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Abstract

Beyond its extraordinary genome editing ability, the CRISPR-Cas system has opened a new era of
biosensing applications due to its high base resolution and isothermal signal amplification.
However, the reported CRISPR-Cas sensors are largely only used for the detection of nucleic acids
with limited application for non-nucleic acid targets. To realize the full potential of the CRISPR-
Cas sensors and broaden their applications for detection and quantitation of non-nucleic acid
targets, we herein report CRISPR-Cas12a sensors that are regulated by functional DNA (fDNA)
molecules such as aptamers and DNAzymes that are selective for small organic molecule and
metal ion detections. The sensor is based on the Cas12a dependent reporter system consisting of
Casl2a, CRISPR RNA (crRNA) and its single stranded DNA substrate labeled with a fluorophore
and quencher at each end (SSDNA-FQ), and fDNA molecules that can lock a DNA activator for
Casl12a-crRNA, preventing the ssDNA cleavage function of Cas12a in the absence of the fDNA
targets. The presence of fDNA targets can trigger the unlocking of the DNA activator, which can
then activate the cleavage of ssSDNA-FQ by Cas12a, resulting in an increase of the fluorescent
signal detectable by commercially available portable fluorimeters. Using this method, ATP and Na
* have been detected quantitatively under ambient temperature (25 °C) using a simple and fast
detection workflow (two steps and <15 min), making the fDNA-regulated CRISPR system suitable
for field tests or point-of-care diagnostics. Since fDNAs can be obtained to recognize a wide range
of targets, the methods demonstrated here can expand this powerful CRISPR-Cas sensor system
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significantly to many other targets and thus provide a new toolbox to significantly expand the
CRISPR-Cas system into many areas of bioanalytical and biomedical applications.
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INTRODUCTION

Medical diagnostics are crucial for identification, prevention, and treatment of many
diseases, and therefore developing efficient diagnostic tools is of vital importance.1™* While
much progress has been made with clinical lab tests, there is a need for developing new
diagnostic technologies with high sensitivity and specificity, and most importantly, broad
applicability under point-of-care (POC) settings. The recent discovery and development of
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-
associated proteins (Cas), together referred to as the CRISPR-Cas system, has revolutionized
not only genome editing, but also other areas, including medical diagnostics,>8 such as
nucleic acid sensors based on SHERLOCK (Specific High-sensitivity Enzymatic Reporter
UnLOCKing) and DETECTR (DNA Endonuclease-Targeted CRISPR Trans Reporter).2-16
Among them, CRISPR-Cas12a (Cpfl), a class 2 type V-A CRISPR-associated enzyme that
binds to a single stranded guide CRISPR RNA (crRNA), has been reported to not only
cleave the target DNA like in many other CRISPR-Cas systems, but also indiscriminately
cleaves any non-target sSDNA near the target DNA.1! This collateral cleavage of the non-
targeted sSDNA can dramatically increases the sensitivity of DNA detection in many
applications. Most of these CRISPR-Cas platforms have advantages of simplicity to
fabricate, ultra-high sensitivity down to attomolar concentration limits of detection (LOD),
high specificity to single-base variation, and good portability for POC diagnostics. As a
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result, it has demonstrated enormous potential for nucleic acid-related diagnostics, including
human genotyping and pathogen detection, cancer mutation testing, and single nucleotide
polymorphism (SNP) identification, especially under POC settings.13 1721 Despite recent
progress, almost all of the reported CRISPR-Cas sensors are developed to detect nucleic
acid-related targets. Thus, there is still a need for more strategies in the design of activatable
CRISPR sensors that can be applied to an even wider range of targets beyond nucleic acids.

