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ABSTRACT: Efhicient signal amplification is essential to construct
ultrasensitive biosensors for biologically relevant species with
abundant concomitant interferences. Here, we apply LbaCas12a as
a signal amplifier to develop a versatile CRISPR-Cas12a platform
to detect a wide range of analytes in ultralow concentrations. The
platform relies on the indiscriminate single-stranded DNase
activity of LbaCasl2a, which recognizes single-stranded DNA
intermediates generated by non-DNA targets down to femtomolar
concentrations and subsequently enhances the fluorescence signal
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output. With the help of functional nucleotides (DNAzyme and aptamer), ultrasensitive bioassays for Pb** and Acinetobacter
baumannii have been designed with a limit of detection down to ~0.053 nM and ~3 CFU/mL, respectively. It also allows
simultaneous detection of four microRNAs (miRNAs) at a picomolar concentration without significant interferences by other
counterparts, suggesting the potential of multiplexed miRNA expression profiles analysis in high throughput. Given the versatility
and generality of the CRISPR-Casl2a platform, we expect the current work to advance the application of CRISPR-Cas-based
platforms in bioanalysis and provide new insights into ultrasensitive biosensor design.
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Itrasensitive detection of biologically relevant species is
urgently reqiuired in many aspects of daily life, including
clinical diagnosis, food surveillance,” environmental monitor-
ing,3 and forensic analysis.4 However, due to rich concomitant
interfering counterparts in biological matrices and inherent
background signals associated with the instruments, most
analytical methodologies based on large equipment cannot be
used directly to determine the concentration of targets unless
appropriate pretreatment processes are applied beforehand.®
Biosensors have recently emerged as a versatile alternative to
bulky instruments since they can offer rapid, cost-effective, and
on-site detection of a broad range of targets,6 which would
potentially revolutionize analytical science and personalized
health care to a large extent.” During the past decades,
developing more efficient signal amplification strategies has
been the focus of a copious number of biosensor design
studies” so as to produce a meaningful signal for subsequent
readout after identification of a specific analyte in low
abundance. In the case of fluorescence measurement,
amplification is particularly relevant in the context of biological
samples as high levels of autofluorescence, light scattering, and
optical aberration seriously threaten valid signal acquisition.”
Besides, amplification of a signal can shorten data collection
time, reduce requirements for high-precision setups, and thus
reduce overall costs for individual measurements.
Strategies explored previously to realize efficient signal
amplification can be generally divided into two categories:
nanomaterials-based methods and molecular biology-based

© 2020 American Chemical Society

7 ACS Publications 970

methods. Benefiting from the fruitful achievements of nano-
technology and nanoscience,'°~'% the former promises ultra-
sensitive in-field and even in situ detection of proteins and
nucleic acids in both laboratory and clinical applications. For
example, spherical nucleic acid—gold nanoparticles (SNA—
AuNPs), which are composed of densely packed oligonucleo-
tides on a AuNP core, have been introduced and extensively
exploited in detection of biomolecules by Mirkin’s group.'*"”
However, poor long-term stability and potential biosafety
threats still remain a major challengge for most nanomaterials in
general health care utilization.">'® In contrast, molecular
biology-based signal amplification strategies, which rely on the
organized reaction or interaction of biological components
with or without enzymes, have shown superior power to
provide safer application in both the clinic and laboratory. For
instance, PCR amplification, the most popular enzyme-assisted
signal amplification approach, has long been recognized as the
gold standard in many applications.”'® However, it is
impaired by the requirement of a precise primer design and
a thermal cycler and the high risk of carry-over contami-
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Figure 1. Optimization of the (A) buffer, (B) reporter concentration, and (C) target strand (TS) length to maximize the LbaCas12a cleave speed.
(D) TS concentration-dependent cleave rate and (E) corresponding linear fitting. (F) Fluorescence changes of a S nM HEX-labeled TS and that

after amplification by the CRISPR-Cas12a platform.

