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% Check for updates CRISPR diagnostics are effective but suffer from low signal transduction effi-

ciency, limited sensitivity, and poor stability due to their reliance on the trans-
cleavage of single-stranded nucleic acid fluorescent reporters. Here, we pre-
sent CrisprAlE, which integrates CRISPR/Cas reactions with “one to more”
aggregation-induced emission luminogen (AlEgen) lighting-up fluorescence
generated by the trans-cleavage of Cas proteins to AlEgen-incorporated dou-
ble-stranded DNA labeled with single-stranded nucleic acid linkers and Black
Hole Quencher groups at both ends (Q-dsDNA/AIEgens-Q). CrisprAIE
demonstrates superior performance in the clinical nucleic acid detection of
norovirus and SARS-CoV-2 regardless of amplification. Moreover, the diag-
nostic potential of CrisprAlE is further enhanced by integrating it with sphe-
rical nucleic acid-modified AlEgens (SNA/AlEgens) and a portable cellphone-
based readout device. The improved CrisprAlE system, utilizing Q-dsDNA/
AlEgen-Q and SNA/AIEgen reporters, exhibits approximately 80- and 270-fold
improvements in sensitivity, respectively, compared to conventional CRISPR-
based diagnostics. We believe CrisprAlE can be readily extended as a universal
signal generation strategy to significantly enhance the detection efficiency of
almost all existing CRISPR-based diagnostics.

The quick and accurate detection of nucleic acid biomarkers in com-
plex biological systems is critical for the diagnosis and monitoring of
infectious diseases'. Real-time quantitative polymerase chain reaction
(qPCR) and sequencing technologies have been clinically recognized
as cutting-edge detection tools for nucleic acid targets**. However,
these techniques relying on target amplification are laborious,

expensive, and time consuming and require complex multiple reagent
reactions, trained technicians, and sophisticated laboratory instru-
ment. Despite the remarkable achievement in isothermal nucleic acid
amplification, which effectively eliminates the thermal cycle, non-
specific amplification remains a major challenge for these
amplification-dependent techniques due to their low targeting
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specificity and high false-positive results’”. As a natural adaptive
immune system in microorganisms, the clustered regularly inter-
spaced short palindromic repeat (Crispr) and Crispr-associated (Cas)
protein system has been skillfully integrated with various nucleic acid
amplification techniques to improve the sensitivity and specificity of
traditional nucleic acid diagnostic techniques. It specifically targets
nucleic acid sequences and can perform the efficient nuclease-like
collateral cleavage of ambient nontargeted single-stranded nucleic
acids. With this design concept, several Crispr/Cas-based diagnostic
methods (Crispr-Dx) combining the advantages of Cas reactions and
isothermal amplification have been developed as highly specific
nucleic acid detection tools that can measure the collateral cleavage of
single-stranded nucleic acid probes after target binding®’. The cur-
rently available Crispr-Dx assays mainly include Specific High-
sensitivity Enzymatic Reporter unlocking (SHERLOCK)'", DNA
Endonuclease-Targeted Crispr Trans Reporter (DETECTOR)™", and
one-Hour Low-Cost Multipurpose Highly Efficient System (HOLMES)™.
These assays employ Casl2 or Casl3 effectors to trigger single-
stranded DNA (ssDNA)/RNA (ssRNA) cleavage and induce efficient
signal readout for various nucleic acid targets, including Zika virus',
dengue virus'®, human papillomavirus (HPV)", and single-nucleotide
polymorphism™. Despite these achievements, the signal generation of
these Crispr-Dx assays mainly rely on the trans-cleavage activity of Cas
proteins on linear single-stranded nucleic acid reporters and still has
some problems, such as low signal transduction efficiency, limited
detection sensitivity, and poor stability in complex biological systems.

An important strategy to improve the detection performance of
Crispr-Dx systems is by evolving the signal-generation mechanism and
modality of Cas reaction. Increasing attempts have been directed to
combine Cas reaction with a variety of enhanced signal readout alter-
natives, including electrochemistry™'¢, electrochemiluminescence”,
surface-enhanced Raman scattering'®", surface plasmon resonance*”,
and field-effect transistor?”, to achieve efficient target detection.
Nevertheless, fluorescence-based signal readouts are still extensively
investigated due to their integration and miniaturization potential. The
majority of Crispr-Dx assays utilize the activated trans-cleavage activity
to generate a detectable fluorescent signal through the nonspecific
cleavage of traditional synthetic fluorophore-quencher (FQ) pairs
bound to the end of short ssDNA or ssSRNA*, However, this signal
illuminating behavior usually suffers from insufficient sensitivity
because one FQ reporter cleaved by activated Cas nuclease only can
liberate one fluorescent signal molecule. Therefore, breaking the lim-
itations of existing fluorescent transduction systems will help promote
the rapid development and application of Crispr-Dx. A preferable
alternative to traditional FQ-based reporter with “one to more” char-
acteristic, that is, one trans-cleavage of FQ reporter can output many
fluorescent signal molecules, is urgently needed to improve the existing
Crispr-Dx.

Leveraging the amplification mechanism described above, we
speculate that one promising fluorescent readout system for Crispr-
Dx is aggregation-induced emission luminogens (AlEgens)”. As a
type of organic fluorescence dye, AlEgens exhibit many unique
advantages over traditional aggregation-caused quenching probes,
including enhanced aggregation emission, high signal-to-noise ratio
(S/N), excellent photostability, and large Stokes shift®®**. These
characteristics make AlEgens a promising candidate for reducing the
detection limit (LOD) and improving the stability of Crispr-Dx. Owing
to the positively charged AlEgens spontaneously bind to negatively
charged nucleic acid chains through noncovalent interactions (e.g.,
van der Waals, -t stacking, and hydrogen bonding interactions) and
electrostatic interactions, these AlEgens can light-up their fluores-
cence signals via the restriction of intramolecular motion (RIM)***",
In theory, a long nucleic acid chain can provide many negatively
charged sites, endowing additional opportunities for AIEgen binding
and generating intense fluorescence emission, which offer the

possibility of creating “one to more” signal reporters for amplifying
Crispr/Cas detection.

