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The use of microRNAs as clinical cancer biomarkers is hindered by the
absence of accurate, fast and inexpensive assays for their detectionin

biofluids. Here we report a one-step and one-pot isothermal assay that
leverages rolling-circle amplification and the endonuclease Cas12a for the
accurate detection of specific miRNAs. The assay exploits the cis-cleavage
activity of Casl2a to enable exponential rolling-circle amplification of
target sequences and its trans-cleavage activity for their detection and

for signal amplification. In plasma from patients with pancreatic ductal
adenocarcinoma, the assay detected the miRNAs miR-21, miR-196a,
miR-451a and miR-1246 in extracellular vesicles at single-digit femtomolar
concentrations with single-nucleotide specificity. The assay is rapid
(sample-to-answer times ranged from 20 min to 3 h), does not require
specialized instrumentation and is compatible with a smartphone-based
fluorescence detection and with the lateral-flow format for visual readouts.
Simple assays for the detection of miRNAs in blood may aid the development
of miRNAs as biomarkers for the diagnosis and prognosis of cancers.

MicroRNAs are endogenous and short non-coding single-stranded
RNAs (18-23 nucleotides) thatareinvolved in the post-transcriptional
repression of messenger RNAs. Because they participate in various
biological processes such as cell proliferation, differentiation and cell
death, dysregulated miRNAs are closely linked to the pathogenesis of
diseasessuch as cancers'*. miRNAs were originally studied in tissues,
butthey have alsobeendiscoveredintheblood, urine and other body
fluids, and found to be associated with ribonucleoprotein complexes
orargonaute-2, or encapsulated in exosomes’. Probing for circulating
miRNAsis therefore a promising strategy in liquid-biopsy-based cancer
diagnosis, prognosis and monitoring®>°. Yet, despite the promise,
moving from proof of concept to clinical practice remains awork in
progress. One roadblock is the challenge in the high-performance
detection of miRNAs in biospecimens due to their short length, high
sequence similarity within miRNA families, enormous concentration
range in different cell types and biofluids, and the variety of associ-
ated origins and carriers®”. Therefore, there is a pressing need of
ultrasensitive, specific and robust bioassays and sensors that can

facilitate the development of clinically viable miRNA biomarkers
of diseases.

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) has been the gold standard tool for miRNA detection.
Distinct from long RNA species, such as mRNAs, short miRNAs neces-
sitate a special RT process to incorporate extended sequences that
facilitate PCR amplification and detection'®". Stem-loop and poly-
adenylation RT assays are two commonly used approaches broadly
adapted in many commercial miRNA RT-qPCR kits®'°, Alternatively
to thermal cycling-based qPCR, which requires sophisticated analyti-
cal procedures and instruments, many isothermal assays have been
developed to advance miRNA detection®, including rolling-circle
amplification (RCA)", exponential amplification reaction (EXPAR)'*",
loop-mediated isothermal amplification (LAMP)'®, hybridization
chain reaction'”* and catalytic hairpin assembly**. Despite merits
in simplicity and even instrument-free operation, these assays have
drawbacks that limit widespread clinical application, such as the
non-specific amplification and the high background signal of EXPAR
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Fig.1| The one-pot EXTRA-CRISPR miRNA assay. a, The major components
and workflow of EXTRA-CRISPR assay. The padlock probe for RCA is engineered
withasplit ligation module for target miRNA binding and a CRISPR-Cas12a
detection module whose complementary sequence activates a Casl2a-crRNA
complex. miRNA sequences are extracted from a sample, annealed with the
padlock and then added to a reaction tube containing the enzymes, reporter and
other reagents. The one-pot assay is carried out at 37 °Cin a qPCR apparatus for
real-time detection of the fluorescence signal. b, The proposed mechanism of

the EXTRA-CRISPR. This assay harnesses both cis-cleavage and trans-cleavage
functions of the CRISPR-Cas12a system to convert linear RCA to an exponential
amplification method for miRNA detection. Briefly, the Cas12a RNP can bind
and cleave the long ssDNA amplicon of RCA by its cis-activity, which generates
many secondary primers containing the target sequence to initiate subsequent
RCA cycles, resulting in exponential amplification of the target. Meanwhile, the
amplicon-activated Cas12a RNP non-specifically cleaves the ssDNA reporters to
create and amplify fluorescence signal.

and LAMP, and therelatively slow kinetics and low sensitivity of hybridi-
zation chain reaction and catalytic hairpin assembly. Other standard
technologies such as microarrays*, NanoString® and sequencing®
offer powerful tools for highly multiplexed miRNA profiling with
high throughput and flexibility**?. However, these methods demand
sophisticated instruments or have complex analytical workflows, high
operational cost and limited analytical performance, which hinder
their widespread applications to clinical diagnostics, especially for
point-of-care (POC) testing.

Recently, CRISPR (clustered regularly interspaced short palin-
dromic repeats) technologies have emerged as a versatile tool for
developing the next-generation bioassays that combine the analytical
performance of PCR and the ease of isothermal amplifications. The
CRISPR-Casl2a and CRISPR-Casl13a systems confer highly specific
target recognition via binding with the Cas enzyme-crRNA com-
plex and enzymatic signal amplification owing to collateral cleavage
(trans-activity) of a fluorogenic probe by the Cas enzyme activated
upontarget binding?®?’. Avariety of CRISPR assays have beenreported
for DNA and viral RNA detection which normally require an additional
PCRorisothermal pre-amplificationstep to achieve desirable detection
sensitivity’**. Following the same strategy, sensitive CRISPR-based
miRNA assays were also developed by incorporating pre-amplification
of miRNA targets by various isothermal reactions, including RCA** ¢,
LAMP* and cascade amplification®®. However, these methods involv-
ing two separate pre-amplification and CRISPR-mediated readout
steps require multi-step manual operations, which not only leads
to complicated assay workflow and extended turnaround time but
also increases the risk of analytical variations and false results due to
human error, enzymatic degradation and cross-contaminations. It
was recently demonstrated that it is possible to combine isothermal
amplification and CRISPR detection in a one-pot reaction via deli-
cately engineering the primer designs and reaction conditions®>* .,
However, it remains unclear whether such a strategy can be adapted
to develop one-step, one-pot CRISPR assays for miRNA sensing.
Alternatively, CRISPR-mediated target recognition can be integrated
with other signal transduction modalities, such as electrochemical®,
plasmonic* and graphene field-effect transistor sensors**, enabling

amplification-free nucleic acid detection. However, these approaches
are not truly comparable to RT-qPCR, due to either low sensitivity
without pre-amplification*? or the limitations arising from highly spe-
cialized devices and instruments needed. Lastly, itis worth noting that
most, if notall, of the existing CRISPR-based methods leverage on the
trans-cleavage activity of Cas proteins, while the exploration of the
specific cis-cleavage activity—the main mechanism of CRISPR-Cas
systems for gene editing—for biosensing remains largely untapped.

In this Article, we report a one-step, one-pot isothermal
CRISPR~-Casl2aassay, whichwe named ‘Endonucleolytically Exponenti-
ated Rolling Circle Amplification with CRISPR-Cas12a’ (EXTRA-CRISPR)
fortherapid and specific detection of miRNAs with sensitivity compa-
rable to RT-PCR (Fig. 1). The EXTRA-CRISPR assay offers three major
distinctions from the existing CRISPR-based biosensing methods. First,
it represents a strategy to simultaneously harness both cis-cleavage
and trans-cleavage activities of the CRISPR-Cas12a system. It exploits
the specific cis-cleavage activity to transform conventional linear
RCAtoenable exponential amplification of target sequences, inaddi-
tion to the trans-cleavage reaction for amplicon detection and sig-
nal amplification. Second, by engineering a modular padlock probe
design and the reaction kinetics, we incorporate multiple reactions
for target-mediated ligation, RCA, Casl12a binding and nucleolytic
cleavage into one collaboratively coupled reaction network, creating
arobust one-step, single-tube isothermal assay for miRNA analysis.
Third, this one-pot isothermal miRNA assay affords comparable ana-
lytical performance with standard RT-qPCR, including high sensitivity
withasingle-digit femtomolar detection limit, single-nucleotide speci-
ficity and rapid and flexible turnaround (from 20 min to 3 h for the
entire analysis depending on targets and samples). Lastly, one-pot
EXTRA-CRISPR technology vastly simplifies the assay workflow and
negates the need for specialized instruments, which provides an adapt-
able modality for POC diagnostics.

As proof of concept of potential applications, we adapted the
EXTRA-CRISPR assay to quantifying miRNA biomarkersin extracellular
vesicles (EVs) for the liquid-biopsy-based diagnosis of pancreatic ductal
adenocarcinoma (PDAC). EVs, including exosomes of 50-150 nm in
size, are emerging as a promising candidate for liquid biopsy because
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they selectively sort and transport cellular cargoes, such as proteins
and nucleicacids, that mirror the physiological and pathological states
of parental cells**°, EVs are considered a major carrier of miRNAs in
human biofluids, and tumour-derived EVs offer a promising route to
explore disease-specific miRNA signatures® 2, Using EXTRA-CRISPR,
we show the highly sensitive and specific profiling of a panel of four
miRNA markers (miR-21, miR-196a, miR-451a and miR-1246) in EVs
derived from cell lines and clinical plasma specimens. Based on the
individual EV-miRNA tests, an EV signature (EV-Sig) was devised with
amachine-learning method to improve the diagnostic performance
for pancreatic cancer. The analytical and diagnostic performance of
the EXTRA-CRSPR tests were rigorously validated by parallel RT-qPCR
analysis of the same clinical samples. These results suggest that the
technology may help advance miRNA detection and the clinical devel-
opment of miRNA biomarkers for liquid biopsy-based cancer diagnosis
and prognosis.