nation.'"” Non-enzymatic amplification schemes, mainly
including the hybridization chain reaction, catalyzed hairpin
assembly, and entropy-driven catalysis, have otherwise
demonstrated their advantages in the field of in vitro detection
due to simple, robust, low-cost features and exemption of a
complicated enzyme reaction. However, despite significant
advancement in those tools, the majority of them involve time-
consuming multistep reactions, harsh buffer/temperature
requirements, and sophisticated probe/primer designs. There-
fore, new amplification schemes of high sensitivity and
specificity are in critical need to circumvent the limitations
associated with the current detection methodologies to afford
cost-effective, reliable, and portable analytical tools to expand
their practical utility.

Recently, clustered regularly interspaced short palindromic
repeats (CRISPR)-associated nuclease (Cas)-based techniques
have considerably expanded our toolbox in programmable and
highly specific gene editing.””*" Through the binding of short
guiding RNA molecules, known as crRNA, the CRISPR-Cas
protein family can be programmed to edit specific genomic
loci, thus facilitating systematic investigation and control of the
target gene function.”””” The sequence-specific recognition
capabilities of the CRISPR system have also been proved to be
versatile to develop detection tools for target DNA analysis.
The Zhang Lab introduced the first CRISPR-Cas-based nucleic
acid detection methodology, called SHERLOCK, based on the
collateral promiscuous RNase activity of Casl3a upon target
RNA recognition, which showed attomolar sensitivity and
single-base mismatch specificity when integrated with
recombinase polymerase amplification (RPA).** In the
upgraded version SHERLOCK¥2,”> a 3.5-fold increase in
signal sensitivity was realized by combining Cas13 with Csm6,
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and more importantly, four-channel single reaction multi-
plexing is also attainable using orthogonal CRISPR enzymes.
In the meantime, integration of Cas9 with strand-displacing
DNA polymerase, termed Cas9Nar, can amplify the target
genomic DNA fragment at a constant temperature of 37 °C
with a limit of detection down to the zeptomolar level within
60 min.’® The Doudna Lab”’ and Li et al.”® reported the
indiscriminate cleavage activities on single-stranded DNA
back-to-back, resulting in two isothermal DNA detection
platforms named as DETECTR and HOLMES,* respectively,
which eliminate the need for DNA to RNA conversion
required by SHERLOCK for DNA sequence detection. Unlike
in other CRISPR-Cas systems, activated Casl2a by either a
double-stranded or single-stranded target not only cleaves the
target double-stranded DNA but also indiscriminately cleaves
any nontarget single-stranded DNA (ssDNA), which is known
as the collateral cleavage activity and forms the basis to develop
biosensors to detect DNAs. More recently, Wang et al. found
that Casl2a could also recognize the protospacer adjustment
motif (PAM) sequence of UUUN rather than TTTN; thus,
uracil- DNA glycosylase enzymes can be applied in a loop-
mediated isothermal amplification (LAMP)-CRISPR-Casl12a
system to eliminate carry-over contamination.” Apart from
reports of Aran et al’' and Liang et al,’” the majority of
CRISPR-Cas-based platforms rely on initial amplification steps
via PCR reaction and have mainly been applied to targets of
DNA origin.33

Here, we report the extension of the CRISPR-Casl12a-based
fluorescence detection method to detect a variety of bio-
logically relevant species, including heavy metal ions, bacteria,
and microRNAs (miRNAs). The detection platform applies
CRISPR-Casl2a as a signal amplifier to enhance the
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Figure 2. CRISPR-Cas12a-based assay for Pb** detection using a Pb**-specific DNAzyme. (A) Schematic illustration of the design of the assay to
detect Pb** using DNAzyme GR-S. (B) Selectivity of the assay toward interfering metal ions at a concentration of 10 uM (Pb** in 10 nM). (C)
Effect of incubation time on the cleavage rates. (D) Pb** concentration-dependent increase in cleavage rates. (E) Linear fitting of the cleavage rate

with the concentration of Pb** from 0.01 to 10 nM.

fluorescence output upon activation by ssDNA intermediates,
generated only in the presence of target analytes. It allows
detection of Pb*>" at the picomolar level, Acinetobacter
baumannii down to the single-cell level, and multiplexed
miRNA analysis at the femtomolar level.

