneous assays (i.e.,
Simoa'” and electrochemical methods'”). With respect to the
sensitivity, this method achieved single-molecule analytical
sensitivity, which is 10*-fold more sensitive than those reported
methods, such as single-molecule fluorescence cross-correla-
tion spectroscopy,8 nanopore,10 SiMREPS,"" and miracles."*
Furthermore, this method could achieve a 4 orders of
magnitude dynamic range that covers the natural dynamic
range of miRNA expression.42 More importantly, we
experimentally validated its broad applicability for quantifying
diverse RNA molecules (such as miRNAs, bacterial 16S
rRNAs, and viral genome RNA) in various sample types
including cell-line biological samples, clinical serum specimens,
and nasopharyngeal swab samples. The exhibited simplicity,
single-molecule quantitation capability, and broad applicability
may render this method a promising candidate for the next
generation of RNA diagnostic technology.

Since the ultralocalized Casl3a assay leverages target-
activated and cleavage-based signal accumulation to achieve
single-molecule detection, the input target RNA itself is
subsequently cleaved and degraded after the activation of
collateral cleavage,"’2 thus eradicating the most frequent
contamination risk due to NAA self-replication in conventional
molecular laboratories. This means no more specialized
infrastructures such as complex air circulation control and
strict physical space isolation are required in the case of the
ultralocalized Cas13a assay. Moreover, this assay is isothermal
and just requires one-step sample loading in the entire
workflow, thus avoiding the need for expensive thermocyclers
and professional technicians. Additionally, it provides absolute
digital quantification and relieves the use of internal reference
or calibration. These are desirable features that facilitate the
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precise diagnostics being implemented at limited resource
settings, particularly during highly infectious disease outbreaks,
such as COVID-19."**

However, some limitations exist in the current version of the
ultralocalized Casl3a assay, including multiplexed detection
and droplet readout. Further work needs to be done to expand
its multiplexing capability and improve the droplet detection,
such as employing the orthogonal Casl3a enzymes,"' using
spatially multiplexed chip design,”> and smartphone-enabled
digital detection.™

CONCLUSION

In summary, the ultralocalized Casl3a assay represents a
simple technology for absolute digital quantitation of single
unlabeled RNA molecules, without the need of reverse
transcription and sequence amplification. Its excellent
sensitivity, specificity, and expandable applicability for precisely
counting microRNAs, 16S rRNAs, and SARS-CoV-2 RNA
from synthetic sequences to clinical samples are experimentally
demonstrated. Thus, we anticipate this technology to be a
powerful tool in quantitative molecular biology and clinically
precise diagnostics.

MATERIALS AND METHODS

LbuCas13a Protein Expression and Purification. Briefly,
Escherichia coli Rosetta 2 (DE3) cells harboring pET28a-His6-
SUMO-LbuCas13a plasmids, a gift from professor Yanli Wang,
were cultured at 37 °C until ODg, = 0.6, using Terrific Broth growth
media (OXOID) with 100 mg/mL ampicillin (Sangon). Then, 100
UM isopropyl-1-thio-b-p-galactopyranoside (IPTG, Sigma) was added
to the culture to induce protein expression at 26 °C for 4 h. The cells
were harvested and lysed by sonication in lysis buffer (20 mM Tris-
HC], 1 M NaCl, 10% glycerol, pH 7.5). The cell lysate was separated
by centrifugation at 8000 rpm at 4 °C, and the collected supernatant
was incubated by Ni-NTA agarose (Abiotech, Jinan, China). The
bound protein was washed with washing buffer (20 mM Tris-HCI,
150 mM NaCl, 20 mM imidazole, 10% glycerol, pH 7.5) and eluted
into an elution buffer (20 mM Tris-HCl, 150 mM NaCl, 500 mM
imidazole, 10% glycerol, pH 7.5). Then, the His6-SUMO tags was
digested using Ulpl protease. After that, the resulting protein was
purified using heparin agarose (Abiotech, Jinan, China). The bound
protein was washed using washing buffer (20 mM Tris-HCl, 150 mM
NaCl, 10% glycerol, pH 7.5) and eluted into elution buffer (20 mM
Tris-HCl, 1 M NaCl, 10% glycerol, pH 7.5). The final protein was
dissolved in protein storage buffer (20 mM Tris-HCl, 1 M NaCl, 50%
glycerol, pH 7.5) and stored at —80 °C for use (characterization
detailed in Supplementary Figure S15).