Here, we report the development of CrisprAlE, the combination
of a Crispr/Cas reaction with a “one to more” AlEgen lighting-up
fluorescence readout (Fig. 1). The “one to more” AlEgen lighting-up
readout is achieved using AlEgen-loaded double-stranded DNA
(dsDNA) reporters, which are synthesized by incorporating cationic
AlEgens into the grooves of dsDNA. To enable the Cas protein to
cleave the AlEgen-loaded dsDNA reporters and achieve the lighting-
up fluorescence readout, we introduce ssDNA or ssRNA linkers at
both ends of dsDNA to bridge the Black Hole Quencher (BHQ) for
producing AlEgen-enhanced CrisprAlE reporters (Q-dsDNA/AIE-
gens-Q). After carefully exploring the factors affecting the fluores-
cence transduction efficiency of AlEgens, we find that the resulting
CrisprAlE shows a LOD of femtomolar concentrations of at least 80
times more sensitive than the traditional FQ reporter-based Crispr-
Dx without amplification. This LOD can be further reduced to atto-
molar levels through isothermal amplification. The clinical diag-
nostic efficiency of our CrisprAlIE is demonstrated by detecting
norovirus and SARS-CoV-2 virus in their respective diagnostic sam-
ples. To further improve the sensitivity and stability of our Cris-
prAIE, we develop AlEgen-enhanced spherical nucleic acid (SNA/
AlEgen) reporters and demonstrate their potential in improving the
nucleic acid diagnostic capabilities of CrisprAIE in complex biolo-
gical systems. We also integrate CrisprAlIE assay with a portable
cellphone-assisted fluorescence readout device for point-of-care
(POC) diagnostic application and evaluate its detection perfor-
mance and consistency with commercial multimode fluorescence
microplate readers. We believe that this AlEgen lighting-up report-
ing probe can serve as an attractive alternative to traditional FQ
reporter, and the developed CrisprAlE can be readily extended for
improving the detection efficiency of almost all existing Crispr-Dx
assays based on single-stranded nucleic acid reporters.

Results

Crispr-driven AlEgen lighting-up readout

Cationic AlEgens can interact with negatively charged DNA strands
through electrostatic or noncovalent interactions, thereby enabling
lighting-up fluorescence readout by activating the RIM. As a typical
cationic AlEgen, 4/,4”4”-(((((1IE,1E)-benzolc][1,2,5]thiadiazole-4,7-diylbi-
s(ethene-2,1-diyl))bis(4,1-phenylene))bis(azanetriyl))tetrakis(benzene-4,1-
diyl))tetrakis(1-methylpyridin-1-ium) iodide (TPBT) with four positively
charged pyridine groups is used for the label-free fluorescent detection
of dsDNA and single-nucleotide polymorphisms®’. The molecular struc-
ture of TPBT was confirmed by 'H NMR, C NMR, and high-resolution
mass spectra (Supplementary Figs. 1-3), and its AIE feature was further
characterized in Supplementary Fig. 4. Compared with FAM, a widely
used fluorophore, TPBT has a larger Stokes shift and better resistance to
photobleaching (Fig. 2a, b) that are conducive to sensitive and accurate
detection. Considering the preference of the trans-cleavage activity of
Cas nuclease for single-stranded oligonucleotides, we first designed two
ssDNA-modified AlEgen reporters, namely, AlEgen-modified ssDNA
(ssDNA/AIEgens) and AlEgen-modified ssDNA labeled with a single-
terminal quencher group BHQ by a five-base ssDNA linker (Q-ssDNA/
AlEgens). Compared with the flexible ssDNA, the rigid dsDNA can more
effectively restrict the free intramolecular motion of the incorporated
AlEgens, thereby facilitating enhanced fluorescent signal output. We then
constructed two AlEgen-modified dsDNA reporters, namely, AlEgen-
modified dsDNA labeled with a single-terminal quencher group BHQ by a
five-base ssDNA linker (Q-dsDNA/AIEgens) and AlEgen-modified dsDNA
labeled with a double-terminal quencher group BHQ by a five-base ssDNA
linker (Q-dsDNA/AlEgens-Q). A traditional FQ reporter, denoted as Q-
ssDNA-FAM, was also commercially synthesized for comparison. The
related sequence is summarized in Supplementary Table 1. S1 nuclease, a
single-stranded specific endonuclease that hydrolyzes ssDNA into single
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Fig. 1| Schematic of our developed CrisprAlE assay. a Schematic of using Cris-
prAlIE assay for virus detection. b Schematic of the sensing principle of AlEgen
reporter and traditional FQ reporter derived through the trans-cleavage of acti-
vated Cas nuclease. ¢ Improved CrisprAlE for virus detection, including the
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integration of spherical nucleic acid strategy for improved AlEgen reporters, the
combination with Class 2 Crispr/Cas system (Casl2 and Casl13) for the direct
detection of DNA and RNA, and the cellphone-assisted portable readout device for
point-of-care testing.

nucleotides, was selected as an alternative of activated Cas nuclease to
study the feasibility of nuclease-driving AlEgen lighting-up readout. As
shown in Fig. 2c, the presence of S1 nuclease led to the significant
fluorescence recovery of the Q-ssDNA-FAM reporter, accompanied by
the departure of the quencher group (BHQ). This finding confirmed the
validity of SI1 nuclease against ssDNA degradation. The ssDNA/AIEgen
probe showed significantly increased fluorescence signals due to the
activation of RIM when TPBT bound to ssDNA. The ssDNA part of the
composite probe can be digested by S1 nuclease, thus decreasing its
fluorescence to achieve the “ON-OFF” signal output. By contrast, the Q-
ssDNA/AIEgen reporter displayed fluorescent signal recovery in the
presence of Sl nuclease, thus favoring the “OFF-ON” signal output
(Fig. 2c). When TPBT was incubated with dsDNA, the fluorescence signal
of TPBT was markedly increased. Its fluorescence can be effectively
quenched by labeling the BHQ quenching groups at one or both ends of
dsDNA (Fig. 2d). S1 nuclease can induce BHQ detachment by digesting
the ssDNA linker, resulting in significant fluorescence enhancement to
obtain the “OFF-ON” signal output. These results demonstrated that the
designed DNA-modified AlEgen probes are suitable as the fluorescent
signal reporters for nuclease-based assays, including Crispr/Cas-based
detection.