B RESULTS AND DISCUSSION

Detection Limit of the ssDNA Target Strand (TS)
under Optimized Conditions. To extend the CRISPR-
Casl2a platform to detect targets other than DNA, the basic
idea is to convert non-DNA input into DNA intermediates
quantitatively, which subsequently initiates the nuclease
activity to cleave the reporter to produce a fluorescence signal.
To approach the limit of the CRISPR-Casl2a platform to
realize the highest sensitivity, we first optimized the reaction
condition in room temperature to maximize the collateral
cleavage activity of commercially available LbaCas12a from a
Lachnospiraceae bacterium. In previous reports, cleavage of
nontarget ssDNA by LbaCasl2a has been frequently
conducted in a commercial 1X NEB buffer’”** and a self-
made reaction buffer containing DTT.””*> A comparison of
the cleavage rates in three different buffers with the same target
DNA concentration shows that LbaCasl2a exhibited the
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highest activity in the Cas reaction buffer reported by Doudna
et al”” (Figure 1A). Besides, LbaCasl2a, like some other
nucleases,”® requires DTT to activate the nuclease activity, but
a variation of the DTT concentration from 0.5 to 2.5 mM did
not affect the cleavage speed too much (Figure S1). Based on
the Michaelis—Menten equation, the apparent cleavage rates
should be positively correlated with the substrate (reporter)
concentrations under a constant LbaCasl2a concentration.
However, when a reporter concentration ranging from 0.25 to
1.25 uM was applied, the observed cleavage speed reached a
maximum at 0.75 pM, and further increase of the reporter
resulted in a dropped rate (Figure 1B). This perhaps issues
from the calculation of cleavage speed using the growth rate of
fluorescence. Meanwhile, in low reporter concentrations,
intramolecular interaction dominates the quenching efficiency
of reporters; intermolecular fluorescence quenching must be
considered due to highly frequent molecular collisions and self-
quenching mechanisms of fluorophores in high concentrations.
Therefore, despite the fact that high substrate concentrations
lead to fast velocity, the growth rate of fluorescence does not
increase concomitantly as it is no longer proportional to the
cleavage speed. To link the TS concentration directly with the
fluorescence growth rate, 0.75 uM reporter was used in the

https://dx.doi.org/10.1021/acssensors.9b02305
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Figure 3. CRISPR-Casl2a-based assay for A. baumannii (Ab) detection based on Ab-selective aptamer. (A) Schematic illustration of the design of
the assay to detect Ab using Ab aptamer. (B) Effect of the c-Ab-Apt length on the r/z ratio of the assay in the presence of Ab. (C) Influence of
incubation time on the cleavage rates. (D) Linear fitting of the cleavage rate with Ab in the range of 10—10° CFU/mL. (E) Selectivity of the assay
toward interfering bacteria including E. coli, S. aureus, P. aeruginosa, and E. faecalis at 10’ CFU/mL (the concentration of Ab is 1000 CFU/mL).