Results
Mechanistic studies of the EXTRA-CRISPR assay
The assay is designed to be a tri-enzymatic cascade that exploits the
unique nucleolytic cleavage activities of the CRISPR-Cas12a system to
create anew exponential isothermal amplification mechanismbased on
therobust linear RCA assay. The assay starts with the hybridization of
apadlock probe with the miRNA target in the one-pot reaction, which
can be further enhanced by adding a rapid denaturing and annealing
step in the sample preparation process before analysis, as illustrated
inFig.1a. The padlock probeisa5’-phosphorylated single-strand DNA
engineered to encompass two modular sequences: a ligation zone
bridging the 5’ and 3’ termini with the complementary sequence to
target miRNA and adetectionzone whose complementary sequence can
berecognized by Cas12a-crRNA ribonucleoprotein (RNP) complexes.
Uponmixingwith all other assay reagentsinatube, the target-splinted
padlock probe will be ligated with the SplintR ligase to form a circular
template forisothermal RCA reaction. Driven by phi29 DNA polymer-
ase, RCA continuously extends target miRNA to along linear concate-
mer withrepeatedly complementary copies of the padlock. The Cas12a
RNP pre-formed inthe solution willbind to the detection zones onthe
long concatemer, which activates the trans-cleavage activity of Cas12a
enzyme to non-specifically cut the fluorophore quencher-labelled
single-stranded DNA (ssDNA) reporters to produce fluorescence signal
(Fig. 1b). In the meantime, the activated RNP can also cut the linear
RCA productinto short fragments via its cis-cleavage function. These
fragments contain single or multiple complementary copies of the
padlock and thus can serve as new primers to trigger many secondary
RCAreactions. Such collaboratively coupled linear DNA polymerization
and Casl2a cis-cleavage can be repeated continuously to generate the
chainreactions converting conventional linear RCA to an exponential
amplification assay (Fig. 1b). The post-cleavage RNP complexes may
also cause collateral cut of the ssDNA reporters and thus further pro-
mote CRISPR signal amplification to enhance the detection sensitivity.
The development and mechanistic studies of EXTRA-CRISPR were
conducted using miR-21 as the model target, which has been found
overexpressed in various human tumours®. The key module in our pad-
lock probe design, the CRISPR detection zone, was verified by detecting
its complementary strand with a CRISPR-Cas12a-only assay. A limit
of detection (LOD) at the 1 pM level was obtained (Supplementary
Fig.1),inline with the reported performance for preamplification-free
CRISPR-Cas detection®*2, The EXTRA-CRISPR assay is expected to
produce both single-stranded RCA amplicon and the amplicon-pad-
lock duplex both containing the crRNA-complementary sequences.
RNA-guided binding with a double-stranded DNA activator requires
a protospacer-adjacent motif (PAM) to activate Casl2a for both
specific cis-cleavage and effective non-specific ssDNA trans-cleavage,
whereas a ssDNA does not need the PAM but yields less catalytic
activity for trans-ssDNA cutting®. Hence, we first examined the effects

of CRISPR-Casl2a in our one-pot assay by tuning its activities with
the PAM sequence in the padlock. As shown in Fig. 2a, the PAM-free
padlock-1resultedinaconsiderably higher reactionrate and signallevel
compared with padlock-2 with a PAM sequence, indicating an inhibi-
tory effect of the PAMin the padlock for our one-pot assay. This result
implies the importance of establishing proper equilibrium among the
RCA and CRISPR-Casl12a cleavage reactions to catalyse efficient target
amplification for which a PAM-free padlock is preferred, as further
examined below.

To facilitate the mechanistic studies, we first conducted the
EXTRA-CRISPR reactions with padlock-1at high miR-21 concentrations
(1pMto1nM)topermitbothreal-time fluorescence detection and gel
electrophoresis analysis of the reaction products. Figure 2b shows that
our tri-enzyme assay enormously increases the detection signal with
1pMmiR-21compared with the Cas12a-only detection (Supplementary
Fig.1).Inthe control reactions with one of three enzymes left out each
time, no fluorescence signal was detected, verifying the essential role of
eachenzymeinthe one-pot EXTRA-CRISPR system. The signal intensity
was observed torise with the miR-21 concentrationincreased to 10 pM
butthentolargely decreaseat100 pM and1nM (Fig.2b), indicating the
dynamic coupling of competing reactions associated with Cas12a in
this tri-enzyme assay. The products of these reactions were analysed
with agarose gel electrophoresis. In the absence of Cas12a RNP, aband
of high-molecular-weight DNA was detected at the edge of the sample
wells, and the DNA amount increased with the miR-21 input (Fig. 2¢),
which confirms successful miR-21 amplification by ligation-assisted
RCA.Nocleavedreporter was detected onthe gel, consistent with the
negative fluorescence detection seen in Fig. 2b. With RNP added, the
one-pot reaction at a relatively low miR-21 concentration (1-100 pM)
resulted in a barely detectable band of long RCA product and a weak
band of small-molecular-weight DNA (Fig. 2c, lanes 1, 3 and 5), which
can be presumably attributed to relatively complete cleavage of long
DNA product by the activated RNP. Inaddition, a clear fluorescent gel
band of collaterally cleaved reporter by Cas12a was detected with the
intensity being enhanced at the target concentration of 10 pMand then
largely reduced at 100 pM (Fig. 2¢c, lanes 1, 3 and 5), which agrees with
the real-time detection results (Fig. 2b).

When the miR-21 concentration was further increased to 1nM
(Fig.2c,lane 7), thelong RCA amplicon was clearly detected, excluding
theinhibition of RCA reaction as the main factor for signal suppression
observed at hightarget concentrations. Theband of long RCA amplicon
was much weaker than that for the RNP-free reaction (Fig. 2c, lane 8)
and largely smeared, which verifies Cas12a cleavage of the RCA product.
Compared with the cleaved DNA bands observed for the lower target
concentrations, the broad smearing indicates much less effective cleav-
age by the excessive DNA amplicon produced with1 nM miR-21. While
the activated Casl2a can cause both cis-cleavage and trans-cleavage
of the RCA amplicon, the observed smearing bands should be mainly
fromthe trans-cleavage product, because our standard gel electropho-
resis assay was not sensitive enough to detect the low-level cis-cleaved
DNA produced with1nM of RNP. Moreover, the cleaved-reporter band
becameindiscernible whenthetarget concentrationincreased tol nM
(Fig.2c). Such competitive cutting of reporter versus RCA amplicon can
beattributed to the non-specific ssDNase activity of Cas12a that leads to
preferential cut of the RCA amplicon whena high targetinputinitiates
extremely fast RCAreactionto produce considerably more ssDNA prod-
ucts than the reporter. The competing effect of Cas12a trans-activity
was verified by conducting asimple ssDNA cleavage reactioninwhicha
transition from the reporter-dominant to padlock-dominant cleavage
was observed upon the descending reporter-to-padlock ratio (Supple-
mentary Fig. 2). In our assay, the padlock concentrationis only 1/10 of
thereporter, and thus the padlock degradation by Casl2a trans-cutting
should have minuscule effect on the EXTRA-CRISPR reaction. Together,
these results suggest that our assay can produce a favourable RCA
amplicon-to-reporter ratio over a broad range of target input (up to
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Fig.2|Mechanistic studies of EXTRA-CRISPR. a, Effect of the padlocks without
and with a PAM sequence on miR-21detection. The assays were conducted with
1pMmiR-21and 100 nM of each padlock probe. NC, negative control assay witha
buffer blank. RFU, relative fluorescence units. b, Real-time one-pot detection of
serial 10-fold dilutions of miR-21from 1 pM to 1 nM with1nM Cas12a RNP.

Control assays were conducted with one of three enzymes left out each time.

¢, Gel analysis of the products from the reactions in b; an image of the full scans
isprovided in Source Data. d, Assessment of Cas12a activities on RCA amplicons
inatwo-step fashion. In this case, ligation-RCA was first conducted, and then the
products were treated with varying amounts of RNP. M, DNA marker; animage
ofthe full scansis provided in Source Data. e, EXTRA-CRISPR assays using the
cleaved RCA products fromreactions 2 and 3ind as the targets. f, EXTRA-CRISPR

detection of the long-cut and short-cut extracts recovered from the gel bands
inlane 2ind. Despite its lower quantity, the short-cut extract yielded a faster
reaction kinetics than the long-cut extract. g, Synthetic ssDNA mimicking the
short-cut RCA product effectively triggers the EXTRA-CRISPR assay to produce
quantitative signals. h, Exponential amplification of this synthetic short cut

was observed in the one-pot assay, as opposed to linear amplification of the
synthetic short cut in the two-step assay. The target concentration in both cases
is1pM.1, Illustration of the length-dependent binding of the Cas12a-cleaved RCA
amplicons that results in differential efficiency for the secondary ligation and
RCA reactions. In contrast to the short-cut amplicon, the long cuts may hybridize
with the padlock sequences in the linear forms, which terminates the ligation and
exponential RCA.

~100 pM, equivalent to 10° copies per 20 pl reaction), enabling quan-
titative trans-cleavage of the fluorogenic reporter for accurate miRNA
detection.

For comparison, the experiments for 1 pM to 1 nM miR-21
discussed above were repeated with padlock-2. As presented in Sup-
plementary Fig. 3a, the observed reaction kinetics appeared to be
muchsslower than that with padlock-1(Fig.2b), and accordingly, notable
amplification suppression occurred at a higher miR-21 concentration
(InMversus100 pM). Gel analysis of these reactions (Supplementary
Fig. 3b) detected a pattern of RNP-cleavage products and cleaved
reporter similar to that obtained with padlock-1 (Fig. 2c). Consistent

with the real-time fluorescence detection, the gel bands of cleaved
reporter were much weaker than that for padlock-1, verifying the inhibi-
tory effect of the PAM on the amplification efficiency of our one-pot
assay. This effect can be presumably attributed to the PAM-mediated
RNPbinding with the amplicon-padlock duplexes that activates both
cis-cutting of the circular templates for RCA and rapid non-specific
degradation of all ssDNA species including the cleaved amplicons for
thesecondary RCA*****. Indeed, compared with the padlock-1reaction
(Fig.2c), the padlock-2 reaction was seen to produce relatively strong
gel bands of low-molecular-weight RNP-cleavage products with respect
to the reduced bands of cleaved reporter. Overall, this comparative
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study should support the essential role of the engineered PAM-free
padlock-1in tuning the dual reactivities of CRISPR-Cas12a to drive
exponential RCA of miRNA.