Encouraged by this finding, we reported the development of
CrisprAIE by combining a Crispr/Cas-assisted nucleic acid cleavage
reactions with DNA-modified AlEgen lighting-up readout. The effect of
the length and base type of DNA sequence, ionic strength, and AlEgen
concentration on the fluorescent properties of the resulting ssDNA-
modified AlEgen reporters was studied to obtain the best binding
between TPBT and DNA oligonucleotides and the enhanced fluores-
cence of ssDNA-modified AIEgen probes for the fabrication of optimal
ssDNA/AIEgen and Q-ssDNA/AIEgen reporters (Fig. 2e, f). As revealed
in Supplementary Fig. 5, the ssDNA (A10 or TI10) containing 10
repeating units of adenine (A) or thymine (T) obtained higher fluor-
escence signal response than that containing cytosine (C) and guanine
(G) bases in the presence of 100 mM NaCl and 2.5uM TPBT. In parti-
cular, the enhanced fluorescence of the A10 was the highest among
them. One possible reason is that the stronger intermolecular inter-
action of TPBT with A base than with T, C, and G bases contributes to
restricting the intramolecular motion of TPBT and boosting the
fluorescent emission. Further DNA sequence length analysis showed
that ssDNA (A15) could produce suitable relative fluorescence inten-
sity, highest fluorescence decay rate, and short cleavage equilibrium
time (Supplementary Figs. 6, 7). On the basis of the above results, the
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released dsDNA/TPBT after splitting ssDNA linker by S1 Nuclease. The synthetic
norovirus ORF2 gene DNA sequence was used as the model analyte to construct the
Crispr/Cas12a sensing system. Schematic illustration of CrisprAIE based on ssDNA/
AlEgen (e) Q-ssDNA/AIEgen (f), Q-dsDNA/AIEgen (g) and Q-dsDNA/AlEgen-Q (h)
reporters. Relative fluorescence intensity obtained from amplification-free Cris-
prAlIE assay with different concentrations of synthetic DNA targets based on ssDNA/
AlEgen (i), Q-ssDNA/AIEgen (j), Q-dsDNA/AIEgen (k), and Q-dsDNA/AIEgen-Q (I)
reporters. Data are mean +s.d.; n=3 repeated tests.

AlS5 and A-T base pairs were selected as the building blocks for fabri-
cating DNA-modified AlEgen reporters and achieving the lowest LOD
of CrisprAlE.

Under the developed conditions, we first fabricated the CrisprAIE
assay using ssDNA/AIEgens and Q-ssDNA/AIEgens as signal reporters
(Fig. 2e, f). The LOD was determined as the mean plus three times the
standard deviation of the measured concentration, derived from
twenty repeated measurements of the blank sample, following a pre-
viously reported method™. Figure 2i shows that the LOD of this ssDNA/
AlEgens-based CrisprAIE was 12 pM, which was close to that of con-
ventional Crispr-Dx (LOD: 15 pM) based on the Q-ssDNA-FAM reporter
(Supplementary Fig. 8). Moreover, we observed that when Q-ssDNA/
AlEgens were used as CrisprAlE signal reporters, the sensitivity was
further reduced with a LOD of 195 pM (Fig. 2j, Supplementary Fig. 9).
The possible reason for the low sensitivity of these two CrisprAIE
assays is that multiple independent nuclease cleavages are required to
fully release AlEgens from the composite sSDNA/AIEgen reporters to
achieve efficient fluorescence transduction. In addition, the binding of

AlEgens with ssDNA resulted in limited RIM and reduced fluorescence
enhancement, thus yielding low S/N ratio. Compared with ssDNA,
dsDNA can better restrict the intramolecular movement of AlEgens by
binding AlEgens to the major or minor grooves of dsDNA, thus
improving the sensitivity of DNA-lighting-up AlEgen probes. On this
basis, two AlEgen-modified dsDNA probes, namely, Q-dsDNA/AIEgens
and Q-dsDNA/AIEgens-Q, were designed and proposed for enhancing
the sensitivity of CrisprAlE. As revealed in Fig. 2g, h and Supplementary
Fig. 10, Q-dsDNA/AIEgens consisted of a dsDNA containing multiple
repeating units of A and T for AlEgen loading, an ssDNA linker for
Crispr/Cas cleavage, and a BHQ group for quenching the fluorescence
of AlEgens bound to dsDNA. Meanwhile, Q-dsDNA/AIEgens-Q con-
sisted of a dsDNA containing multiple repeating A-T base pairs, two
ssDNA linkers, and two BHQ groups at both ends. Q-dsDNA/AIEgen
and Q-dsDNA/AlIEgen-Q reporters were separated and purified by
agarose gel electrophoresis (Supplementary Figs. 12). To achieve the
highest S/N ratio, we studied the effect of the composition and length
of dsDNA and TPBT concentration on the groove binding between
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dsDNA and TPBT. Supplementary Fig. 11 implies that the optimal
combination for Q-dsDNA/AIEgens was A15T15 of dsDNA and 5 pM of
TPBT, resulting in the highest S/N ratio due to the high load efficiency
of TPBT (the binding number was 11.8 TPBT molecules per A15T15
dsDNA) and the efficient quenching of the entire fluorescence of TPBT
binding on dsDNA by BHQ. The length of dsDNA was too long or too
short, resulting in a relatively low S/N ratio due to the insufficient
AlEgen loading and incomplete fluorescence quenching. Further
molecular simulation calculations between TPBT and dsDNA were
performed to simulate the interaction. The docking results in Sup-
plementary Fig. 12 show that compared with those in dsDNA with C-G
repeating units, the benzothiadiazole core and the two vinylene
bridges on TPBT were perfectly inserted into the minor grooves of
dsDNA containing A-T base pairs. This finding suggested that the
dsDNA consisting of repeating units of A and T can restrict the intra-
molecular motion of TPBT to enhance fluorescence emission by
blocking the nonradiative decay. These observations are consistent
with the results from ssDNA, where the A and T bases were superior to
the C and G bases in restricting the molecular motion of TPBT and
enhancing the fluorescence. Considering that the optimal dsDNA
length for individual BHQ group quenching was 15 repeating A-T base
pairs, we synthesized Q-dsDNA/AIEgens-Q by incorporating TPBT
(5uM) with A30T30 of dsDNA. Prior to the Crispr detection, we
monitored the double-stranded structure integrity of Q-dsDNA/AIE-
gens-Q in the presence of activated Casl2 protein using gel electro-
phoresis. The results in Supplementary Fig. 13 demonstrated that the
ssDNA component was completely cleaved by activated Casl2 protein,
whereas the dsDNA segment remained intact even after trans-clea-
vage, which is crucial for achieving enhanced AIE fluorescence signal
output. We then measured the concentration of synthetic DNA by
incorporating Q-dsDNA/AIEgens and Q-dsDNA/AIEgens-Q into Crispr/
Casl2-based reaction. With the optimized assay design, the LOD of
CrisprAlE based on Q-dsDNA/AIEgen reporters was 0.37 pM of syn-
thetic DNA (Fig. 2k). With the use of Q-dsDNA/AIEgen-Q reporters, this
value can be further reduced to 0.18 pM, which is about 80 folds lower
than that of conventional Q-ssDNA-FAM-based Crispr-Dx (Fig. 2I). This
dramatically reduced LOD is superior or comparable with those of
other reported amplification-free Crispr/Cas strategies involving
electrochemical® and nanozyme-catalyzed readout®. We speculated
that the high sensitivity of CrisprAIE may be due to the increased signal
output capacity caused by loading additional AlEgens onto dsDNA,
enhanced AIE fluorescence by dsDNA-caused efficient intramolecular
motion restriction, large Stokes shift, high extinction coefficient, “one
to more” signal amplification, and superior S/N ratio (Fig. 2a and
Supplementary Fig. 14). Subsequently, we evaluated the long-stem
storage stability and repeatability of our CrisprAIE over 21 consecutive
days by freeze-drying the Q-dsDNA/AIEgen-Q reporter. Supplementary
Fig. 15 indicates that the developed AlEgen reporter maintains excel-
lent stability and reproducibility under lyophilized conditions, show-
ing compatibility with the current freeze-dried CRISPR reagent. Two
other AlEgens with excellent binding ability to DNA strands, namely,
TPE-10H and TPA-10H*' (Supplementary Figs. 16-22), were introduced
to replace TPBT for constructing CrisprAIE to broaden the optional
ability of AlEgen toolbox. Supplementary Figs. 23, 24 verify the ver-
satility and feasibility of CrisprAlE for the detection of synthetic DNA
targets with acceptable analytical performance. This optimized Q-
dsDNA/AIEgens-Q reporter was used in the following experiments
unless otherwise indicated.