Preparation of crRNA by in Vitro Transcription. DNA
templates containing the T7 promoter for in vitro crRNA transcription
were prepared with the complementary sequence, via gradient
annealing (95 °C for S min followed by cooling to room temperature
at a ramp rate of S °C/min). The T7 transcription reaction, including
DNA templates, T7 RNA polymerase (NEB), and an NTP mix in 1X
reaction buffer (40 mM Tris-HCl, 2 mM spermidine, 1 mM DTT, 6
mM MgCl, pH 7.9), was performed at 37 °C for 4 h. The
concentration of crRNA was measured by a Nanodrop 2000 (Thermo
Fisher Scientific) and then stored at —80 °C until use.

Cell Culture and Total Small RNA Extraction. Hs578Bst,
MDA-MB231, MCF7, and U87 cell lines were grown in Dulbecco’s
modified Eagle medium (Gibco) and supplemented with 10% FBS
(Excell Bio) at 37 °C in a humid atmosphere containing 5% CO,.
Total small RNA was extracted from the cell lines mentioned above
using RNAiso for small RNA (Takara) according to the
manufacturer’s protocol.

Total Small RNA Extraction from Serum Samples. Whole
blood samples of healthy volunteers and breast cancer patients were
obtained from Central Hospital of Panyu District (Guangdong,

China), which were approved by the ethics committee of the hospital
in accordance with the Helsinki Declaration. In this study, peripheral
blood was derived and separated within 2 h. We introduced synthetic
C. elegans miR-39, which is absent in the human genome, in order to
normalize the efficiency variations in total small RNA extraction. For
each serum sample, 1 nM miR-39 was added at a spiked ratio of 1:100
(v/v), and the resulting serum in 200 L underwent total small RNA
extraction using the miRcute serum/plasma miRNA isolation kit
(Tiangen) according to the manufacturer’s protocol.

Bacterial Strains and RNA Extraction. Pseudomonas aeruginosa
(ATCC 15442), Staphylococcus aureus (ATCC 25923), and
Escherichia coli (ATCC 35150) were cultured in sterile LB broth
(Sangon Biotech, Shanghai, China) overnight at 160 rpm/min at 37
°C. Enterococcus faecalis (ATCC 29212) and Klebsiella pneumoniae
(ATCC 700603) were inoculated on blood plate medium (Antu
Bioengineering, Zhengzhou, Henan, China) and cultured at 37 °C for
24 h. All the bacteria strains were harvested at 5000 rpm for 10 min
by centrifugation. Total small RNA was extracted from bacteria strains
mentioned above using the HiPure bacterial RNA kit (Magen,
Guangzhou, China) according to the manufacturer’s protocol. The
resulting total RNAs were quantified by a Nanodrop 2000 (Thermo
Fisher) and stored at —80 °C for later use.

RNA Preparation for SARA-Cov-2 Experiments. SARS-CoV-2
RNA standards was purchased from National Institute of Metrology,
China. The standards included three in vitro transcriptions (IVT) of
key characteristic genes of SARS-CoV-2: the N-gene (full length), the
E-gene (full length), and an Orflab gene fragment (genomic position:
13201—15600, GeneBank No. NC-045512). The claimed RNA
concentrations of the three transcripts were determined by droplet
digital PCR.

RNA sequences for the specificity validation were IVT products,
which were prepared by the following steps. First, plasmids with a T7
promoter and the whole N-gene sequence of SARS-CoV or bat SARS-
like coronavirus inserted were constructed. Then, linear DNA
templates of these genes of interest were obtained by PCR
amplification of the synthesized plasmids. For PCR reaction, 50 uL
of reaction mixture comprised 200 pg of plasmid DNA, 400 nM
forward primer (§'-CCTCTAATACGACTCACTATAGGC-3'), 400
nM reverse primer (5-AACCCCTCAAGACCCGTTTAG-3'), and
1X Prime STAR Max Premix (Takara), and the reaction was
performed by Thermal Cycler Dice real time system (Takara).
Cycling conditions: 98 °C X 10 s (1 cycle), 30 cycles of 55 °C X S's,
and 72 °C X 10 s. Afterward, the corresponding RNA transcripts were
generated by the T7 transcription reaction. Here, the reaction mixture
containing IVT templates, T7 RNA polymerase (NEB), and the NTP
mix in 1X RNAPol reaction buffer (40 mM Tris-HCI, 2 mM
spermidine, 1 mM DTT, 6 mM MgCl,, pH 7.9) was isothermally
incubated at 37 °C for 4 h. The resulting transcripts were purified
using the Monarch RNA cleanup kit (NEB) and further quantified by
a Nanodrop 2000 (Thermo Fisher Scientific).