Tofurther assess the Casl2areactivitiesinthe EXTRA-CRISPRreac-
tion, we conducted a two-step assay in which the ligation-assisted RCA
was first performed, followed by treating the amplicon with Cas12a RNP
of variable concentrations. Thereactions were run with the high concen-
trations of miR-21 (1 nM) and RNP (up to 670 nM) to facilitate the detec-
tion of both cis-cleaved and trans-cleaved DNA products. Figure 2d
showsthat when 67 nMRNP was used, the long DNA amplicon produced
by RCA (lanes 1and 1’) were partially cleaved to yield a smeared band
oflongfragments and aband of short fragments (lanes 2 and 2’) which
arethereafterreferred toas thelongandshort cuts, respectively. This
observationindicates enhanced cleavage of the RCA amplicon by more
RNP in comparison with the assay shownin Fig. 2c (lane 7). Increasing
the RNP concentrationto 670 nM led to apparently complete digestion
of the long cut into the short cut (lanes 3 and 3’). At these high levels
of RNP over ssDNA substrate, the bands of trans-cleaved reporter
were also detected (Fig. 2d, lanes 2’ and 3’), which is consistent with
the observations for the one-pot reactions in which low levels of RCA
ampliconwere produced (Fig. 2c, lanes1-4). A distinct observationin
the two-step reactions with high-concentration RNP was an intense
band oflong cut (Fig.2d, lanes 2and 2’) that was barely detectable with
thelowlevel of RNP (Fig.2c, lane 7). We hypothesized that thisintense
long-cut band is mainly produced by the cis-activity of RNP, and thus the
short-cutband should also contain a considerable amount of the small
fragments of cis-cleaved RCA amplicon. These cis-cleavage products
contain complementary copies of the padlock and may serve as new
primers for secondary RCA reactionstoinitiate exponential amplifica-
tion of target miRNA. To test our hypothesis, we investigated the ability
of CRISPR-cleaved RCA products to exponentiate thelinear RCAreac-
tion. Asthe ssDNA amplicon of RCAis chemically different from miRNA,
we first verified that the DNA version of miR-21 yields comparable
amplification efficiency with miR-21 for the EXTRA-CRISPR reaction
(Supplementary Fig. 4). We performed the EXTRA-CRISPR assays using
the DNA extracted from the two-step reactions tested in Fig. 2d as the
target. As seen in Fig. 2e, notably higher amplification was obtained
with the DNA extract that contained mostly the short cut (Fig. 2d,
lane 3) than that containing both short and long cuts (Fig. 2d, lane 2).

To further examine such differential reactivity of cis-cleaved RCA
products, we extracted DNA from the separated gel bands of the short
and long cuts in lane 2 of Fig. 2d and input them as the targets for the
EXTRA-CRISPR assays. Despiteits larger quantity as detected on gel, the
long-cutextract appeared to weakly trigger the tri-enzymaticreaction,
while the short cut yielded much faster reaction kinetics and higher
amplification signal (Fig. 2f). The low molecular weight of the short-cut
band observed ongel suggests that the cis-cleaved fragmentsinthe band
roughly correspond to one monomeric unit of the RCA concatemer with
alength of 61 nucleotides (Supplementary Table1). Thus, we assessed a
synthetic ssDNA of the unit sequence asthe input for the EXTRA-CRISPR
reaction. Figure 2g shows the quantitative titration of this synthetic
short-cut mimic down to a concentration of 10 fM, >100-fold lower
than the LOD of the preamplification-free Casl2a assay (Supplemen-
tary Fig. 1). The one-pot assay with the synthetic short cut was seen to
yield notably higher signal intensity than the two-step assay involving
linear amplification of the synthetic short cut at the same concentration
(1pM, Fig. 2h), indicating the high efficiency of the short cut to trigger
exponential RCA. Collectively, these results should verify the major
contribution of the short cis-cleaved amplicon to exponentiating linear
RCA over the long cis-cleaved ones, which may be explained by their
length-dependent binding with the padlock probe as depictedin Fig. 2i.
The unit sequence only binds with the termini of a padlock to form a
circular duplex thatinitiates the exponential amplification. By contrast,
the cis-cleaved long fragments may cause two competing effects via: (1)
circularizing the padlock with the 3’end complementary site to initiate

RCA and (2) hybridizing the padlock probes with other binding sites to
formlinear duplexes, whichleads to the termination of exponential reac-
tion. A long fragment has more padlock binding sites along the strand
than at the terminal, and thus the probability to form linear duplexes is
higher than that for forming circular probes. Therefore, the ability of
long-cutfragmentstoinitiate exponential RCA canbelargely suppressed
(Fig. 2f). Overall, our findings show dynamic coupling of the
trans-cleavage and cis-cleavage activities of Cas12ain the EXTRA-CRISPR
assay, which enables exponential amplification of the target.

One-pot chemistry amplifies the performance of stepwise
combined reactions
Todirectlyassesstheimpactof dual-activity CRISPRonthetri-enzymereac-
tion network, we compared miR-21 detection using the ligation-assisted
RCA, tandemRCA and CRISPR, and one-pot EXTRA-CRISPR assays, under
otherwise the same reaction conditions (Methods). The conventional
assay composed of two sequential reactions of ligation and RCA affords
ahigh LODatthe~100 pM level for miR-21(Fig.3a). Tandem combination
of RCA amplification with the specific and powerful Cas12a-based signal
amplification vastly improved the sensing sensitivity to detect miR-21
below100 fM (Fig.3b), whichisin line with the performance reported with
asimilar three-step RCA-Cas12aassay®. Based onthis three-step tandem
assay, we tested asimplified version that combines ligationandRCAinone
pre-amplification reaction followed by the Cas12a-powered fluorogenic
readout. While simplifying the workflow, this two-step RCA-CRISPR-Cas12
approach appeared toslightly compromise the detection sensitivity and
speed as indicated by the lower signal detected over a longer reaction
time (Fig. 3¢). This canbe because the reaction conditions optimized for
one enzyme may be suboptimal for others and, thus, the overall system.
In contrast, our one-pot assay was able to overcome this challenge and
confer sensitive detection of as low as 10 fM miR-21 using a protocol yet
to be optimized, whichnotably outperforms the three-step assay based
onlinear RCA (Fig.3d).

Given that the isothermal assays investigated here combine
continuous RNA replication and fluorogenic signal amplification, we
evaluated their overall amplification efficiency by quantifying the num-
ber of fluorescent probes produced per input miRNA template (equiva-
lent to amplification fold), as depicted in Supplementary Fig. 5. The
two-step RCA-CRISPR assay was estimated to yield 5.8 x 10*-fold and
5.9 x10*-fold amplification at the 10 fM and 100 fM miR-21inputin2h,
respectively. These values are higher than the amplification efficiency
of linear RCA by phi29 polymerase which was previously reported to
be ~1,000-2,000 replicates of one circular template per hour, owing
to the Casl2a-based signal amplification® . The overall amplification
efficiency for the EXTRA-CRISPR assays with 10 fM and 100 fM miR-21
was estimated to be 1.6 x 10°and 1.7 x 10° 6-Carboxyfluorescein (FAM)
probes per template, respectively, which is ~30-fold higher than that
of the two-step assay. It is worth noting that such comparison of the
overallamplification efficiency may largely underestimate the miRNA
replication efficiency of our one-pot assay over the two-step assay,
because the signal-generation reaction in the one-pot assay occurs
with the Cas12atarget thatincreases fromaverylow level overthe2 h
reaction, while in the two-step assay the second reaction for signal
generation starts with a vast quantity of the Casl2a target produced
by the first RCA step. Overall, these comparative studies of different
assay modes support the collaborative coupling of trans-activities and
cis-activities of CRISPR-Casl2ain our assay to drive exponential RCA
and fluorogenic signal amplification simultaneously. The dynamics
of the coupled tri-enzyme reaction can be affected by several major
factors, which were systematically optimized as detailed below.

Optimization and characterization of the EXTRA-CRISPR
assay

As discussed above, our padlock probe is engineered with a CRISPR
detection module which guides RNP cis-cleavage of RCA amplicon to
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0.8 uM reporter were added into the reaction. ¢, In the two-step method, ligation
and RCA were combined together, followed by fluorogenic detection using
Casl2aRNP, conferring similar sensitivity with the three-step assayinb.d, The
one-pot EXTRA-CRISPR method improves the sensitivity to detect 10 fM miR-21
before full optimization. Assay concentrations used in cand d, 100 nM padlock-1,
0.625 U pl™* SplintR ligase, 0.1 U pl™ phi29 polymerase, 1 uM reporter and 1nM
Cas12aRNP.

generate new primers for secondary RCA. Moreover, insertion of this
critical module affects the overall sequence of padlock probe that is
animportant factor governing the efficiency of ligation and RCA reac-
tions**¢°, To assess these effects and optimize the padlock probe design,
we constructed three padlock probes with the CRISPR detection zone
locatedinthe right (padlock-1), middle (padlock-3) and left (padlock-4)
of the sequence. As shown in Fig. 4a, padlock-1 constantly generated
the highest detection signal and the lowest background level over an
hour of reaction, indicating its advantage to enact efficient and specific
EXTRA-CRISPRreactions. We speculate that such effect may arise from
the undesired secondary structures of the padlock probes that reduce
the hybridization affinity and specificity for ligationand RCA, because
oligonucleotide analysis showed that padlock-3 and padlock-4 can
form more stable hairpins. To further test these effects, we designed
aset of variants of padlcock-1 by modifying the sequence outside the
ligationand detection modulestointentionally induce more complex
and stable hairpin structures and self-dimers (Supplementary Fig. 6).
Compared with the original padlock-1design, padlock-1-1 with three
modified nucleotides resulted inalargely reduced amplification signal
and higher non-specific background. With more nucleotides altered to
formincreasingly stable hairpin and self-dimer structures, these vari-
antsled todeteriorating signal-to-background ratio, complete inhibi-
tion of specific amplification (padlock-1-3) and even worse non-specific
background (padlock-1-4). These results confirm the remarkable impact
ofthe secondary structures of padlock probe onthe one-pot reaction.
There are other possible effects associated with the location of the
detection zone, such as the steric hindrance that can affect the bind-
ing of three enzymes onto the circular template-padlock complexes.