A major challenge for the development of activatable CRISPR-Cas sensors for non-nucleic
acid targets lies in finding a method to transduce the target recognition event into the
collateral cleavage activity of Cas effectors, which is often activated through the specific
binding of the crRNA to its target DNA (hereafter called the “activator”). To overcome this
limitation, a CRISPR-Cas sensor based on competitive binding activities of bacterial
allosteric transcription factors (aTFs) for small molecules and double-stranded DNA has
been reported recently, but the detection targets are still limited, due to the small number of
target-responsive aTFs available compared to the enormous number of POC sensors desired.
22 |n addition, a CRISPR-responsive hydrogel material has been developed. This material
shows great potential in diagnosing various non-nucleic acid targets for POC needs through
changing the input crRNA.23-24 To reach the full potential of CRISPR technologies for
diagnostic applications, we here report a general strategy for the design of activatable
CRISPR-Cas sensors based on target-responsive functional DNAs (fDNAs, e.g. structure-
switching aptamer or RNA-cleaving DNAzyme). We chose fDNA because they have been
shown to selectively bind a diverse range of non-nucleic acids targets, including organic
small molecules, metal ions, proteins, viruses, and even cells and are obtained through a
process called in vitro selection from a large DNA library of up to 101° sequences.25-28 By
coupling fDNA with CRISPR-Cas12a, we demonstrated that such a system can detect and
quantify small organic molecules using aptamer-activated CRISPR-Cas12a and metal ions
using DNAzyme-activated CRISPR-Cas12a under conditions required for POC devices,
such as ambient temperatures and a simple and fast detection workflow.

RESULTS AND DISCUSSION

Our fDNA-regulated CRISPR-Cas sensor is comprised of two components (Figure 1): a
probe system containing a fDNA and DNA activator for CRISPR-Cas12a, and a reporter
system containing a pre-assembled Cas12a effector with crRNA and a single-stranded DNA
(ssDNA) fluorescence reporter labeled with a fluorophore and quencher pair at the two ends
(denoted as ssSDNA-FQ). In the absence of the non-nucleic acid target, the fDNA binds to
the DNA activator with a melting temperature above ambient temperature, preventing it from
binding to the Cas12a-crRNA complex (denoted as “Locked Activator”). As a result, the
collateral cleavage activity of Cas12a cannot be activated so the sSDNA-FQ reporter remains
intact, resulting in a negligible fluorescence increase of the sSDNA fluorescent reporter,
because the quencher is close to the fluorophore. On the other hand, in the presence of the
non-nucleic acid target, target binding to the fDNA can decrease the melting temperature of
the fDNA/DNA activator to be below ambient temperature. As a result, the DNA activator
can dehybridize from the fDNA, becoming an “Open Activator” that binds to and activates
the Cas12a. In this case, nearby ssSDNA reporters can be cleaved, resulting in separation of
the fluorophore from the quencher and thus producing a significant increase of fluorescence
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signal. Since the output fluorescence signal and its intensity are directly related to the
presence and concentration of the activated Cas12a in solution, which in turn depends on the
presence and concentration of the released DNA activator by the target, the presence and
concentration of the target can be determined by monitoring the fluorescence change in the
system. Using this strategy, we can transform the CRISPR-Cas12a system into a general
sensor for quantification of a wide range of non-nucleic acid targets.