Full-length SARS-Cov-2 RNAs were extracted from the cultured
SARS-CoV-2 in Huh7.5 cells, which were inactivated before RNA
extraction. RNA extraction was implemented by the advanced
automatic extraction platform (Qiagen, EZ1), according to the
manufacturer’s protocol in the P3 biosafety laboratory of Hubei
Provincial Center for Disease Control and Prevention.

Nasopharyngeal swab samples were collected from suspected
COVID-19 patients in Wuhan, China (during March 2020). The
RNA extraction of these swab specimens was also implemented by the
automatic extraction platform (Qiagen, EZ1) in the P3 biosafety
laboratory of Hubei Provincial Center for Disease Control and
Prevention. All procedures complied with the Ethics Committee of
Hubei Provincial Center for Disease Control and Prevention/
Academy of Preventive Medicine (2020-061-01).

Bulk Fluorescence Detection. Unless otherwise indicated, 25
uL of Casl3a mix was prepared with 20 nM LbuCas13a, 10 nM
crRNA, 500 nM FQSU RNA reporter, a certain amount of target
RNA, and 1X reaction buffer (10 mM Tris-HCI, 1.5 mM MgCl,, S0
MM KCIL pH'89). The RNA sequences including miRNAs, crRNAs,
and RNA reporters are listed in Supplementary Note 3. The bulk
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fluorescence detection was performed at 37 °C for 70 min using the
Thermal Cycler Dice real time system (Takara), with fluorescence
collected every minute.

Real-Time PCR Quantification of MicroRNA. The reverse
transcription (RT) cocktail contains 100 nM stem-loop RT primer,
dNTP mix (0.5 mM each) (Takara), synthetic miRNA-17 or 100 ng
of extracted small RNA, 1 unit/uL RNase inhibitor (NEB), S unit/uL
SMART MMLV reverse transcriptase (Takara), and 1X MMLV
buffer. The RT reaction was carried out at 42 °C for 60 min, then
terminated by heating at 70 °C for 15 min. For the real-time PCR
reaction, 50 uL of reaction mixture consisting of 2 4L of cDNA, 800
nM forward primer, 400 nM reverse primer, 250 nM Tagman MGB
probe, and 1X Probe qPCR Mix (Takara) was used in the Thermal
Cycler Dice real time system (Takara). Cycling conditions: 95 °C X
30 s (1 cycle), 40 cycles of 95 °C X S s, and 60 °C X 1 min.

Droplet Digital PCR Quantification of MicroRNA. For the
ddPCR reaction, 25 yL of reaction mixture comprising 1 uL of cDNA,
800 nM forward primer, 400 nM reverse primer, 250 nM Tagman
MGB probe, and 1X ddPCR Supermix for probes (BIO-RAD) was
used in the QX200 Droplet Digital PCR system (BIO-RAD). Cycling
conditions for the ddPCR reaction are 95 °C X 10 min, 40 cycles of
94 °C X 30 s, and 60 °C X 1 min, then 98 °C for 10 min. After
thermal cycling, the droplets were read and analyzed by a QX200
droplet reader (BIO-RAD). The details of the workflow including
droplet generation, droplet transfer, and heat sealing were conducted
according to the manufacturer’s protocol.

Real-Time PCR Experiment of SARS-CoV-2. A CFDA-
approved RT-qPCR diagnostic kit (BioGerm from Shanghai BioGerm
Medical Biotechnology) was used for detection of SARS-CoV-2 RNA.
The 25 uL reaction contains 12 uL of reaction premix, 4 uL of
enzyme mixture, 4 uL of Orflab/N primer pairs and probe mixture,
and S pL of RNA samples. The reaction was performed by a Bio-Rad
CFX96 Touch. Cycling conditions: 50 °C X 1 min (1 cycle), 95 °C X
S min (1 cycle), 40 cycles of 95 °C X 10 s, and S5 °C X 40 s. The
criteria in this kit were as follows: a Ct value < 38 is positive, a Ct
value > 38 is negative.