Ligation of the padlock annealed to a miRNA splint is the initiat-
ing enzymaticreactioninthe EXTRA-CRISPR cascade. Compared with

DNA-DNA helices, RNA-splinted hybrid helices are known to be much
less efficient substrates for DNA ligases, including T4 DNA ligase that
is widely used in RCA assays™. To obtain an efficient ligation reaction,
we compared T4 DNA ligase and the PBCV-1DNA ligase, also commer-
ciallybranded as SplintRligase, which was reported to provideamuch
higher affinity (-300-fold Michaelis constant K},) and turnover rate
(20-fold catalytic rate constant k,,) for RNA-splinted DNA substrates®.
T4 DNA ligase appeared to be ineffective to trigger the one-pot assay,
whereas SplintR ligase substantially expedited the reaction kinetics
and enhanced the signal intensity (Fig. 4b), indicating theimportance
of ligation to the overall reaction kinetics and efficiency. In addition,
SplintR ligase confers good stability in the assay performance over
a 20-fold change of enzyme quantity (2.5 to 50 units per reaction,
Supplementary Fig. 7). To further optimize the ligation reaction, we
investigated the enhancement of miRNA-padlock probe hybridiza-
tion by a quick denaturing and annealing step (Fig.1a) whichisacom-
monly practiced sample treatment method to promote nucleic acid
hybridizationinbioassays. As expected, this additional pre-treatment
of RNA samples by 5 min denaturing and -1 min annealingimproves the
amplification efficiency while reducing the non-specifical background,
compared with the original assay protocol (Supplementary Fig. 8).
The denaturing step was found to remain effective when shortened to
10 s (Supplementary Fig. 9). Nevertheless, our final workflow imple-
ments the 6 min pre-treatment step to ensure the consistent assay
performance without notably extending the total turnaround time.
Next, we attempted to optimize the major RCA-related compo-
nents for the EXTRA-CRISPR assay. It was found that Cas12a RNP can
work effectively in the SplintR buffer with bovine serum albumin (BSA)
(Supplementary Fig.10a) and the SplintR buffer greatly outperforms
the phi29 buffer (Supplementary Fig. 10b). BSA was found to be a
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Fig.4 | Optimization of the one-pot EXTRA-CRISPR miR-21 assay. a, The
position of the CRISPR module in a padlock sequence affects the detection signal
and background level. The assays were conducted with 1 pM miR-21and 100 nM
padlock. b, Comparison of T4 DNA ligase and SplintR ligase for the one-pot assay.
The assays were conducted with 40 U pl™ T4 DNA ligase or 2.5 U pl ™ SplintR
ligase, 100 nM padlock-1,0.2 U pl™ phi29 polymerase, 50 nM Cas12a RNP and
1uM-reporter. c-f, Optimization of the concentration of phi29 (c), padlock (d),
Casl2aRNP (e) and reporter (f). ARFU, unless otherwise specified, was the signal
increase from O min to 120 min. Error bars, 1s.d. (n =3). The selected optimal
conditions are indicated by a colour background. g, Representative real-time
curves for calibrating the one-pot assay with serial dilutions of synthetic miR-21
standards using the optimized protocol. Inset: the curves of averaged signal for

0fM(NC), 5 fMand 10 fM miR-21with the shaded bands indicating1s.d. (n =5).
h, Titration curves plotted at various time points for the assay calibrationin
gshowastrong dependence of the assay performance on the reaction time.

i, Diagram of the analytical figures of merit determined by the assay calibration,
including LOD, sensitivity (the slope of linear calibration curve) and linear
dynamic range defined by the lower limit of quantification (LLOQ) and upper
limit of quantification (ULOQ). j, Linear calibration obtained with the optimal
assay time of 100 minyields a LOD of1.64 fM miR-21 calculated from 3 x s.d. of
the background level and alinear range from 5.47 fM to 500 fM. Error bars, 1s.d.
(n=5).Kk, Specificity of the EXTRA-CRISPR for detecting miR-21 against a single-
mismatch miR-21sequence (mismatch-1) and eight different miRNAs (1 pM each).
The colour intensity represents the averaged signal level of two replicates.

critical additive that can effectively augment the amplification effi-
ciency ina proper concentration range (0.1-0.3 mg ml™, Supplemen-
tary Fig. 11). Two additional additives previously used to promote
SplintR ligation, Mn*" ion*’ and ssDNA binding protein (SSB)®, were
tested as well. Mn*"ion appears to substantially increase non-specific
background (Supplementary Fig. 12), while adding SSB tends to
suppressthe EXTRA-CRISPRreaction (Supplementary Fig.13); hence,
Mn* ionand SSB are not used in the following optimizations. We then
optimized the phi29 polymerase concentration which is a key factor
toachieving the balanced RCA and CRISPR-Casl12a cleavage reactions
to catalyse exponential amplification, as reasoned before. Similar to

the effect of miRNA input (Fig. 2¢), increasing the quantity of phi29
polymerase will promote RCA reaction to generate higher detection
signal, but excessive RCA amplicon can suppress trans-ssDNA cutting
of reporter by RNP, resulting inreducing signal intensity. The presence
of anoptimal polymerase concentration was experimentally observed,
which showed ashiftto the higher level for lower miRNA input (Fig. 4c).
Similar peaking behaviour was observed for the padlock probe as well
because higher padlock concentration can enhance the efficiency for
target binding and subsequent RCA (Fig. 4d). Given the low abundance
of miRNAs in many biological samples, including EVs, we selected the
optimal concentrations of 0.1 U pl™ and 100 nM for phi29 polymerase
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and the padlock, respectively, which yielded the highest signal against
the background for the range of 10 fM to 1 pM miR-21.

Optimization of the CRISPR components in the one-pot reaction
started with assessing Cas12a RNP at a typical concentration of 50 nM
used in the standard Cas12a assays®. However, this established assay
condition led to poor signals for our assay (Fig. 4e), because excessive
RNP can cause atermination effect, that is, cis-cleavage of RCA ampli-
con-padlock duplexes and non-specific trans-cutting of the padlock,
reducing the efficiency of both target amplification and fluorogenic
CRISPRreadout (Fig.2). Thus, we screened awide range of Cas12a RNP
concentration from 0.1 nM to 50 nMto find a condition that maximizes
the desired catalytic effect against the adverse termination effect of
CRISPR-Casl2ainthe one-pot EXTRA-CRISPR. As expected, the assay
signal showed a peaking trend as a function of the RNP concentration
depending on the target input, and the optimal range was narrowed
down to 0.5 nM to 1 nM for the targeted miRNA concentration range
of 10 fMto 1 pM (Fig. 4e). We have shown that indiscriminate ssDNase
activity of Casl2a can not only cut the reporter but also degrade the
padlock and linear RCA amplicon to inhibit the exponential amplifi-
cation. Thus, increasing the reporter concentration would kinetically
improve fluorogenic signal amplification and thermodynamically
enhance the amplification efficiency by mitigating the inhibitory
ssDNA cutting, while excessive reporter may raise the background
signal.Indeed, the one-pot assay was seen toyield an ascending signal
when the reporter concentration was increased from 25nM to 1 pM
(Fig. 4f). This effect was most substantial at the high miRNA input
(1 pM), which is consistent with the observed competitive Casl2a
trans-cutting of ssDNAs (Fig. 2c and Supplementary Fig.2). With other
optimized variables, we selected acombination of InMRNPand 1 pM
reporter to maximize the signal-to-noise ratio of our one-pot assay.
Collectively, these optimization studies revealed the unique dynamics
of our assay which corroborates synergistic coupling of the enzymatic
reactions via harnessing the dual activities of CRISPR-Cas12a.

Lastly, the analytical performance of the EXTRA-CRISPR assay
was systematically calibrated with serial dilutions of synthetic miR-21
using the optimized protocol. Figure 4g shows the typical curves for
real-time detection over areaction time of 2 h. The titration curves of
signal versus concentration were also plotted at various time points,
whichshow astrong dependence of the assay performance onthereac-
tion time (Fig. 4h). To quantitatively evaluate the impact of reaction
time onthe assay performance, we computed the analytical figures of
meritincluding LOD, sensitivity (the slope of linear calibration curve)
and linear dynamic range defined by the lower limit of quantification
and upper limit of quantification, which are graphically presented
in Fig. 4i. With 20 min assay time, our method conferred a LOD of
12.3 fM which vastly outperforms the three-step assay’ reporting a
LOD of 34.7 fM with a total of 4.5 h for both RCA and Cas12areactions
(Supplementary Table 2). Extending the reaction time improves the
LOD and shifts thelinear dynamic range down until reaching aminimal
LOD of 1.64 fMwith alinear range from 5.47 fM to 500 fM (R*= 0.9986,
Fig.4j) at100 min. Moreover, the calibration sensitivity of our assay can
alsobeimproved over time to better discriminate the small variations
intarget concentration.

Itis seen that the signals obtained with high miR-21 concentra-
tions (1-10 pM) saturate at a constant level (Supplementary Fig. 14a),
indicating that the observed linear dynamic range of our assay could
be limited by the fluorescence detector used in the qPCR machine.
To test such instrumental limitation, we conducted the same assays
using acommercial microplate reader with high sensitivity and abroad
dynamicrange.Indeed, the microplate reader yielded dynamic signal
response with no saturation (Supplementary Fig.14a), enabling quan-
titative detection with alinear range extended up to 10 pM miR-21 (Sup-
plementary Fig.14b). These results verify the instrumental limitation
of the qPCR machine on the dynamic range of our assay and suggest
the feasibility of achieving quantitative miRNA detection across a >4

log concentration range (from -5 fM to 100 pM) via coupling our assay
withaproper detector. Despite its limited dynamic range, we still chose
to use the qPCR machine in the subsequent studies because it allows
direct comparison between our method and the standard qPCR assays
on the same instrument. The analytical performance of our assay
was systematically validated by the parallel measurements with gold
standard RT-qPCR. Our one-pot assay offers comparable detection
sensitivity compared witha commercial miRCURY LNA miRNA PCR kit
with whichaLOD of 1.57 fM was obtained following the recommended
two-step, 3 h protocol (Supplementary Fig. 15).

To assess the specificity of our method, we extended the
miR-21 assay to detect a number of non-target miRNAs including a
synthetic miR-21 with a single-nucleotide mismatch at the ligation site
for padlock-1 (mismatch-1, Supplementary Fig.16a) and eight human
miRNAs at 1 pM each. These tests yielded a signal level of ~2% of the
miR-21signal or even lower (Fig. 4k), showing the excellent specificity
of our assay. Such performance can be attributed to the multi-layered
protection by the specific reactions for target-padlock hybridiza-
tion, ligation®®, RCA and Cas12a activation and cis-cleavage®. We then
investigated the effect of mismatch location on the assay specificity.
Asexpected, the discrimination power was observed to be highest for
the single mismatcheslocated at the ligation site and reduced progres-
sively with the increasing distance from the ligation site (Supplemen-
tary Fig. 16), owing to decreasing impact of single mismatches on the
target-padlock hybridization. Phi29 polymerase might also contribute
to the non-specificamplification when the single mismatches approach
the 3’ terminus because its 3’>5’ RNase activity can digest the terminal
mismatched nucleotides by proof-reading torestart polymerization®.
Areasonably good specificity was still obtainable for a single mismatch
shifted three nucleotides from the ligation point, with a non-specific
signal level of ~25%. These findings show the importance of padlock
design and optimization to afford the optimal single-base specificity.
Moreover, we adapted our approach to detect a different target, miR-
17, using four padlocks designed to differ in the 3’ end bases. Consist-
ently, these single-mismatched padlocks yielded <2% non-specific
signals withrespect to the perfectly matched padlock (Supplementary
Fig.17). Overall, these results should validate the established one-pot
EXTRA-CRISPR assay for rapid miRNA detection with single-digit fem-
tomolar sensitivity and single-base specificity using a properly engi-
neered padlock probe.