RNA quantification using CrisprAIE combined with RT-RPA

The improvement in the detection performance of CrisprAIE encour-
aged us to investigate its real-world application. For the sensitive
detection and quantification of target RNA, we first combined the Q-
dsDNA/AIEgen-Q lighting-up fluorescence reporting strategy with
Crispr/Casl2-based viral RNA detection. This assay design performs

simultaneous reverse transcription and isothermal amplification using
recombinase polymerase amplification (RT-RPA) for the RNA extrac-
ted from actual samples, such as vomitus or nasopharyngeal swabs, in
universal transport medium, followed by the Casl2 detection of target
RNA sequences. The cleavage of an AlEgen reporter verifies the pre-
sence of the virus. If the target RNA is present in the reaction system,
then the Casl2a/crRNA binary complex forms a ternary complex with
the reverse-transcribed amplicons, which then trans-cleave non-
targeted ssDNA linker in the Q-dsDNA/AIEgens-Q to light up AlEgen
fluorescence. With this design concept, we developed a single-tube
isothermal CrisprAIE assay for the rapid and accurate detection of
target RNA (Fig. 3a). As a proof of concept for potential applications,
we first applied this CrisprAlE assay for the detection of norovirus from
clinical vomit RNA extracts. The primers targeting the ORF2 gene of
norovirus and the crRNA sequence were designed as summarized in
Supplementary Table 2. To obtain the best analytical performance, we
optimized the detection conditions of norovirus ORF2 gene by Cris-
prAlE assay, including RT-RPA reaction at 37 °C for 15 min and Casl2
detection reaction at 37 °C for 15 min. Figure 3b displays that only the
combination of target RNA and RPA can obtain fluorescence signal
response, confirming the validity and feasibility of this CrisprAIE sys-
tem. A series of ORF2 gene templates with concentrations ranging
from 10 to 10* aM were determined, and 1 aM of the target gene was
successfully detected (Fig. 3c). The same gene templates were simul-
taneously detected by the Q-ssDNA-FAM-based Cas detection and
agarose gel electrophoresis. The LOD values for both methods were
100 and 10 aM of the gene template (Fig. 3d and Supplementary
Fig. 25), indicating that the developed CrisprAIE assay had better
detection efficiency than traditional Crispr-Dx and agarose gel elec-
trophoresis. The clinical practicability and reliability of this CrisprAIE
assay was further compared with that of a well-approved RT-qPCR
method for the detection of clinical vomit samples of patients infected
with norovirus. Fifteen clinical vomitus samples collected from Jiangxi
Provincial Center for Disease Control and Prevention (China) were
tested. As shown in Figs. 3e, 9 and 6 samples were detected as nor-
ovirus positive and negative, respectively, which is completely con-
sistent with the detection results obtained by RT-qPCR (Fig. 3f,
Supplementary Fig. 26 and Supplementary Table 3). Neither of the two
methods showed false-positive and false-negative results. Further
analysis of the area under the curve (AUC) of receiver operating
characteristic (ROC) curve indicated that CrisprAlE obtained 100% (9
out of 9) positive predictive agreement and 100% (6 out of 6) negative
predictive agreement relative to the RT-qPCR results (Fig. 3g).
CrisprAlE was then extended for the quantification of SARS-CoV-2
RNA to evaluate its versatility in detecting different target RNAs. SARS-
CoV-2 pseudovirus with the same virus structure but no infectivity was
selected as a standard in this experiment. The primers targeting the N
gene of SARS-CoV-2 and the corresponding crRNA sequence are listed
in Supplementary Table 2. Prior to CrisprAlE detection, the viral RNA
was first extracted and amplified by RT-RPA, and its amplification
products were verified by agarose gel electrophoresis (Supplementary
Fig. 27). We then combined RT-RPA with CrisprAIE assay to detect
SARS-CoV-2 pseudovirus in a single-tube reaction system. Under the
optimal conditions, the LOD of the developed CrisprAIE detection
method was as low as 1 copy/pL (Fig. 4a). To evaluate the specificity of
the established CrisprAIE assay for SARS-CoV-2 RNA detection, we
performed synthetic DNA template detection for other four cor-
onaviruses and human respiratory virus, namely, SARS-CoV, MERS-
CoV, bat-SL-CoVZ(C45, and hCoV-229E, by using our CrisprAIE system
corresponding to N gene detection. The results showed that only the
presence of SARS-CoV-2 DNA template could result in significantly
increased fluorescence response. The other interfering gene templates
exhibited negligible signal response relative to the control group,
suggesting the excellent specificity of the assay for all the tested cor-
onavirus (Fig. 4b). The clinical detection performance of this CrisprAIE
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Fig. 3 | Combination of RT-RPA and CrisprAlIE detects norovirus RNA up to
attomolar concentration. a Schematic of using CrisprAIE assay combined RT-RPA
system for norovirus detection, comprising sample RNA extraction, RT-RPA
amplification, target activated Cas12a/crRNA trans-cleavage, and fluorescence
measurement. b Validation of Q-dsDNA/AIEgen-Q reporters integrated with RT-RPA
and Crispr system. Here, Q-dsDNA/AIEgen-Q reporters (group 1) were mixed with
other key components needed for RT-RPA and Crispr system (group 2: mixed with
RT-RPA reagent; group 3: mixed with Cas12a/crRNA; group 4: mixed with 10 pM
targets; group 5: mixed with RT-RPA reagent and Casl2a/crRNA; group 6: mixed
with 10 pM targets and RT-RPA reagent; group 7: mixed with 10 pM targets and
Casl2a/crRNA; group 8: mixed with 10 pM targets, RT-RPA reagent and Cas12a/
crRNA). Relative fluorescence intensity obtain from the analysis of ORF2 gene via
RT-RPA integrated Crispr assay based on Q-dsDNA/AIEgens-Q reporters (c) and Q-