To demonstrate the above fDNA-regulated CRISPR-Cas12a sensor for detecting non-nucleic
acid targets, we first chose the most widely used and studied structure-switching aptamer for
adenosine 5’-triphosphate (ATP), the primary cellular energy carrier that plays an essential
role in many biological processes, as the target. ATP levels can serve as an indicator of
metabolic activity in viable cells, can be used to estimate the efficiency of decontamination
of medical devices, and can be used to evaluate persistent bacteria after therapy.29-31
Therefore, developing a sensitive and selective strategy for on-site and real-time detection of
ATP is very useful. To obtain a good analytical performance for the CRISPR-based ATP
sensor, the ATP aptamer should possess two functions: 1) hybridizes with the activator and
effectively blocks the activator binding to crRNA, which is essential to minimize the non-
specific background signal; 2) effectively releases the activator in response to the ATP target
in a structure-switching manner, which is essential to maximize the signal output. In
addition, in order to avoid covering the ATP binding sites (highlighted G in 5’-
ACCTGGGGGAGTATTGCGGAGGAAGGT-3") within the ATP aptamer when hybridized
with the activator, which could interfere with ATP binding, two ATP aptamers were
employed to lock the activator strand (> 20 nucleotide, nt).32-33 As shown in Figure 2A, we
further extended one of them at its 5" end with GTTT and the other one at its 3" end with
TTGTGT in order to hybridize with the activator. In the absence of ATP, these two aptamers
are designed to hybridize to the 22 nt DNA activator (shown in red) for CRISPR-Cas12a that
is complementary to the guide crRNA, with calculated melting temperatures of these
hybridizations of 34.8 and 32.9 °C, respectively. As a result, the DNA activator is locked by
the ATP aptamer hybridizations and thus cannot bind the crRNA to activate the collateral
cleavage activity of Cas12a-crRNA. In the presence of ATP, however, the binding of ATP by
the ATP aptamer results in a conformational change, or structure switch, of the ATP
aptamer, which weakens the hybridization between the two ATP aptamers and the DNA
activator, due to the decreased melting temperatures of the remaining nucleotides after ATP
binding to below room temperature. This allows for release of the DNA activator in an open
state that can trigger the collateral cleavage activity of Cas12a-crRNA.

The aptamer-regulated activation of Casl2a-crRNA was first verified by PolyAcrylamide
Gel Electrophoresis (PAGE) using a 19 nt FAM-labeled ssSDNA (FAM-ssDNA) as the
substrate for CRISPR-Cas12a. As shown in Figure 2B, the FAM-ssDNA (Lane 1) was
digested into random short fragments when incubating Cas12a-crRNA with the DNA
activator (Lane 2), but not in its absence (Lane 5), confirming that the DNA activator plays a
critical role in activating the DNA cleavage activity of Casl2a-crRNA. More importantly, in
the absence of ATP, addition of the two ATP aptamers to the DNA activator (as designed in
Figure 2A) resulted in no DNA cleavage (Lane 4), indicating an efficient locking of the
DNA activator by the dual ATP aptamers. In contrast, in the presence of 1 mM ATP, the
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same construct exhibits a similar DNA digestion result (Lane 3) to Lane 2, demonstrating
the successful unlocking of the DNA activator to release the open activator through the ATP-
triggered disassembly process.

To corroborate the results from PAGE, a fluorescent study was further performed by
introducing a 5 nt ssSDNA reporter as the substrate for Cas12a-crRNA, with a fluorophore
(FAM) and quencher (3IABKFQ) conjugated at the 5”- and 3" ends, respectively (denoted as
ssDNA- FQ). In the absence of the DNA activator, minimal fluorescence signal was
observed when the ssDNA-FQ was incubated with Cas12a-crRNA, while a considerable
fluorescent signal was observed in the presence of the DNA activator (Figure 2C), and the
fluorescence intensity increased as a function of increasing DNA activator concentrations
(Figure S1), again confirming the role of the DNA activator in activating the efficient and
quantitative cleavage of the fluorescence reporter by the Cas12a-crRNA. However, when
dual ATP aptamers were used to hybridize to the DNA activator, the formed “locked”
activator showed a significantly lower fluorescence signal (p < 0.001), compared with that of
unlocked activator (Figure S2). Moreover, the fluorescence signal decreased with increasing
molar ratios of ATP aptamer to activator strand up to 2:1 (Figure S2), at which point the
fluorescence spectra displayed a significant overlap with the result of the fluorescence
reporter alone (Figure 2C). In contrast, when a single ATP aptamer was used for locking the
DNA activator, no significant difference of fluorescence signals was observed in comparison
with the unlocked activator (p >0.05), even with a high molar ratio of 2:1 (Figure S3). The
above results indicated that the proposed dual aptamer-locking strategy could efficiently
prevent the activation of collateral activity of Cas12a by blocking the binding of crRNA with
the DNA activator. When 200 pM of ATP was added to the locked activator, a significant
increase of fluorescence signal was obtained (Figure 2C), demonstrating the restored
collateral activity of Cas12a, likely as a result of binding of ATP that caused dehybridization
of the dual aptamers away from the tripartite duplex structure as designed in Figure 2A.
Taken together, these results demonstrate the effective regulation of the locked and the open
states of the DNA activator using aptamers, forming the basis for a new CRISPR-based
diagnostic platform for many non-nucleic acid targets that can be recognized by aptamers.