subsequent experiment. Freeing the single-stranded nontarget
strand (NTS) from the DNA duplex was found to be an
essential checkpoint after nuclease activation,”” while 14 base
pairs of the crRNA—DNA heteroduplex at the PAM-proximal
end were sufficient to trigger the nuclease activation of Cas12a,
and 17 or more base pairs between the crRNA and the TS are
needed to fully release the NTS cleavage site to enable quick
cleavage. Along with this report, we found that the increase in
TS length up to 20 nt resulted in a faster cleavage rate (Figure
1C). With the TS being longer than 20 nt, a declining cleavage
rate was observed probably due to slower NTS cleavage site
release or the sacrifice of collateral cleavage activity in TS
processing. Under optimized conditions, the cleavage rate was
titrated with the TS ranging from 0.1 nM to 0.1 M (Figure
1D). As depicted in Figure 1E, the cleavage rate was linearly
correlated with the TS concentration in the range of 0.1-50
nM, with a detection limit (LOD) down to 1.6 pM (calculated
as 30/slope, where ¢ is the standard deviation of five blank
samples). Besides, when activated by a S nM HEX-labeled TS,
a time-dependent increase in fluorescence was also observed
(Figure 1F). Comparing the relative fluorescence intensity of a
5 nM ssDNA output with that amplified by CRISPR-Cas12a,
approximately 160 times signal enhancement is achieved after
1S min of Casl2a processing, which demonstrates the signal
amplification power of the CRISPR-Casl12a platform.
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Detection of Lead lons (Pb®*). To test the ability of the
CRISPR-Cas12a platform to detect a broad range of non-DNA
targets, we first demonstrate the detection of Pb*" using a well-
studied Pb** DNAzyme GR-5.** Widespread Pb*" contami-
nation has posed a great threat to human health, especially on
children;*’ therefore, accurate on-site detection and quantifi-
cation of Pb*" in the surroundings are an important first step to
reverse the negative effects.”” Figure 2A illustrates the overall
detection strategy. Specifically, the 3’-end biotinylated
substrate strand, which contains the TS sequences at the §'-
end, is attached on the surface of magnetic beads (MBs)
through the biotin—streptavidin interaction. Further hybrid-
ization with the substrate helps the DNAzyme strand to
immobilize on the MBs but could not cause the cleavage of the
substrate. Only in the presence of Pb** the TS sequence-
containing part of the substrate releases and remains in the
buffer after magnetic separation, which will be used to activate
CRISPR-Cas12a subsequently. Although the cleavage speeds
of Casl2a activated by an enzymatic product in different time
intervals indicate a minimum time of 10 min required to reach
the equilibrium (Figure 2C) in the presence of 50 nM Pb*', a
longer incubation time of 15 min was applied to ensure
complete substrate cleavage in the follow-up experiment.
Under this condition, a titration curve using samples with a
growing amount of Pb** (0.01 nM—1.0 uM) showed a

https://dx.doi.org/10.1021/acssensors.9b02305
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Figure 4. CRISPR-Casl2a-based sensor array for multiplexed miRNA analysis based on duplex-specific enzyme and TS tags. (A) Schematic
illustration of the design of the sensor array to detect a group of miRNAs simultaneously. (B) Effect of incubation temperature on the cleavage rates
in the presence of miR-21. (C) Linear fitting of the cleavage rate with miR-21 concentrations ranging from 10 pM to 10 nM. (D) Selectivity of the
assay toward interfering miRNAs including miR-122, miR-141, miR-200b, miR-15a, and Let-7a. (E) Multiplexed detection of miR-21, miR-141,

miR-200b, and Let-7a.

concentration-dependent increase in cleavage rates (Figure
2D). The rate increment reaches a plateau at around 10 nM
Pb**, indicating the complete cleavage of the substrate at this
concentration. When Pb%* higher than 10 nM was used, a
slight decline in the cleavage rate was observed, probably due
to inhibition of lead ions on the Casl2a activity. In the
detection range of ~0.01—10 nM (Figure 2E), the detection
limit was estimated to be ~0.053 nM (30/slope), which is four
orders of magnitude lower than the Environmental Protection
Agency (EPA)-defined maximal contamination level (72 nM)
for Pb** in drinking water and approximately 70 times lower
than the Pb*" sensor constructed by direct annealing of
fluorophore/quencher-labeled GR-5 DNAzyme and sub-
strates.”® This is partly due to the fact that the LOD of the
latter depends largely on the background signal that originated