Clinical samples

1-Specificity

ssDNA-FAM reporters (d). e Relative fluorescence intensity obtained from RT-RPA
integrated CrisprAlE for detecting 15 clinical samples. Samples No. 1-9 represent
the positive samples (highlighted in red), while samples No. 10-15 correspond to
the negative samples (highlighted in green) as tested by RT-qPCR. f Comparison of
test results of RT-qPCR and our developed CrisprAlE assay for 15 clinical samples.
Negative samples are highlighted in green, and positive samples are highlighted in
red. CrisprAlIE assay heatmap represents normalized mean fluorescence values.

g ROC curve analysis between the results of CrisprAIE and RT-qPCR, indicating the
detection accuracy in clinical applications. Data are mean +s.d.; n =3 repeated
tests. Two-tailed P values were calculated using unpaired t-tests: *P < 0.05;
*P<0.01; **P<0.001 and ***P <0.0001; NS, not significant, compared with the
group 1in (b) or nontemplate control (NTC).

system was validated by conducting an assay of SARS-CoV-2 N gene in
75 clinical nasopharyngeal swab samples, which were synchronously
identified by the standard RT-qPCR. As recommended by the RT-qPCR
kit and the results of RT-qPCR in Supplementary Fig. 28, when ana-
lyzing clinical unknown nasopharyngeal swab samples, C, values less
than or equal to 38 are considered as SARS-CoV-2 positive, C, values
between 38 and 40 indicate suspiciously or weakly positive, and C,
values more than 40 are judged as negative. The relative fluorescence
intensities for N gene detection with the CrisprAlE assay are shown in
Fig. 4c. The SARS-CoV-2-positive and -negative samples were dis-
tinguished according to the cut-off value, that is, the mean plus
threefold standard deviations of the nontemplate control. As indicated
in Supplementary Fig. 29 and Supplementary Table 4, the C, obtained
by RT-qPCR showed that 50 out of 75 tested samples tested SARS-CoV-
2 positive, 10 samples were suspiciously positive, and 15 samples were

negative. Compared with RT-qPCR, our CrisprAIE accurately identified
30 samples with C, values below 35, demonstrating 100% sensitivity
(Fig. 4c and Supplementary Table 4). Significantly, out of 20 samples
with C, values ranging from 35 to 38, our method successfully detected
18 SARS-CoV-2 positive samples, achieving 90% sensitivity (18 out of
20), showcasing its reliability in detecting clinical samples with low
viral loads. Furthermore, the proposed CrisprAlE achieved 96% (48 out
of 50) and 88% (53 out of 60) sensitivity for samples with C; values less
than or equal to 38 and 40 for the analysis of the N gene, respectively
(Fig. 4d). Notably, among 10 suspected samples with C; values between
38 and 40, 5 tested positive and 5 were negative according to our
CrisprAlE. All 15 SARS-CoV-2 negative samples with C values more than
40 were accurately identified as negative by our method. These find-
ings indicate that the developed CrisprAlE assay exhibits sensitivity
comparable to that of the standard RT-qPCR assay, which not only
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Fig. 4 | Combination of RT-RPA and CrisprAIE detects SARS-CoV-2 RNA to
single copy level. a Evaluation of the sensitivity of our developed method to detect
SARS-CoV-2 pseudovirus with different copies of N gene. b Specificity of our
developed method in the analysis of SARS-CoV-2 RNA against other coronaviruses
and human respiratory virus, including SARS-CoV, MERS-CoV, bat-SL-CoVZ(C45,
and hCoV-229E. Two-tailed P values were calculated using unpaired t-tests:

***+p < (0.0001; NS, not significant, compared with b-6. c Relative fluorescence

intensity obtained from our developed method for detecting 75 clinical samples,
where positive and negative CrisprAlE test results are marked in green and red,
respectively. d Sensitivity of the CrisprAlE technique was evaluated using clinically
approved RT-qPCR kits based on the measured C, values. e ROC curve analysis
between the results of CrisprAIE and RT-qPCR. Data are mean+s.d.; n=3
repeated tests.

facilitates the detection of clinical samples with high viral loads but
also reliably identifies low-concentration samples with C, values ran-
ging from 35 to 40. Using a C, value of 38 as the judgment criterion, the
ROC curve of our CrisprAIE method showed an AUC of 0.969 for the
SARS-CoV-2 N gene (Fig. 4e), showcasing its great potential for RNA
quantification in actual clinical samples.