Quantitative profiling of EV-miRNAs for pancreatic cancer
diagnosis

Asaproof-of-concept demonstration of potential biomedical applica-
tions, we adapted the EXTRA-CRISPR assay to detect small EV (SEV)
miRNAs for diagnosis of PDAC. To this end, both cell culture mediaand
human plasmasamples were used toisolate sEVs and extract short RNAs
fromthe sEV preparations, followed by parallel measurements with the
one-pot EXTRA-CRISPR and two-step RT-PCR assays (Fig. 5a). Previous
studies have identified numerous EV-miRNAs associated with human
PDAC, fromwhich we selected four serum-plasma-derived EV-miRNAs
that are frequently reported to be dysregulated in PDAC: miR-21°*¢¢,
miR-196a%>%>¢"% miR-451a°*°">and miR-1246°"". As described above
for miR-21, three EXTRA-CRISPR assays were established to detect
miR-196a, miR-451aand miR-1246 with aspecific padlock probe, respec-
tively (Supplementary Table 3). Figure 5b presents the calibration plots
for detecting the three miRNAs by EXTRA-CRISPR from which the LOD
was determined to be 1.35 fM (5-500 fM linear range, R* = 0.9974) for
miR-196a, 4.14 fM (5-500 fM linear range, R* = 0.9992) for miR-451a
and 7.96 fM (20-500 fM linear range, R*=0.9984) for miR-1246. Con-
sistent with the case for miR-21, these LODs were comparable with
those of the standard RT-qPCR assays which were calculated to be
1.69 fM for miR-196a, 0.51 fM for miR-451a and 21.1 fM for miR-1246
fromthe calibration curves with athreshold Ct (cycle threshold) value
of 35 (Fig. 5c and Supplementary Fig. 18). Our assays were also shown
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Fig. 5| Quantitative profiling of EV-derived miRNAs. a, Experimental
procedure for comparative analysis of miRNAs in EVsisolated from cell culture
mediaand human plasma, respectively, using both EXTRA-CRISPR and RT-qPCR.
b, Calibration curves for quantifying miRNA-196a, miR-451a and miR-1246 by
EXTRA-CRISPR. Error bars, 1s.d. (n = 3). ¢, Comparing the LODs for the EXTRA-
CRISPR and RT-qPCR analyses of four miRNA targets. d, Validation of specific
analysis across four miRNAs (1 pM each) by EXTRA-CRISPR. The colour intensity
denotes the averaged signal level of three technical replicates for each target.

e, Abundance and size distribution analyses of EVs isolated from serum-free
media of six control and PDAC cell lines by NTA. Normal controls were HADF and
HPPF; PDAC cell lines were MIA-PaCa-2, PANC-1, PC1and PC5. f, Representative
TEMimages of PANC-1cell-derived sEVs isolated by ultracentrifugation. Inset:
spherical morphology of aseV highlighting the lipid membrane structure.

g, Quality assessment of isolated SEVs with acommercial antibody array. PANC-1

cell-derived sEVs were assayed to detect eight EV-associated protein markers,
including CD81, CD63, FLOT1 (flotilin-1), ICAM1 (intercellular adhesion molecule
1), ALIX (programmed cell death 6 interacting protein), EpCAM (epithelial cell
adhesion molecule), ANXAS (annexin A5), TSG101 (tumour susceptibility gene
101) and a control for cellular contamination, GM130 (cis-golgi matrix protein);
animage of the full scans is provided in Source Data. h, Comparison of the miRNA
levels of MIA-PaCa-2 sEVs determined by EXTRA-CRISPR and RT-qPCR analyses
of short RNA extracted from 30 pl of purified sEVs. Error bars,1s.d. (n=2-4 as
indicated). i, Heatmap of the normalized expression levels of miR-21, miR-196a,
miR-451a and miR-1246 in six cell line-derived sEVs measured by EXTRA-CRISPR.
The miRNA expression level was normalized by the input number of sEV particles
for each cellline. The colour-coded miRNA level indicates the mean of two
technical replicates of each assay. ND, not detected.

to afford highly specific detection of the four miRNA targets with
minimal cross-reactivity between individual padlock probes and three
non-targets (Fig. 5d). Overall, these results corroborate the excellent
adaptability of the EXTRA-CRISPR method to sensitive and specific
detection of miRNAs with competitive performance to RT-qPCR.
The one-pot EXTRA-CRISPR assays were assessed using puri-
fied EVs from human adult dermal fibroblasts (HADF) and human

primary pancreatic fibroblast (HPPF) as the normal controls, PDAC
cell lines (MIA-PaCa-2 and PANC-1) and xenograft cell lines derived
from patients with PDAC (PC1 and PCS5). sEVs were isolated from the
conditioned media by ultracentrifugation” and characterized by nano-
particle tracking analysis (NTA) and transmission electron micros-
copy (TEM). The majority of isolated EVs showed relatively small sizes
within arange of ~40-250 nm (Fig. 5e), whichis typically observed for
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ultracentrifugationisolates™’”° and the morphological characteristics
of sEVs (Fig. 5f)>”. The abundance of each cell line-derived sEV was also
measured by NTA to prepare standards for quantitative assessment
of the one-pot miRNA assays. Using a commercial exosome antibody
array, the quality of EV preparations was further verified by positive
detection of several generic exosome protein markers (for example,
tetraspanins, Alix, ANXA5 and TSG101) and a weak signal for GM130, a
control for cellular contamination (Fig. 5g).

We conducted miRNA profiling of MIA-PaCa-2 (MIA)-derived sEVs
using the established EXTRA-CRISPR and RT-qPCR assays in parallel
(Methods). As depicted inFig. 5h, the one-pot assay yields high consist-
ency with RT-qPCR in measuring the concentration of miR-21(97.42 fM
by one-pot versus 90.13 fM by RT-qPCR) and miR-1246 (6.43 pM by
one-pot versus 6.35 pM by RT-qPCR) in the samples. However, miR-196a
was only detected by our one-pot assay with a determined concen-
tration of 56.7 fM. For RT-qPCR analysis, we experienced a Ct value
larger than 35 cycles for miR-196ain MIA-sEVs, which prevented precise
quantification. This unexpected qPCR omission can be presumably
attributed to the assumption that the poly(A)-tailing method may
not be robust enough to reverse transcribe miR-196a in the intricate
miRNA extract where unexpected secondary structures and hybridi-
zation may hinder RT”’. In contrast, our one-pot assay benefits from
a denaturing and annealing step in sample preparation that elimi-
nates potential secondary structures, empowering its robustness for
detecting miRNAs in complicated biological samples. The level of
miR-451a in MIA sEVs appeared to be too low to be quantifiable for
both methods (Fig. 5h). The abundance of the targeted sEV-miRNAs
for all six cell lines were measured by the one-pot assays and sum-
marized in Fig. 5i. Compared with HADF and HPPF control cell lines,
three miRNAs (miR-21, miR-196a and miR-1246) were elevated in EVs
from the PDAC-derived cell lines, while miR-451a was non-detectable
in HPPF and MIA sEVs and very low (<~0.02 copies per EV) in the other
four cell line-derived sEVs. Relatively high miR-196a and miR-1246
levels were observed in PDAC cell-derived sEVs, which is consist-
ent with the previous study®’. These findings on cell lines warrant
furtherinvestigation of these SEV-miRNA markers using clinical human
specimens for potential application to liquid biopsy-based diagnosis
of PDAC.

We next assessed the EXTRA-CRISPR assay for measuring
clinical plasma samples from cancer-free controls (n=15) and
patients with PDAC (n =20) (Supplementary Table 4). Asillustratedin
Fig. 5a, the analysis workflow starts with isolating total circulating
EVs from these plasma fluids (0.2 ml each) for subsequent small RNA
extraction. To this end, a commercial polyethylene glycol precipita-
tion kit was used to afford faster and more efficient EV isolation than
ultracentrifugation and hence to maximize the miRNA yield”®”°, NTA
analysis revealed the notable subject-to-subject heterogeneity in EV
abundance varying from 6 x 10" to 58 x 10'° EVs per ml and in mean
diameters of ~98-143 nm with the major size ranges from -40 t0 250 nm
(Fig. 6aand Supplementary Fig.19). Theisolated plasma EVs were also
checked with TEM, which showed the consistent vesicle sizes and the
characteristic cup or round-shaped morphologies (Fig. 6b). Statistical
comparison showed no significant difference between the control and
patientgroupsinthe NTA-measured EV levels (P = 0.79) and mean sizes
(P=0.70), respectively (Supplementary Fig. 19). We further assessed
the EV quality with the exosome antibody array, which verified highly
enriched exosomal vesicles against other cellular contaminations in
these plasmaEV preparations (Fig. 6¢).

Next, we extracted and measured EV-miRNAs with the
EXTRA-CRISPR to quantify the levels of miR-21, miR-196a, miR-451a
and miR-1246 simultaneously. Although a spike-in control is usually
used for normalization of miRNA extraction and quantification, this
approach remains arguable because of the lack of reliable reference
miRNA in EVs, variations in extraction efficiency for reference RNAs
versus miRNAs in biofluids, and different stability of spike-in miRNAs

in blood compared with the endogenous ones**°"%, Therefore, we
assessed our assay for potential clinical analysis without using known
miRNA and small RNA controls, such as U6 that was found unsuit-
able for qPCR quantification of circulating miRNAs**%, To ensure the
rigor of our analysis, we first tested the repeatability of our miRNA
extraction protocol based on a commercial kit using sEVs isolated
from five human plasma samples. As shownin Supplementary Fig. 20,
our miRNA extraction protocol confers excellent reproducibility for
extraction of two different spike-in controls from EVs (0.4% coefficient
of variation (CV) for UniSp2 and 0.5%CV for UniSp4). We also used
constant input volume of different plasma samples and considered
the variation in EV abundance among different subjects as a biologi-
cal noise for disease diagnosis®’. To mitigate batch-to-batch variation
in our measurements, a synthetic copy of each miRNA marker was
assayed as the positive control along with the clinical samples for
data normalization. Lastly, we rigorously validate the EXTRA-CRISPR
results by the standard RT-qPCR measurements of the same samples
inparallel.