974

from the incomplete quenching of the fluorophore by the
quencher and the leakage of the substrate from the DNAzyme/
substrate duplex, whereas in our design, only the presence of
Pb** causes the release of the cleaved substrate, and the
cleavage intermediate would further amplify the fluorescence
signal output through the CRISPR-Casl2a platform. In
addition to sensitivity, the selectivity of the assay was also
investigated in the presence of potential interfering cations
containing K*, Ca**, Zn**, Fe**, Mn*', Cd*', Co*", Ni*', and
Cu?* in a concentration of 10 M (Figure 2B). As expected, no
significant fluorescence enhancement was observed except
those incubated with 10 nM Pb** despite the fact that the
concentration of interference is a thousand times higher.
Therefore, the new assay constructed by the GR-5 DNAzyme
and the CRISPR-Casl2a platform has demonstrated an

https://dx.doi.org/10.1021/acssensors.9b02305
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extraordinary specificity toward lead ions when tested against
the metal ions individually or as a mixture.

Detection of A. baumannii (Ab). Given the good
performance of the CRISPR-Casl2a platform toward Pb*
ion detection, we further extended our methodology from
DNAzyme to aptamer to detect a multivalent target, A.
baumannii, to test the generality of the construction strategy.
This pathogen has emerged as one of the most troublesome
organisms for health care institutions globally*' and is
responsible for a majority of increasing recovery of multidrug
resistance in the clinic.”” Similar to the Pb** DNAzyme assay
described above, the Ab aptamer (abbreviated as Ab-Apt)
selected previously™ was immobilized on MBs via streptavi-
din—biotin binding. The Ab-Apt was then hybridized with a
TS sequence-containing strand (c-Ab-Apt) partially comple-
mentary to the aptamer, the higher affinity of which toward Ab
than the short complementary strand would lead to the release
of c-Ab-Apt from the beads when Abs were presented, thus
triggering the subsequent CRISPR-Casl2a platform (Figure
3A). First, the complementary sequence of the Ab-Apt was
divided into three parts in which a TS tail at the 5'-end was
appended, assembled on MBs, and underwent Ab-elicited
release to investigate the best hybridization location. The r/z
ratio (calculated by dividing the cleavage rate in the presence
of Ab by that with the buffer only) in Figure S2 suggests that
the location of the complementary strand at the 5'-end is much
more vulnerable to discharge than the other two positions in
the presence of Abs. To further stabilize the c-Ab-Apt on MBs
in the presence of the target, the complementary length was
investigated. Figure 3B suggests that fewer complementary
sequences resulted in more release of c-Ab-Apt strands (thus,
faster cleavage speed) but also led to a higher background
signal due to instable hybridization. As a compromise, the c-
Ab-Apt were extended with six nucleotides to obtain the
highest r/z ratio. By incubating the assembled MBs with an
increasing concentration of Ab from 10 to 10° CFU/mL for 30
min (optimized incubation time, Figure 3C), a very good
linear fitting curve was obtained between the CRISPR-Cas12a
cleavage rate and the Ab concentration (Figure 3D). The
theoretical detection limit was estimated down to ~3 CFU/mL
(30/slope), which ultimately approaches the single-cell level.
The selectivity of the assay was examined using Escherichia coli,
Pseudomonas aeruginosa, Enterococcus faecalis, and Staph-
ylococcus aureus. Meanwhile, ~1000 CFU/mL Ab in PBS
buffer initiated the clear cleavage of reporters, and up to 10’
CFU/mL of the interfering bacteria did not really activate
CRISPR-Cas12a (Figure 3E). Besides, the performance of the
assay was also surrogated in human serum. Although ~30%
loss of activity was observed in the untreated serum sample,
with over 87% cleavage speed retained when 0.1 unit/mL RNA
inhibitor was added into the buffer. Those results collectively
demonstrate the potential of the CRISPR-Cas12a-based assay
in clinical applications.