Improved sensitivity and stability of CrisprAIE using AIEgens-
assisted SNA reporters

Despite the clinical success of our CrisprAlE, its signal generation still
relies on the trans-cleavage activity on the ssDNA linker of the com-
posite linear DNA Q-dsDNA/AIEgen-Q substrates. Compared with tra-
ditional Q-ssDNA-FAM reporters, the constructed Q-dsDNA/AIEgen-Q
probes had higher stability and better detection efficiency in complex
biological samples. However, these probes still carry the risk of
nuclease degradation in the linear ssDNA linker in biological fluids,
such as serum, leading to a false positive signal. Therefore, the possi-
bility of improving the stability and sensitivity of CrisprAlE in complex
biological samples must be further explored. Integrating with nano-
particles is an important way to improve the stability and sensitivity of
linear nucleic acid probes®. Spherical nucleic acids (SNAs) combine
the advantages of nucleic acid probes and the excellent properties of
nanoparticles, including excellent nuclease resistance, efficient fluor-
escence quench effect, adjustable detection sensitivity, and response
range, and thus have been widely applied to enhance molecular
diagnostics® . Coupling Crispr/Cas and AlEgen-assisted SNA (SNA/
AlEgen) reporters may provide a paradigm for the development of
CrisprAlE with strong stability and high sensitivity. On this basis, we
first constructed an SNA/AIEgen reporter (Fig. 5a) consisting of a core-
shell nanoquencher (Fe;04@Au/PDA, Supplementary Fig. 30) with the
surface modification of TPBT-loaded sulfhydryl dsDNA via the Michael

addition (Supplementary Fig. 31). Owing to the wide absorption of
Fe;0,@Au/PDA in the 300-800 nm range that overlaps perfectly with
the excitation and emission of TPBT molecules (Supplementary
Fig. 30d), the fluorescence of the obtained SNA/AIEgen probes can be
effectively quenched by the fluorescence resonance energy transfer
effect. To enable the SNA/AIEgens to be degraded or cleaved by S1
nuclease and Cas nuclease, we introduced an ssDNA part (TTATTT-
TATT) as a linker to couple the dsDNA onto the surface of Fe;0,@Au/
PDA. The successful synthesis and characterization of the SNA/AIEgen
probe were verified by zeta potential, dynamic light scattering mea-
surement, and Fourier transform infrared spectroscopy (Supplemen-
tary Figs. 31, 32). Prior to the development of CrisprAlE, we
investigated the effect of the dsDNA length coated on the surface of
Fe304@Au/PDA because of its close association with AlEgen loading
and fluorescence quenching efficiency. As shown in Supplementary
Fig. 33, the labeling numbers of SH-dsDNA;y,, SH-dsDNA,,, SH-
dsDNA3o, and SH-dsDNAy, on individual Fe;04,@Au/PDA were calcu-
lated as 733, 650, 629, and 607, respectively. The binding TPBT num-
bers on SH-dsDNA;g, SH-dsDNA,, SH-dsDNAs(, and SH-dsDNA, were
8.3,15.3,23.7, and 32.7, respectively (Supplementary Fig. 34). Thus, we
successfully achieved the controlled regulation of the SNA/AIEgen
probe by altering the dsDNA length. The binding TPBT numbers of the
obtained four SNA/AIEgen probes were -6084, 9945, 14907, and
19848, respectively, indicating that AlEgen loading gradually increased
with the dsDNA length. Nonetheless, the SNA/AIEgen probes with the
highest S/N ratio were obtained with the desired combination of SH-
dsDNA3o and 2.5puM of TPBT (Supplementary Fig. 35). We then
incorporated the constructed SNA/AIEgen reporter into a Crispr/
Casl2a detection system for the detection of synthetic DNA targets
(Fig. 5b, c). The LOD of the improved CrisprAIE based on SNA/AIEgen
reporters was as low as 55.7 fM, exhibiting about 3.3- and 270-fold
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sensitivity among all the AlEgen-enhanced reporter-based CrisprAIE and conven-
tional FQ reporter-based Crispr-Dx in this study. S/N in the detection of 100 pM
target: Norovirus ORF2 gene synthetic targets spiked into reaction buffer or 8%

vomitus (i); SARS-CoV-2 N gene synthetic targets spiked into reaction buffer, throat
swab or 8% saliva (j); Ebola (k), HPV-16 L1 gene (I), HPV-18 L1 gene (m), and MPXV
B6R gene (n) synthetic DNA targets spiked into reaction buffer or 2.5% serum. Data
are mean ts.d.; n=3 repeated tests. Two-tailed P values were calculated using
unpaired t-tests: *P< 0.05; **P < 0.01; **P<0.001 and ***P < 0.0001; ns, not sig-
nificant, compared with buffer only, respectively.
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improvement in detection sensitivity compared with Crispr-Dx using
Q-dsDNA/AIEgen-Q and Q-ssDNA-FAM reporters, respectively (Fig. 5¢).
Compared with the Q-dsDNA/AIEgen-Q and Q-ssDNA-FAM reporter
probes, the SNA/AIEgen reporter showed significantly enhanced sta-
bility and detection accuracy even in the presence of 5 U mL" DNase |
and 100% fetal bovine serum (FBS), indicating the excellent stability of
SNA/AIEgens in complex biological systems (Fig. 5d-g). We further
compared the amplification-free detection sensitivity of Crispr-Dx
based on five different reporting probes. Figure Sh demonstrates that
the sensitivity of Crispr-Dx improved significantly with the evolution of
signal reporters. To better evaluate the real-world application of the
SNA/AlEgen-enhanced CrisprAlE, we used it to detect a variety of
clinically relevant nucleic acid targets, including norovirus, SARS-CoV-
2, Ebola virus, HPV-16, HPV-18, and monkeypox virus (MPXV). For
comparison, Crispr/Casl2a detection using Q-dsDNA/AIEgens-Q and
Q-ssDNA-FAM as signal reporters was simultaneously conducted. To
simulate the direct detection of nucleic acid targets from a clinically
complex sample matrix, we added these synthetic DNA targets to the
corresponding biological sample types comprising background
nucleic acids. Prior to CrisprAIE detection, the biological fluid samples
were treated with the previously reported HUDSON method, which
can simulate viral particles releasing DNA or RNA and eliminate
nuclease activity from the samples®. As revealed in Fig. 5i-n, the
CrisprAlE assay based on Q-dsDNA/AIEgen-Q and SNA/AIEgen repor-
ters exhibited significantly increased signal response in detecting all
the gene targets in the buffer alone and in the biological specimens,
such as 8% vomitus, throat swab, 8% saliva, or 2.5% serum, compared
with traditional Q-ssDNA-FAM. No significant difference in signal
response was observed in measuring the targets in buffer solutions
and real samples when SNA/AIEgens were used as CrisprAIE reporters,
indicating their negligible matrix interference. These findings proved
that our proposed CrisprAlE exhibited superior robustness in detect-
ing nucleic acid targets in complex biological fluid samples, implying
its broad application prospects in field-deployable viral diagnostics by
detecting various genetic targets.