Microfluidic Chip Design and Fabrication. The mask design
for the microfluidic chip is shown in Supplementary Figure S16. The
overall architecture of our microfluidic chip simply consists of a
single-piece of polydimethylsiloxane (PDMS) irreversibly bonded on
a slide glass (Supplementary Figure.S1). The microfluidic chip has
one sample inlet for the dispersed phase, a pair of oil inlets for the
continuous phase, and an outlet connecting to a syringe. These inlets
open to the atmosphere and are maintained at an almost constant
pressure (~1 atm); a pressure differential through the chip is created
to actuate the fluids when the piston of the connecting syringe is
pulled outward and locked in a setting volume. A flow-focusing
geometry is adopted for droplet generation, followed by a Christmas
tree-shaped distribution channel network. This design facilitates
constructing a high-density monolayer droplet array within the
fluorescence imaging chamber.

The fabrication of the PDMS channel layer was based on a
modified version of an established soft lithography procedure. In brief,
microchannel architectures were designed using CAD software and
transferred into a high-resolution photomask. SU-8 (3025) master
molds with a 30 ym channel depth were produced following the
protocol from MicroChem. After wafer fabrication, PDMS was mixed
in a 1:8 ratio of curing agent to elastomer and subsequently degassed
and poured onto the SU-8-on-Si wafer master. PDMS was cured in a
convective oven for 0.5 h at 95 °C. Once cured, the PDMS layer was
peeled off and punched to form 3.0-mm-diameter inlets and a 0.7-
mm-diameter outlet. To bond PDMS to a slide glass (25 X 75 X 1.2
mm), both surfaces were treated with oxygen plasma in a PDC-MG
plasma cleaner for 60 s and bound together. Finally, the microfluidic
droplet chip was postbaked in a convective oven at 80 °C for at least
24 h.

Droplet Generation. Prior to droplet generation, the microfluidic
chip was filled with an oil phase (mineral oil containing the stabilizing
surfactants 3% ABIL EM 90 (Degussa) and 0.1% w/w Triton X-100).
Then, a single-use plastic syringe was connected to the out inlets of

the chip with a length of Teflon tubing (0.6 mm X 0.9 mm, [id. X
0.d.]). When the capillary force-driven oil flows reach the sample
inlet, a 3 pL aliquot of Casl3a mix that was preconfigured at 4 °C was
loaded into the sample inlet with a micropipet, ensuring no air-
bubbles were trapped in this inlet. To initiate the droplet generation,
the piston of the syringe was pulled outward and locked in place with
a one-milliliter volume using a binder clip. After the imaging chamber
was filled with the microdroplets, the piston was gently pushed back
to its starting position, and then the tubing was cut off. The above
processes were operated below 25 °C.

Droplet Imaging. The prepared microdroplets along with the
microchip underwent a 60 min isothermal reaction using a heating
plate. Subsequently, the microfluidic chip was continuously imaged
with an inverted microscope (Olympus, IX-71) to record the bright
field and fluorescence images of the microdroplets. A 10X
magnification objective lens is capable of imaging 1045 X 1390 pm>
areas, allowing almost 1200—2400 (with different droplet density)
microdroplets to be captured in a picture frame. For a single test, the
bright field images were used for accumulating the total number of the
microdroplets (at least 20 000 droplets), whereas the corresponding
fluorescence images (ISO 1600, 4 s exposure time) were used to
discriminate the positive droplets with a signal-to-noise ratio above 3.
To determinate the average size of the microdroplets, three randomly
chosen areas were imaged with a 40X objective, and over 30 droplets
in these microscopic images were measured with cellSens software
(Olympus).

Digital Quantification. According to the Poisson distribution,
the measured concentration (C) was calculated by

_In(1 - PPD)
%

C=
where droplet volume (V) is estimated according to the diameter (D),
1
V=—zD’
6
and PPD is the proportion of positive droplets.
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