To achieve good analytical performance for ATP detection, some important detection
parameters, including the assay temperature and enzymatic cleavage time were optimized
using the fluorescence assay. As shown in Figure S4A, no significant difference of the
fluorescence signal was observed when the CRISPR-Cas sensor was performed at 25 °C, 31
°C, and 37 °C (p > 0.05), indicating a good temperature tolerance for POC or field tests.
Figure S4B shows the time profile of the substrate cleavage experiments in the presence of
unlocked activator or aptamer-locked activator without and with the addition of ATP, and an
optimal substrate cleavage time of 35 min was obtained.

To determine if the aptamer-regulated CRISPR-Cas12a sensor could detect ATP
quantitatively, we first measured the fluorescence spectra of different concentrations of ATP
added in HEPES buffer. Figure 3A shows that the fluorescence signal increased with
increasing ATP concentrations from 0.39 uM to 50 uM. The fluorescence signal at 525 nm
increased linearly with target ATP concentrations ranging from 0.78 uM to 25 uM (Figure
S5), and a limit of detection (LOD) of 0.21 uM was obtained based on a 3oy/slope, where oy,
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is the standard deviation of three blank samples. This is comparable to that of commercial
colorimetric/fluorometric ATP kits (LOD =1 uM).

To demonstrate the selectivity of the aptamer-regulated CRISPR-Cas12a sensor, we
performed a fluorescence assay using different competing nucleotide-triphosphate analogs,
including GTP, CTP, and UTP. As shown in Figure 3B, compared with the blank samples, no
significant difference of fluorescence signals was observed for competing nucleotide-
triphosphate analogs at a concentration of 1 mM (p > 0.05), while the fluorescence signal in
response to 200 uM of ATP showed a more than 10-fold increase (p < 0.001), suggesting
that the high selectivity of the ATP aptamer was maintained for the aptamer-regulated
CRISPR-Cas12a sensor.

To test the feasibility of applying the aptamer-regulated CRISPR-Cas12a sensor in real
samples, we explored the detection of ATP in human plasma, one of the most challenging
matrices that contains many interfering molecules. To investigate if there is any non-specific
digestion of crRNA by endogenous RNase in human plasma, we first challenged the
CRISPR-Cas sensor with 2.5 nM of DNA activator in the absence and presence of 5 U/uL
RNase inhibitor added in the assay buffer. As shown in Figure S6, the addition of RNase
inhibitor produced a 1.5-fold increase of fluorescence signal in comparison with no RNase
inhibitor (P < 0.001), indicating an effective inhibition of endogenous RNase. Then, by
testing 30 human plasma samples spiked with different concentrations of ATP with our
aptamer-regulated CRISPR-Cas12a sensor, we found that the calibration curve in the
presence of 10% human plasma (Figure 3C) was similar with that in HEPES buffer. The
fluorescence signal was proportional to the ATP concentrations from 1.56 uM to 100 uM,
and LOD was calculated to be 0.44 uM (Figure S7), which is comparable with that obtained
in the buffer (0.21 pM), suggesting that our aptamer-regulated CRISPR-Cas12a sensor can
overcome interferences from other components in human plasma.

To verify the accuracy and reliability of our aptamer-regulated CRISPR-Cas12a sensor, we
further compared it with a commercial bioluminescence kit for ATP detection by analyzing
human plasma samples spiked with different concentrations of ATP. Based on the calibration
curves from our fluorescence assay (Figure S7) and the kit’s bioluminescence assay (Figure
S8), the ATP concentration in each plasma sample was calculated, and both of these two
methods demonstrated a strong positive correlation between the detected and added ATP
concentrations (Figure 3D), with a slope of 0.94 + 0.043 (R2 = 0.9987) and 1.00 + 0.044 (R?
= 0.9929), respectively. These results confirm that the accuracy of our aptamer-regulated
CRISPR-Casl2a sensor is as good as that of the commercial ATP kit, thus confirming the
suitability and reliability of the proposed sensor as an alternative test method for POC
detection.