In addition to the above-mentioned amplification-free Crispr
system, we explored the compatibility of spherical SNA/AIEgen probes
with amplification-based Crispr systems. As illustrated in Supplemen-
tary Fig. 36a, we integrated the SNA@AIEgen reporter into
amplification-based Crispr systems to detect SARS-CoV-2 pseudovirus
with concentrations ranging from O to 1000 copies/uL. Supplementary
Fig. 36b shows that the developed CrisprAlE, combined with RT-RPA
and SNA@AIEgen reporters, effectively detects virus concentrations as
low as 0.1 copies/uL, representing a tenfold enhancement in sensitivity
compared to the LOD of 1 copy/uL achieved by CrisprAIE combined
with RT-RPA and Q-dsDNA/AIEgen-Q reporters. Furthermore, to eval-
uate the repeatability and reproducibility of our spherical SNA@AIE-
gen probes, we conducted additional experiments. Initially, we
performed repeated detections of SARS-CoV-2 pseudovirus at a con-
centration of 1 copy/uL in quintuplicate on the same day. The results in
Supplementary Fig. 36¢c showed negligible changes in fluorescent
signal response among the five replicates. Moreover, we synthesized
three different batches of SNA@AIEgen probes (Supplementary
Fig. 36d) and utilized them to detect 1 copy/uL of SARS-CoV-2 pseu-
dovirus. The results in Supplementary Fig. 36e indicated consistent
fluorescence signal responses across the three different batches of
probes. These findings indicated the satisfactory reproducibility and
repeatability of the SNA@AIEgen-combined CrisprAlE for quantifying
SARS-CoV-2 pseudovirus.

Expanding CrisprAlE for the direct detection of target RNA

The above results demonstrated that the coupling of DNA-enhanced
AlEgen lighting-up readout with Crispr/Casl2a-assisted ssDNA clea-
vage reaction is promising for the detection of genetic targets con-
taining DNA and RNA targets when integrated with the isothermal

amplification of RPA or RT-RPA. However, Casl2a can only specifically
recognize DNA. Thus, the direct detection of RNA virus using Casl2a
usually requires a reverse transcription of RNA into DNA. By contrast,
Casl3 can specifically recognize RNA and thus simplify its reverse
transcription. Compared with Casl2a enzymes involving the trans-
cleavage of nontargeted ssDNA, the collateral activity of Casl3
enzymes involves the trans-cleavage of nontargeted single-stranded
RNA (ssRNA). Thus, to extend the DNA-enhanced AlEgen lighting-up
readout into Crispr/Cas13-driven ssRNA cleavage reaction, we further
developed a Casl3a-based CrisprAIE assay using an ssRNA linker
(T*A*rArUG*C*) as an alternative to an ssDNA linker (TTATT) in the Q-
dsDNA/AIEgen-Q and SNA/AIEgen reporters for Casl3a trans-cleavage
(Fig. 6a-c). For comparison, conventional Q-ssRNA-FAM reporters
were commercially synthesized. To further evaluate their detection
performance, a series of RNA targets at different concentrations ran-
ging from O to 10 nM was prepared and analyzed using these three
Crispr-Dx methods. Figure 6d shows that the Crispr-Dx based on Q-
ssRNA-FAM reporters can only detect RNA targets at the 1pM level
without amplification. Meanwhile, the CrisprAIE assay can sensitively
respond to 100 and 10 fM RNA targets when using Q-dsDNA/AIEgens-Q
and SNA/AIEgens as signal probes, respectively (Fig. 6e, f). Our results
indicated that the CrisprAlE based on Q-dsDNA/AIEgen-Q and SNA/
AlEgen reporters provide 10- and 100-fold increased detection sensi-
tivity relative to the conventional Q-ssRNA-FAM-based Crispr-Dx. We
further employed the developed CrisprAIE assay based on Casl3
nuclease for the direct detection of three synthetic RNA targets,
namely, norovirus, SARS-CoV-2, and Ebola virus, in their respective
diagnostic samples. The synthesized RNA targets against norovirus,
SARS-CoV-2, and Ebola virus were detected in target-activated col-
lateral cleavage reactions containing 8% vomitus, throat swad, 8%
saliva, or 2.5% serum (Fig. 6g-i). The CrisprAlE using Q-dsDNA/AIEgen-
Q and SNA/AIEgen reporters demonstrated significantly increased
signals relative to the control Q-ssRNA-FAM reporter even in complex
biological fluid samples. We also found that the SNA/AIEgen reporter
showed better resistance to sample matrix interference than the Q-
dsDNA/AIEgen-Q and Q-ssRNA-FAM reporters, indicating the excellent
robustness and on-site diagnostic potential of the SNA/AIEgen repor-
ter for detecting RNA targets in samples containing biological fluids.