Figure 6d summarizes the concentrations of the four individual
plasma EV-miRNA markers for each subject calculated from the cali-
bration plots, showing their elevated expression in the PDAC cohort,
in line with the previous studies®’%%. It is noted that compared with
the other three EV-miRNAs, miR-196a showed lower abundance in
most of the tested clinical samples and less difference between the
healthy and PDAC groups. Consistently, machine learning analysis
of the data using the least absolute shrinkage and selection opera-
tor (Lasso) regression eliminated miR-196a and defined an EV-Sig of
each subject as the weighted linear combination of miR-21, miR-451a
and miR-1246 (Fig. 6d and Methods). As plotted in Fig. 6e, the EV-Sig
improves the ability to differentiate the PDAC group against the
healthy group (P=0.0012, two-tailed Student’s ¢-test with Welch cor-
rection), compared with the individual markers (miR-21, P=0.0026;
miR-196a, P=0.031; miR-451a, P= 0.0074; and miR-1246, P= 0.027).
The diagnostic performance of these EV-miRNAs and EV-Sig was
quantitatively evaluated by receiver operating characteristic (ROC)
curve analysis (Fig. 6f). Single-marker detection yielded modest area
under the curve (AUC) values ranging from 0.677 (95% confidence
interval (CI), 0.486-0.868) for miR-196at0 0.793 (95% CI, 0.635-0.951)
for miR-451a. The EV-Sig panel combining miR-21, miR-451a and
miR-1246 greatly improves the diagnostic power to an AUC of 0.853
(95%Cl,0.726-0.979).

To validate the EXTRA-CRISPR measurements, the same RNA
extracts were analysed by the established RT-qPCR assays in parallel to
quantify the four EV-miRNA markers (Supplementary Fig. 21). Strong
correlation was observed between the two methods for detecting
miR-21 and miR-451a, as indicated by the Pearson’s r of —0.9439 and
-0.9587, respectively (Fig. 6g,h). The correlation obtained for miR-
1246 was modest (Pearson’s r =—0.7231), which can be attributed to
the ultralow levels of miR-1246 in most of the samples (Ct > 32) that
leadsto large variations in analysis (Fig. 6i). Consistent with the cell line
results (Fig. 5h), the poly(A)-tailing RT-PCR assay was unable to detect
EV-miR-196a in 40 thermal cycles for almost all the clinical samples
tested, while the EXTRA-CRISPR assay detected the low-abundance
EV-miR-196a in these samples. Thus, the RT-qPCR results of miR-21,
miR-451a and miR-1246 were assessed by ROC analysis, yielding AUC
values consistent with that of one-pot assays (Supplementary Fig. 22).
The RT-qPCR signature combining three markers obtained through
Lasso regression confers an AUC of 0.874 (95% Cl, 0.757-0.991) for
PDAC detection. This suggests that our assay confers a competitive
performance with the RT-qPCR counterpart for plasma EV-based diag-
nostics targeting the same three-miRNA marker panel (Fig. 6j). Overall,
these comparative assessments with clinical samples further sup-
portthe high sensitivity, specificity and robustness of our method for
miRNA analysis towards potential applications for liquid biopsy-based
cancer diagnosis.
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Fig. 6| One-pot miRNA analysis for the diagnosis of pancreatic cancer. a, NTA
oftotal EVsisolated by a precipitation kit from the plasma fluids of a healthy donor
and a patient with PDAC. b, Representative TEM images of plasma sEVs from a
patient with PDAC. ¢, Quality check of a patient-derived EV sample with the exosome
antibody array; animage of the full scans is provided in Source Data. d, Heatmap
ofthe expression levels of individual miRNAs in the isolated plasma EVs from

the patients with PDAC (n = 20) and healthy donors (n =15) measured by EXTRA-
CRISPR. Each miRNA in each sample was tested in two technical replicates, and

the background-subtracted signals were adjusted by that of the positive control.
The EV-Sig was defined by the weighted linear combination of four miRNAs using
Lasso regression. e, Scatter plots of individual SEV-miRNA markers and EV-Sig for

discriminating the PDAC group from the control group. The middle line and error bar
represent the mean and 1s.e.m., respectively. Pvalues were calculated by two-tailed
Student’s t-test with Welch correction. f, ROC curves and AUC analysis of individual
sEV-miRNAs and the EV-Sig for PDAC diagnosis. g-i, Correlation between the parallel
measurements by EXTRA-CRISPR and RT-qPCR for miR-21(g), miR-451a (h) and miR-
1246 (i). The data points represent the mean of two replicates of each measurement
by each method. Linear Deming fitting of the data points was performed to generate
thelinear correlation curves.j, Comparing the EXTRA-CRISPR-based EV-Sigand the
RT-qPCR tests of the four-miRNA panel for PDAC diagnosis. The RT-qPCRresults of
miR-21, miR-451a and miR-1246 were assessed by Lasso regression and ROC analysis.
Allstatistical analyses were performed at 95% confidence level.
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EXTRA-CRISPR assay for POC testing

The simplicity of our isothermal one-pot EXTRA-CRISPR miRNA assay
makes it intrinsically adaptable to POC applications where a minimal
need forinstrumentsis desired. To test such feasibility, we attempted
to build alow-cost, portable smartphone-based EXTRA-CRISPR assay
system. This prototype was assembled from 3D-printed body parts,
ablue light-emitting diode (LED) illuminator, a plastic filter (520 nm
long-pass) and a consumer digital hotplate (coffee mug warmer)
(Fig. 7a, Supplementary Fig. 23 and Supplementary Table 5). A smart-
phonewas mounted onthe device toacquire fluorescence images which
were then analysed to measure the fluorescence intensity. We first
assessed the POC prototype for theisothermal EXTRA-CRISPRreaction
in comparison with the commercial qPCR thermocycler. In this case,
the reaction tubes were simply laid on the flat hotplate surface inside
the POC device whichwas keptat37°Cto conduct the reactionfor2 h.
This simple heating method was found to preserve ~84% of the ampli-
fication efficiency obtained with the sophisticated PCR thermocycler
(Supplementary Fig. 24), indicating the robustness of EXTRA-CRISPR
assay that negates sophisticated heater design for precise tempera-
ture control. The smartphone-based POC device was then tested for
real-time fluorescence detection of the EXTRA-CRISPR reactions. The
observed detection curves were consistent with those of the RT-qPCR
instrument (Fig. 7b), showing good performance of the prototype for
quantitative miRNA detection. We further calibrated the POC device via
targeting three miRNA markers selected above for pancreatic cancer
detection, as presented in Fig. 7c-e. Compared with the EXTRA-CRISPR
detection using the qPCR machine, coupling the assay with the simple
low-cost device afforded slightly lower sensitivity and comparable
dynamic range for miR-21 (LOD, 6.10 fM; linear range, 20-500 fM),
miR-451a (9.64 fM, 10-500 fM) and miR-1246 (9.92 fM, 50-1,000 fM),
respectively. Lastly, as a proof of concept for clinical applications, we
assessed the POC deviceto detect these markersinsEVsisolated from
the plasmasamples of four control donors and four patients with PDAC.
As seenin Fig. 7f,g, the POC device was able to detect the differential
levels of three sEV-miRNA markers to discriminate the PDAC group
versus the control group, whichis consistent with the diagnostic results
of the isothermal assays conducted on the qPCR machine (Fig. 6e).

In addition to the smartphone-based fluorescence detector,
we are also interested in assessing the adaptability of our assay to
instrument-free POC diagnostics. To this end, we developed an
EXTRA-CRISPRtest coupled withlateral flow assay (EXTRA-CRISPR-LFA)
using a commercially available LFA strip for visual detection®. In this
test, asillustrated in Fig. 7h, the ssDNA Cas12areporter is tagged with
abiotin and a carboxyfluorescein (FAM) dye molecule at each end so
that it can be captured on the pre-loaded anti-FAM antibody coated
gold nanoparticles when flowing through the LFA strip. The com-
plexes formed with intact reporters will be retained on the strepta-
vidin band via their biotin tags, producing a positive control line. If
theimmuno-gold particles bind with cleaved reporters, they can flow
downstream to be captured by the secondary antibody deposited on

the testline that specifically recognizes the anti-FAM antibody. Figure
7ipresents theresults formiRNA detection using the standards of three
miRNAs (see Methods for details), which shows increasing intensity of
thetestlinewiththetarget concentration atthe lowlevels. The testline
intensity was seento decrease at 100 pM miR-21, in consistence with the
amplification suppression observed in Fig. 2. The signals for miR-451a
and miR-1246 were saturated at the relatively high concentrations,
which can be attributed to the limited total amount of immuno-gold
nanoparticles, asindicated by the diminished intensity of correspond-
ing control lines. Compared with the fluorescence detection modal-
ity (Fig. 7), visual LFA detection showed reduced performance for
quantitative analysis, as manifested by the decreased linearity of the
calibrationplots, sub-100 fM LODs, and <2-log dynamicranges (Supple-
mentary Fig.25). Nonetheless, itis noted that our EXTRA-CRISPR-LFA
testgreatly outperforms the existing LFA methods for miRNA detection
with picomolar-level LODs®,

Using the same patient samples for testing the smartphone
device, we demonstrated the applicability of our EXTRA-CRISPR-LFA
test for instrument-free clinical analysis of SEV-miRNAs. Among the
three markers, LFA detection of sEV miR-451a yielded the highest
visual signals (Fig. 7j) and the best diagnostic performance (Fig. 7k)
to detect the PDAC samples, which is consistent with the results of
smartphone detection (Fig. 7g). Further quantitative comparison
shows a strong linear correlation between the two POC methods for
detecting miR-451a (Pearson’s r = 0.949, Fig. 71) and miR-21 (Pearson’s
r=0.942, Supplementary Fig. 26). Such correlation became much
weaker for miR-1246 with the lowest levels detected in sEVs derived
from patients with PDAC (Pearson’s r = 0.527, Supplementary Fig. 26),
duetotherelatively limited sensitivity and quantitative performance
of LFA. Nonetheless, these results verify the ability of our LFA assay
for instrument-free semi-quantitative miRNA detection with com-
petitive sensitivity. Overall, our proof-of-principle studies on two
commonly adapted POC detection modalities suggest the potential of
EXTRA-CRISPR technology as an adaptable tool for the development
of new low-cost POC diagnostic tests.