Encouraged by the above successful ATP sensing using the aptamer-regulated CRISPR-
Cas12a sensor, we further conducted similar tests in human plasma samples using a
commercially available portable fluorimeter for field or POC tests. A similar operation
workflow is given in Figure 4A, and a fast fluorescence increase of the sensor in response to
different concentrations of the DNA activator was obtained (Figure 4B). In addition, taking
advantage of the fast fluorescence kinetic measurement of the portable fluorimeter, the
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enzymatic cleavage time was further shortened to 5 min. Figure 4C shows the relationship
between the slope of the fluorescence signal at the time point of 5 min and different ATP
concentrations. Moreover, the slope was proportional to the ATP concentrations from 0.78
UM to 50 uM, and LOD was calculated to be 4.75 uM (Figure S9). Although the analytical
performance of the portable fluorimeter-based method is slightly decreased, the whole
workflow could be finished within 15 min, thus providing a promising alternative approach
for portable, fast quantification of ATP using a portable fluorimeter.

Finally, to demonstrate the generality of the fDNA-regulated CRISPR-Cas12a sensor, we
extended our methodology from aptamers to DNAzymes for the detection of metal ions.
Sodium (Na*) is one of the most important metal ions in biology and is involved in many
biological processes. Detection of Na* can be used in conjunction with disease diagnostics:
for instance, Na* concentration can be used to evaluate the pathophysiological conditions
hyponatremia (Na* level <135 mm) and hypernatremia (Na* level >145 mm).34-38 To
achieve the detection of Na*, taking advantage of the fact that most of the DNAzymes
exhibit high flexibility for the design of DNA sequences in the binding arms, we designed
the substrate strand (NaA43S”) of a Na*-specific DNAzyme with an embedded DNA
activator sequence at the 5" end (shown in red) and a biotin label at the 3" end (shown in
blue) so that the NaA43S” can hybridize to its enzyme strand (NaA43E”) via 18-base-pair
hybridization with a melting temperature (59.8 °C) above room temperature (Figure 5A).
This construct was immobilized onto a microplate with each well containing streptavidin. In
the absence of Na*, the construct displayed a minimal fluorescent signal, because the DNA
activator was locked by the DNAzyme construct. In the presence of Na*, the NaA43S was
cleaved into two pieces at the rA position by the NaA43E’. Since the binding arm that
hybridizes to the DNA activator has a melting temperature of 9.5 °C after the Na*-dependent
DNAzyme cleavage, the DNA activator can be dissociated from the binding arm under room
temperature. In this case, the released activator could further bind to the Cas12a-crRNA
complex to activate the collateral cleavage activity of the Cas12a, resulting in the digestion
of the fluorescence reporter and thus a turn-on fluorescence signal. Figure 5B shows that the
fluorescence signal increased with increasing Na* concentrations from 0.024 mM to 100
mM. A linear range of 0.049 mM to 50 mM (Figure S10), and a LOD of 0.10 mM was
obtained, which is much lower than the normal Na* level in human serum. Furthermore, the
sensor exhibited excellent selectivity for Na* over other competing metal ions at
physiologically relevant concentrations (Figure 5C). Before verifying the accuracy and
reliability of the DNAzyme-regulated CRISPR-Cas12a sensor in plasma, we tested NaA43E
" stability in 50-fold diluted plasma. No obvious fluorescence signal increase was observed
with inactive NaA43E” format unless with active NaA43E’, which suggests the NaA43
DNAzyme remains intact in the presence of RNases and other components from plasma,
suggesting that the activation of Cas12a only depends on the Na*-specific cleavage. (Figure
S11) Then, we further compared it with a commercial Na* meter in 50-fold diluted human
plasma samples. A strong positive correlation between these two methods was obtained
(Figure S12), indicating the good accuracy of the sensor for metal ion detection.
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CONCLUSION