Multiplexed Detection of miRNAs. One of the most
alluring merits of CRISPR-Cas assay is its promise for
simultaneous detection of multiple targets.25 Therefore, we
finally explore the multiplexing potential of the CRISPR-
Casl2a platform using miRNAs as targets, of which the
simultaneous detection offers much more important health-
related information than the individuals."*** As illustrated in
Figure 4A, biotinylated probe DNA, which is composed of a
20-nt polyA spacer at the 3'-end, a miRNA-specific TS tail at
the 5’-end, and a 22-nt recognition region complementary to
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the target miRNA, was fixed on the MB surface in a similar way
mentioned above. Target miRNA can recognize and hybridize
with the probe to form DNA/RNA duplexes, which would be
targeted by duplex-specific nuclease (DSN) and subsequently
cleaved to release the TS tail into the buffer, subsequently
initiating the CRISPR-Casl2a collateral cleavage activity.
Enzymatic reaction products were added to a preassembled
Casl12a/crRNA array to investigate the cleavage rates, which
will be correlated in turn to a group of specific miRNAs.

Using miRNA-21 as model miRNA, the reaction condition
was optimized to obtain the best assay performance.
Temperature is one of the determinant factors for DSN
cleavage toward short miRNA/DNA duplexes because a low
temperature restricts the nuclease activity, whereas a high
temperature impairs miRNA/DNA hybridization. As depicted
in Figure 4B, 45 °C is the optimum temperature for the assay
as both higher and lower temperatures resulted in reduced
enzymatic activity. Besides, an incubation time of ~60 min is
required to achieve the highest cleavage efficiency (Figure S3).
Under this condition, the cleavage rates were collected by
continuous titration of miRNA-21 in a range from 10 pM to 10
nM. Linear fitting of the concentration of miRNA-21 and the
cleavage rate suggested a good correlation therebetween
(Figure 4C), and the detection limit was estimated to be
12.6 fM (30/slope), which is better than or at least comparable
to a majority of fluorescent miRNA probes.***® The selectivity
of the assay was then investigated using a group of potential
interferences, including miRNA-122, miRNA-15a, miRNA-
141, miRNA-200b, and Let-7a, in a concentration of 500 nM.
As shown in Figure 4D, no significant activation of the
CRISPR-Cas12a platform was observed even though the
concentration of interfering counterparts is 100 times higher
than that of the target miRNA-21. Likely due to either
inhibition of the enzymatic activity or denaturing of miRNA,
the cleavage rate of the miRNA-spiked serum sample is ~64%
of that in PBS. However, like in the Ab detection, the cleavage
speed recovers to a higher grade of ~83% when 0.1 unit/mL
RNA inhibitor was applied. Given the good performance of the
CRISPR-Casl12a assay toward miRNA, we further extend the
methodology to three other miRNA targets including Let-7a,
miRNA-141, and miRNA-200b to test the multiplexing
capability. As shown in Figure 4E, each CRISPR-Casl2a unit
gives significant fluorescence readout only in the presence of
both the specific crRNA and the miRNA target. The
fluorescence intensity also positively correlates with the
concentration of the target miRNA, while interfering miRNAs
induce signal strength almost similar to that of blank controls
with PBS. Therefore, we conclude that the CRISPR-Casl2a
platform can be used to detect a group of miRNAs
simultaneously when well-designed barcode probes are
provided.

B CONCLUSIONS

In summary, we have demonstrated that CRISPR-Cas12a can
be used as a signal amplifier to recognize single-stranded DNA
intermediates down to femtomolar concentrations and
enhance the fluorescence signal output upon activation. With
this good signal amplification power, a fluorescence detection
platform is proposed to construct bioassays capable of not only
detecting heavy metal ion contamination and bacterial
infection with high sensitivity but also realizing multiplexed
analysis of miRNA expression profiles in an efficient way.
Given the versatility and generality of the CRISPR-Casl2a
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platform and the rapid evolution of functional nucleotides, it
allows the design of a plethora of ultrasensitive biosensors for a
wide range of biologically relevant species. More importantly,
the CRISPR-Casl2a assays are programmable and promise
simultaneous detection of multitargets in high throughput,
which would potentially revolutionize analytical science and
individualized disease diagnosis to a large extent. Overall, we
expect this versatile and efficient biosensor construction
strategy to greatly advance the application of CRISPR-Cas-
based biodetection platforms in biodiagnosis and provide
insights into ultrasensitive bioanalysis.
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