Discussion

Among the many isothermal methods developed for miRNA sensing,
RCA is a proven technique with advantages in simplicity, specificity
and robustness. To enhance the sensitivity limited by linear amplifi-
cation, several approaches have been explored to exponentiate RCA,
including target-primed branched RCA using a second primer® and
nicking-endonuclease-assisted exponential RCA™?°, Compared with
these methods, CRISPR-Cas systems emerge as a compelling tool for
miRNA detection, owing to their substantial potential to promote both
detection sensitivity and specificity’>*'. Nonetheless, as with other
CRISPR-based nucleic acid tests, the prevailing strategy used in the
existing methodsis the tandem hyphenation of two independent reac-
tions for miRNA pre-amplification and amplicon detection by Cas12a
trans-cleavage (Supplementary Table 2). A challenge in combining RCA

Fig. 7| Assessment of the EXTRA-CRISPR assay for low-cost POC testing.

a, The exploded view of a portable smartphone-based fluorescence detector
assembled with 3D-printed body parts, ablue LED illuminator and aconsumer
digital hotplate. b, Real-time fluorescence detection of miR-21using the
portable EXTRA-CRISPR assay system. Images were captured every 2 min using
asmartphone with an exposure time of 1 s. c-e, Representative fluorescence and
corresponding greyscale images (left) acquired for calibrating the low-cost POC
system for detection of miR-21 (c), miR-451a (d) and miR-1246 (e). The greyscale
images were processed to create the background-subtracted calibration curves
(right) for these three miRNAs with linear least-squares regression. Error bar,
1s.d. (n=2).f,g, Representative fluorescence images (f) and scatter dot plots (g)
for detecting three miRNA markersin sEVsisolated from four control (H1-H4)
and four PDAC (P1-P4) plasma samples using the POC device. To plot the scatter
dotgraph, the background-corrected mean grey values for each miRNA marker

were normalized by that of 500 fM standard miRNA. h, Principle of a lateral flow
assay for visual detection of the EXTRA-CRISPR product. i, Representative photos
(top) and the bar graphs for the intensity of test lines (bottom) for the EXTRA-
CRISPR-LFA detection of three miRNAs at variable concentrations. Error bar,
1s.d. (n=3).j k, Representative photos (j) and scatter dot plots (k) for detecting
three sEV-miRNA markersin the same clinical samples asin f. The LFA test line
signals were normalized with the averaged control line intensity measured for the
negative controls, respectively. Ing and k, each data point represents the mean of
two technical replicates. The middle line and error bar represent the population
mean and 1s.e.m., respectively. Pvalues were calculated by two-tailed Student’s
t-test with Welch correction. I, Comparison of the results for measuring sEV miR-
45laingand k shows good correlation between the LFA and the smartphone POC
device. Deming linear fitting was performed at the 95% confidence level.
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(and other amplification assays) and CRISPR assays may be attributed to
the double-edged effects of CRISPR-Cas12a, as revealed by our mecha-
nistic studies (Fig. 2), where indiscriminate trans-cleavage of Cas12a
causes the degradation of the essential ssDNA reactants (that is, the
padlock probe and secondary targets) to suppress exponential amplifi-
cation. To overcome thisissue, we discovered astrategy that combines
engineering of the CRISPR-reactive padlock probe and balancing the
reaction kinetics and equilibria to promote the desired Cas12a func-
tions in a complex tri-enzymatic reaction network (Figs. 2a and 4).

This strategy allowed us to establish a one-step, one-pot isothermal
assay that collaboratively couples RCA with the CRISPR-Cas12a system
to enable the exponential amplification and fluorogenic detection
of miRNAs. Moreover, our work suggests the feasibility of harness-
ingboth the cis-cleavage and trans-cleavage activities of CRISPR-Cas
systems for biosensing and may pave a new way for the development
of CRISPR diagnostics.

High sensitivity is essential for detecting miRNA signatures of
tumours in biospecimens. The concentrations of miRNA markers
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in biofluids can be at the picomolar level or even lower, especially
at the early disease stages’’. Relevant to this work, the EV popula-
tion is considered a major carrier of miRNAs in human biofluids, and
exosomes secreted by tumour cells offer a promising route to explore
disease-specific miRNA signatures® **. However, it has been shown
that the averaged load of a miRNA target in EVs can be as low as 10°
copies per vesicle™”, which makes sensitive miRNA analysis essential
to clinical-biomarker development. The EXTRA-CRISPR miRNA assay
offers asingle-digit femtomolar sensitivity and single-nucleotide speci-
ficity, which is comparable with RT-qPCR?®, while greatly simplifying
and expediting the analysis workflow. The assay is also cost-effective,
with the material cost estimated to be aslow as US$0.60 per test at the
researchscale (Supplementary Table 6). Such combination of sensitive
and specific analytical performance, one-pot contamination-proof
operationand low cost presents our method as asubstantialimprove-
ment to existing CRISPR-based miRNA assays*******” and a competi-
tive alternative to other existing miRNA analysis technologies, such
as droplet digital PCR*, microarrays’ and nanopore biosensors®
(Supplementary Table 2).

PDAC thataccounts for ~90% of all pancreatic neoplasmsis a highly
aggressive and lethal gastrointestinal malignancy thatis projected to
bethesecond-leading cause of cancer-related mortality by 2030, with
anoverall 5 year survival rate of 11% and an incidence increase rate of
0.5-1.0% per year'°°'2, Owing to its asymptomatic course, rapid pro-
gression and delayed clinical presentation, PDAC s considered asilent
killer, and most patients were diagnosed at an advanced stage'**'**,
Early detection of PDAC at resectable stages has profound impact on
changing the malignancy’s poor survival figures'®'°. However, no reli-
able screening method, either molecular or imaging-based, exists to
date to allow accurate early detection of asymptomatic patients with
PDAC. Serum carbohydrate antigen 19-9 (Cal9-9) detection is the most
extensively adapted marker for PDAC diagnosis which was approved
by the USFood and Drug Administrationin 2002. Cal9-9 can help with
PDAC prognosis and monitoring; however, it is not recommended as
abiomarker for early detection because of its low positive predictive
value (0.5-0.9%)'"". Increasing evidence has indicated the promising
potential of circulating EVs as arapid, minimally invasive, efficient and
cost-effective liquid biopsy in developing diagnostic biomarkers of
PDAC®®. Using PDAC as the disease model, we assessed the feasibility
of the EXTRA-CRISPR assay for clinical analysis of miRNA markers in
circulating EVs for PDAC diagnosis. Our assay shows good compat-
ibility with two commonly used EV isolation methods. Targeting four
PDAC-related markers (miR-21, miR-196a, miR-451a and miR-1246),
we demonstrated highly sensitive and specific miRNA profiling of EVs
derived from cell lines and clinical plasma specimens. While individual
EV-miRNA tests only yielded modest diagnostic power, an EV-Sig can
be defined from the four-marker panel by machine learning analysis
to improve the PDAC detection with an AUC of 0.853 (Fig. 6f). This
diagnostic performance is comparable with that of the serum Cal9-9
test previously reported'®®, which supports the clinical potential of
EV-miRNA markers for PDAC diagnosis. Rigorous validationby RT-qPCR
analysis of the same samples was conducted in parallel to the one-pot
assays and showed strong correlationin both analytical and diagnostic
performance between the two methods, confirming the robustness
of the EXTRA-CRSPR assay. It is noted that the primary goal of this
proof-of-concept clinical study was to assess abioassay rather than the
biomarkers. To this end, we simply gathered the panel of four miRNAs
highly associated with PDAC from literature. Animproved EV-Sig, con-
stituted with an optimal miRNA biomarker panel for PDAC diagnosis,
willno doubt enhance the diagnostic power of our one-pot assay. Future
work of large-scale screening and validation of circulating EV-miRNAs
using the developed EXTRA-CRSPR assay could facilitate the identifica-
tion of potent EV-miRNA biomarker candidates in PDAC and beyond.

Overall, featuring a combination of sensitive and specific ana-
lytical performance, easy operation, rapid reaction and low cost,

EXTRA-CRISPR provides acompetitive alternative to standard RT-qPCR
for miRNA analysis in biological and clinical samples. The simplic-
ity of the method would greatly facilitate future instrumentation or
microfluidic miniaturization and integration to fully automate the
workflow, further increase analysis throughput and reproducibility,
and reduce sample consumption and turnaround time. For instance,
our assay can be readily integrated with microfluidic EV isolation'*"°
to streamline the analytical pipeline and to improve the performance
for clinical analysis of EV-miRNA markers. In addition to biosensing
development and instrumentation, another promising application
area of our one-pot EXTRA-CRISPR assay would be POC diagnostics,
where cost-effective and portable devices are needed for the rapid
detection of infectious pathogens in resource-limited settings. Our
proof-of-concept studies using both smartphone-based and LFA-based
modalities show the ability of EXTRA-CRISPR technology to afford
improved analytical performance for miRNA detection when compared
with existing POC methods®®. These results support the feasibility
of EXTRA-CRISPR technology to open opportunities for developing
low-cost yet sensitive nucleic acid tests for broad POC applications,
such as SARS-CoV-2 diagnosis™". In principle, CRISPR-enabled iso-
thermal amplification technology could provide a versatile tool for
developing new biosensors for other types of biomarker such as pro-
teins and small molecules, using aptamers or other nucleic acids as a
bridge™>"*. We hope that the technology facilitates the development
of new biosensing technologies and clinical biomarkers and open up
opportunities for developing CRISPR diagnostics that address needs
inbiological research, clinical-lab diagnosis and POC testing.

Methods

Materials

RNA and DNA oligos were purchased from Integrated DNA Technolo-
gies. SplintR buffer, dNTP (10 mM), BSA (20 mg ml™), phi29 polymerase
(10 U pI™), SplintR ligase (25 U pl™), T4 DNA ligase (400 U nl™), Cas12a
(1 M) and ATP were purchased from New England Biolabs. SYBR Green
Il dye, SYBR gold nucleic acid gel stain, agarose and 10x TBE buffer
were purchased from Thermo Fisher Scientific. SeraMir exosome
RNA amplification kit (RA806A-1), SeraMir exosome RNA column
purification kit (RA808A-1) and Exo-Check exosome antibody array
(EXORAY200B-4) were purchased from System Biosciences. miRCURY
LNA RT kit, miRCURY LNA SYBR Green PCR kit, miRNA specific prim-
ers and the spike-in control were purchased from Qiagen. Pierce rapid
gold BCA protein assay kit (A53226) was purchased from ThermoFisher
Scientific. WesternBright Sirius chemiluminescent HRP substrate was
purchased from Advansta.

Procedure of EXTRA-CRISPR assay

Forthe preparation of RNP, 2 plof water, 0.5 pl of 2.1buffer (New England
Biolabs), 1 plof Cas12a (1 uM) and 1.5 pl of crRNA (1 uM) was incubated
together at 37 °C for 30 min. The usage of each component can be
adjusted according to the experimental consumption. For a 20 pl
reaction, padlock (2 pl) and miRNA (2 pl) in buffer (0.4 pl) are first
denatured at 80 °C for 5 min and cooled down to room temperature
inabout1 minandthenadded to the reaction system containing other
components (15.6 plin total, with 0.8 pl of ANTP, 0.2 pl of BSA, phi29
polymerase, SplintR ligase, RNP, reporter DNA, 1.6 pl of 10x buffer
and water). After mixing, the assay was performed in a qPCR device
(Bio-Rad, CFX connect real-time system) at 37 °C for a certain period,
and the fluorescence intensity was monitored every 1 min. The final
concentration of miRNAin the 20 plreaction system was used to deter-
mine the analytical sensitivity.