In summary, we have demonstrated a general and versatile fDNA-regulated CRISPR-Cas
sensor for the quantitative detection of two non-nucleic acid targets. Using this system, ATP
and Na* have been detected quantitatively under ambient temperature using a simple and
fast detection workflow (two steps and <15 min), making the fDNA-regulated CRISPR
system suitable for field tests or POC diagnostics. Since fDNA can be obtained from a large
DNA library to recognize a wide range of targets, from metal ions and small organic
molecules to proteins and even viruses and cells, using in vitro selection,3%-46 the methods
demonstrated here can expand this powerful CRISPR-Cas sensor system significantly to
many other targets and thus provide a new toolbox to broaden the bioanalytical and
biomedical applications of CRISPR-Cas systems.
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| Target-induced “Open” Activator Release ” Cas12a-guided Fluorescence Detection |‘

Figure 1.
Detection strategy and workflow of our fDNAs-regulated CRISPR-Cas12a sensor for

detecting non-nucleic acid targets.
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Design and results of aptamer regulated CRISPR-Cas12a sensor for ATP detection. A.
Design of the ATP Aptamer, Locked Activator, and crRNA. B. PAGE analysis of the
feasibility of aptamer-regulated CRISPR-Cas12a sensor. FAM-labeled ssDNA without
secondary structure was used as the substrate to visualize the results. C. Fluorescence
spectra of the aptamer-regulated CRISPR-Cas12a sensor.
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Figure 3.
Performance of the aptamer regulated CRISPR-Cas12a sensor for ATP detection. A.

Fluorescence signal increase of the sensor in buffer over different concentration of ATP,
ranging from 0, 0.39, 0.78, 1.56, 3.13, 6.25, 12.50, 25, 50, 100, 200 pM. Inset: dynamic
curve for ATP detection in buffer. B. Selectivity of ATP detection. ATP: 200 uM; UTP, CTP,
and GTP: 1 mM. C. Fluorescence signal increased of the sensor in 10% plasma over
different concentration of ATP, ranging from 0, 0.10, 0.39, 1.56, 3.13, 6.25, 12.50, 25, 50,
100, 200, 400, 800 uM. Inset: dynamic curve for ATP detection in 10% plasma. D.
Comparison of aptamer regulated CRISPR-Cas12a sensor with a commercial ATP kit in
10% plasma for ATP detection. The plasma samples were diluted with buffer A, and the
concentration of ATP in each sample were detected both using aptamer regulated CRISPR-
Casl2a sensor and ATP kit. The calibration curve in Figure S7 and Figure S8 (ATP kit) were
used to calculate the ATP concentration in each plasma sample. x%%: P < 0.001. ns: no
significant difference.
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Figure 4.
Adapting the aptamer regulated CRISPR-Cas12a sensor to a portable fluorimeter platform.

A. Workflow for ATP detection with portable fluorimeter. The whole detection workflow
can be completed in less than 15 min with two steps. B. Fluorescence signal increase of
Casl2a-crRNA and ssDNA-FQ with different concentrations of unlocked activator over
time. C. The slope versus different ATP concentration at 5 min. *%%: P < 0.001. ns: no
significant difference.
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Design and performance of DNAzyme-regulated CRISPR-Cas12a sensor for Na* detection.

JAm Chem Soc. Author manuscript; available in PMC 2021 January 08.

A. Design of NaA43 DNAzyme for Na* detection. B. Fluorescence signal increase of the
sensor in buffer over different concentrations of Na*, ranging from 0, 0.024, 0.049, 0.098,
0.20, 0.39, 0.78, 1.56, 3.13, 6.25, 12.50, 25, 50, 100 mM. Insert: dynamic curve for Na*
detection. C. Selectivity of Na* detection. Monovalents: 100 mM; divalents: 2 mM;
trivalents: 0.20 mM. SA-Bio: streptavidin-biotin.
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