Procedures of RCA only, two-step method and three-step
method

In the RCA-only method, padlock (1 pul), miRNA (1 pl), and SplintR
buffer (0.2 pl) werefirst denatured at 80 °C for 5 minand cooled down
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gradually to room temperature before being added to the ligation
system which contains 0.8 pl of SplintR buffer, 0.25 pl of SplintR ligase
and 6.75 pl of water. Ligation was performed at 37 °C for 2 h and then
65 °C for 10 min. Then 2 pl of the ligation product was mixed with the
20 plRCAreaction system which contains 2 pl of phi29 buffer, 0.4 pl of
phi29,0.2 pl of BSA, 0.8 pl of dNTP, 2 l of 10x SYBR Green I, and 12.6 pl
of water. RCA was performed at 37 °C for 2 h in the qPCR device and
monitored every1 min. The miRNA concentrationintheligation system
was used to determine the analytical performance. In the two-step
method, 2 pl of padlock, 2 pl of miRNA and 0.4 pl of SplintR buffer
were first denatured and annealed and then transferred to the 20 pl
ligation-RCA system which contains 1.6 pl of SplintR buffer, 0.8 pl of
dNTP, 0.2 plof BSA, 0.2 pl of phi29, 0.5 pl of SplintR and 12.3 pl of water.
Thereactionwas conducted at 37 °C for 2 h and then 65 °C for 10 min.
Next, 5 pl of RNPand 0.2 pl of the reporter (100 pM) were added to the
system and incubated at 37 °C for 2 h in the qPCR device. The miRNA
concentration in the ligation-RCA system was used to determine the
analytical performance. In the three-step method, ligation and RCA
step were the same with the RCA-only method; after RCA, the enzyme
was inactivated at 65 °C for 10 min followed by the addition of 5 pl of
RNPand 0.2 plof thereporter (100 uM). The final step was carried out
at 37 °C for 2 hin the qPCR device. The miRNA concentration in the
ligation system was used to determine the analytical performance.

Agarose gel electrophoresis

The gel electrophoresis experiments were performed using 3% agarose
gelin TBE buffer at 110 V for 1 h. After that, the gel was immersed into
the TBE buffer containing SYBR gold dye for 30 min. The image was
captured withanimager (Odyssey, LI-COR).

RT-qPCR detection of miRNAs

Inthis procedure, 10 pl of the RT contains 2 pl of 5 miRCURY RT reac-
tion buffer, 1 pl of 10x miRCURY RT enzyme mix, 1 pl of miRNA and
6 pl of water. The RT system was incubated at 42 °C for 60 min and
theninactivated at 95 °C for 5 min. The cDNA solution was diluted by
60x before being added to the qPCR system which contains 5 pl of
2x miRCURY SYBR green master mix, 1 plof the PCR primer, 3 pl of cDNA
template and 1 pl of water. The temperature program consisted of 95 °C
for2 min, 40 cycles of 95 °C for 10 sand 56 °C for 60 s.

Cell culture

Procedures for cell culture and the collection of EV-contained condi-
tioned serum-free medium (SFM) were as previously described">"¢.
Briefly,immortalized PDAC cell lines (MIA-PaCa-2 and PANC-1), primary
human xenograft-isolated PDAC cell lines (PC1, PC5) and human
fibroblast cell lines (HADF and HPPF) were cultured in DMEM-F12
supplemented with 10% FBS and 1% antibiotic antimycotic solution.
Culture medium was replaced by DMEM-SFM when ~-85% confluence
was reached. Conditioned SFM was collected after 48 h and stored at
-80 °C until analysis.

EVisolation from cell culture medium

All the centrifugations were performed at 4 °C with the following
procedure: 300 g for 10 min to remove cells, 2,000 g for 20 min to
remove dead cells and cell debris, 10,000 g for 30 min to remove
large EV particles (for example, microvesicles) and 100,000 gfor 2 h
to collect the sEV pellet. The sEVs were resuspended in 100 pl of PBS
for the following NTA analysis and miRNA extraction using SeraMir
exosome RNA column purification kit.

EVisolation, miRNA extraction and detection from plasma
samples

Human plasma was obtained from Clinical and Translational Science
Institute, University of Florida (IRB202200150). sEVs were isolated
according to the protocol of the SeraMir Exosome RNA Amplification

kit. First, thaw the plasma samples onice and centrifuge at 3,000 g for
15 min to remove cells and cell debris, followed by centrifugation at
18,000 g for 30 min to remove large vesicles. All the centrifugations
were performed at4 °C. Then, 200 pl of the plasmawas diluted to 250 pl
with PBS before adding 60 pl of ExoQuick and incubated at 4 °C for
30 min. After incubation, the plasma was centrifuged at 16,200 g for
2 min to collect the pellet. EV-miRNA was purified and eluted in 30 pl
of water according to the manufacturer’s protocol for the following
analysis. For the detection of miR-21, miR-196a and miR-1246, 2 pl of
the miRNA extract was added to the one-pot assay. As the expression
level of miR-451a is extremely high, the extract was diluted 10 times
before being added to the one-pot assay for the precise quantitation
of miR-451. The signals using one-pot assay were subtracted by the
corresponding background and normalized by miRNA positive con-
trols. miRNA concentrations were tested by RT-qPCR simultaneously;
the extract was also diluted 10 times before being added to the RT sys-
tem when detecting miR-451a. The cDNA solution was diluted 30x to
performthe qPCRreaction.

TEM

Negative staining method is used for EVimaging. EVs were fixed in 2%
paraformaldehyde for 5 min and loaded on 200 mesh copper grids.
TEM was performed at the Electron Microscopy Core of University of
Florida on a Hitachi 7600 TEM (Hitachi High-Technologies America)
equipped withaMacroFire monochrome progressive scan CCD camera
(Optronics).

NTA analysis

Particle number and size distribution of EVs isolated from medium
and plasma samples were determined by NTA using a ZetaView
system (Particle Metrix). Samples were diluted in PBS to an acceptable
concentration, according to the manufacturer’s recommendations.

Antibody arrays for the detection of exosomal biomarkers

The protein biomarkers of exosomes isolated from the PDAC cell line
and the plasma of a patient with PDAC were tested using the Exo-Check
exosome antibody array. Isolated EVs were resuspended in PBS, and the
amount of proteinin EVsamples was determined by Pierce rapid gold
BCA protein assay kit. About 50 pg protein was used for the antibody
array according to the manufacture’s protocol. Briefly, the sample
was lysed by lysis buffer,and 1 pl of labelling reagent was added to the
lysate followed by incubation at room temperature for 30 min with
constant mixing. After removing excess labelling reagent, lysates
were mixed with 5 ml of blocking buffer. The blocking buffer-labelled
exosomes lysate mixture was then incubated with the antibody pre-
coated membrane at 4 °C overnight on a shaker. Next day, the mem-
brane was washed carefully with wash buffer and incubated with 5 ml
of detection buffer at room temperature for 30 min. After removal
of the detection buffer and washing, the membrane was developed
using the WesternBright Sirius chemiluminescent HRP substrate. The
image was captured using the LI-COR imager (Odyssey) with exposure
time of 1 min.

Statistical analysis

Mean, standard deviation and standard error were calculated with
standard formulasin Excel. To compare the patient and control groups,
atwo-tailed Student’s t-test with Welch correction was performed with
asignificancelevel of P < 0.05.ROC analyses were performed to deter-
mine the AUC values using the OriginPro software (OriginLab Corpora-
tion). Machine learning analysis of the miRNA markers was conducted
by fitting the data with the Lasso paths for regularized logistic regres-
sion'’, with the tuning parameter (/) selected by the leave-one-out
cross-validation®. The estimated coefficients obtained for
the markers by Lasso regression were used to create aweighted linear
combination of the markers. Lasso regression was performed using the
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JMP Pro 16 software (JMP Statistical Discovery LLC). A 95% confidence
level was used for all statistical analyses.

EXTRA-CRISPR POCdevice

A coffee mug warmer (the digital hotplate) and LED illuminator were
purchased from Amazon and Boli Optics, respectively, and other parts
were designed using AutoCAD 2022 and fabricated using 3D printing
(FormLabs Form 3+ SLA 3D printer). To conduct EXTRA-CRISPR reac-
tionsinthe device, 15 pl of mineral oil was added to avoid evaporation,
and the tubes were placed inthe middle of the hotplate set to the actual
temperature at 37°Cto initiate the reactions. Fluorescent photos were
captured using a smartphone in a darkroom, and the exposure time
was1s.Thegrey value of eachreaction was analysed using ImageJ 1.53k
software: first, split the colour channels and keep the green channel
of theimage, then use the oval tool to determine the mean grey value
inacertainarea.

Lateral flow assay

The LFA strips were purchased from Milenia Biotec (HybriDetect,
Universal Lateral Flow Assay Kit). The quenchers modified on reporters
are replaced by biotin molecules (FAM-TTATT-Biotin). For the detec-
tion of miR-451a, the reporter concentration was decreased to 1 pM to
avoid strong background signals; other reagents remain unchanged.
The EXTRA-CRISPR reactions (20 pl) for LFA were first incubated in the
PCRinstrument and then mixed with 80 pl of HybriDetect assay buffer.
After mixing, the HybriDetect dipstick was immersed into the solution
with 5 min incubation time. The sticks were then taken out, and photos
were captured using aniPhone XS. The LFA images were analysed using
the ImageJ software (NIH): First, convert images into the 8-bit type and
subtract background; second, set measurements to analyse the inte-
grated density and invert the image colour; finally, use the rectangle tool
todetermine theintensity of the test band. To mitigate the variations from
photographing, the LFA strips for the calibration and clinical studies were
grouped together respectively to take the photos. Moreover, the LFA
testline signals for miR-21, miR-451aand miR-1246 were normalized with
the averaged control line intensity measured for the negative controls,
respectively, assumingthe constant amount of pre-loaded gold nanopar-
ticlesand uniform capture efficiency of the control lines across LFA strips.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The main data supporting the findings of this study are available within
the paper and its Supplementary Information. The raw and analysed
datasets generated during the study are available for research purposes
fromthe corresponding author onreasonable request. Source dataare
provided with this paper.
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Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

Mia PaCa-2: purchased from ATCC (CRM-CRL-1420), male
Panc-1 : purchased from ATCC (CRL-1469), male

HADF : purchased from ATCC (PCS-201-012)

HPPF: purchased from Vitro Biopharma (SCOOAS5)

PC1 (PPCL-46): primary cell line, female (PMID: 27102771)
PCS5 (PPCL-LM1): primary cell line, male (PMID: 27102771)
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All cell lines tested negative for mycoplasma contamination.
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