Adapting CrisprAlIE for POC testing

The above results demonstrated that the developed CrisprAIE tech-
nology had significantly improved detection sensitivity compared with
traditional Crispr-Dx. In addition, the CrisprAlE assay did not sig-
nificantly increase the complexity of the testing procedure. These
features make our single-tube isothermal CrisprAlE assay suitable for
POC testing applications. In this regard, we developed a portable
cellphone-based CrisprAlE assay platform using a cellphone-assisted
CrisprAlE fluorescence readout device to output the detection signal.
The prototype of this CrisprAlE device was assembled from 3D-printed
main body parts (e.g., brackets and shells), an optical system, and an
electrical circuit system. Its core components and optical paths are
shown in Fig. 7a. In the optical system, two 450 nm LED illuminators
were used as the fluorescence excitation module, and an imaging
camera covered an optical filter (650 + 20 nm) was fitted to the lateral
position directly above the test tube to output visual photos. In the
electrical circuit system, a 3.7V battery was used to power the LED
light. The type-C port on the bottom of the device directly transmits
the captured fluorescent images to the cellphone side for measuring
the gray value and report the test results. The CrisprAlE test can be run
in about 30 min and displayed on the cellphone (Fig. 7b). This inte-
grated CrisprAlE system was designed to use a straightforward work-
flow, in which a sample was added in a tube prefilled with RPA reagents
capped with a tube cap prefilled with CrisprAlE reagents and heated at
37 °C for 15 min. The tube was shaken to mix the RPA and CrisprAIE
components and then incubated at 37 °C for another 15 min. After the
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Fig. 6 | Expanding CrisprAlIE for the direct detection of target RNA in complex
samples. Schematic of Crispr/Casl3a based on three fluorescent reporters, namely,
conventional Q-ssRNA-FAM reporters (a), Q-dsDNA/AIEgen-Q reporters (b), and

SNA/AIEgen reporters (c). Detection curves of different concentrations of synthetic
RNA targets by Crispr-Dx based on Q-ssRNA-FAM (d), Q-dsDNA/AIEgen-Q (e), and
SNA/AIEgen (f) reporters. Background-subtracted fluorescence in the detection of
1pM synthetic RNA targets: Norovirus ORF2 gene synthetic RNA targets spiked into

reaction buffer or 8% vomitus (g); SARS-CoV-2 N gene synthetic RNA targets spiked
into reaction buffer, throat swab or 8% saliva (h); Ebola synthetic RNA targets
spiked into reaction buffer, or 2.5% serum (i). Data are mean +s.d.; n =3 repeated
tests. Two-tailed P values were calculated using unpaired t-tests: *P < 0.05;

*P < 0.01; **P < 0.001 and ***P < 0.0001; ns, not significant, compared with buffer
only, respectively.

CrisprAlE test, the tube was placed in the sample tanks. The TEST
button of the APP was clicked, and the result was automatically
reported on the display interface of cellphone. To investigate the
feasibility and reliability of our CrisprAlE for POC testing, we assessed
the POC prototype for our isothermal CrisprAIE reaction and com-
pared it with the commercial Multiskan GO multimode reader. In this
case, the cellphone-based CrisprAlE device was applied to detect three
different synthetic RNA targets against norovirus, SARS-CoV-2, and
Ebola virus with concentration gradients ranging from 10 to 10"°M as
shown in Fig. 7d-f. The findings suggested that the cellphone-based
CrisprAlE assay achieved comparable analytical performances in terms
of detection sensitivity (LOD: 1 fM) and dynamic detection range
(1-10°fM) for the three target RNAs compared with the commercial
multimode reader. A correlation analysis was conducted on the
detected concentrations obtained by the cellphone-based CrisprAIE
assay and the multimode reader-based CrisprAlE assay. Figure 7g-j

suggests highly linear correlations between the two assay modes,
confirming the practicability and reliability of our cellphone-based
CrisprAlE assay for POC diagnostics.

Discussion

The outbreak of emerging infectious diseases, such as COVID-19,
urgently requires fast, sensitive, and reliable diagnostic technologies,
especially those that can be used in the field. In this regard, Crispr/Cas
nucleases are attractive tools for field-deployable diagnostic applica-
tions due to their high programmability and ability to directly detect
viral nucleic acid sequences. However, the sensitivity and speed of
Crispr/Cas-based diagnostic methods must be further improved to
enable their extensive use as diagnostics. In this study, we report the
development of an improved Crispr/Cas-based diagnostic assay,
named CrisprAlE, to sensitively detect nucleic acid targets by inte-
grating DNA-enhanced AlEgen lighting-up fluorescent signal readout.
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Compared with conventional Crispr-Dx assay using single-stranded
nucleic acid-based fluorescence probes, the reported CrisprAIE assay
possessed the advantages of higher detection sensitivity and stronger
stability in complex biofluid samples. Under optimized conditions, our
CrisprAlE method can detect DNA and RNA targets at levels as low as
femtomolar concentrations without amplification and exhibits at least
80-fold enhancement in sensitivity than traditional Crispr-Dx assay.

GO reader RNA load (M)

GO reader RNA load (M)

This LOD of our CrisprAlE was lower than that of previously reported
amplification-free Crispr-Dx detection techniques™*****! (Fig. 8a and
Supplementary Table 5). The combination with isothermal amplifica-
tion, such as RPA or RT-RPA, can further increase the sensitivity to LOD
of attomolar concentrations within 35 min from raw sample to result;
this performance is comparable with or even better than that of cur-
rently available amplification-enhanced Crispr-Dx methods'* >
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Fig. 7 | Portable device adapting CrisprAIE for POC testing. a Schematic of a
portable reading device, including an optical system and an electrical circuit sys-
tem. b Minimum equipment needed to run the protocol, including heat blocks
(37 °C), portable reading device, and cellphone with type-C data cable. The mate-
rials include RPA kit, Crispr-related reagent, and pipettes and tips. ¢ Workflow of
CrisprAlE test. After 30 min of RPA and Crispr reaction, the tube is placed into the
sample tanks. The portable device captures the tube image and transmits it to the
cellphone through a type-C data cable. The APP (CrisprAlE Detector) processes and

analyzes the grayscale value of the image to obtain a detection report. Standard
curve of the CrisprAlE testing read by the cellphone device, including norovirus (d),
SARS-CoV-2 (e), and Ebola virus (f). Data are mean *s.d.; n =3 repeated tests.

g CrisprAlIE analysis of RNA load distributions in paired synthetic RNA-spiked
samples with different concentrations from 10™ to 10°M by the cellphone and
Multiskan GO multimode reader. h-j Correlation of results of cellphone and GO
plate reader, indicating the linear regression line (solid line) and the limits of its 95%
CI (shadow). Data show 3 repeated tests.
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Fig. 8 | Comparison between CrisprAlIE (this work) and reported Crispr-Dx with
or without amplification. a Comparison of sample-to-result time and detection
sensitivity between amplification-free CrisprAIE based on Q-dsDNA/AlEgens-Q and
SNA/AIEgen reporters with reported Crispr-Dx. b Comparison of sample-to-result
time and detection sensitivity between amplification-assisted CrisprAlE based on Q-
dsDNA/AIEgen-Q reporters with reported Crispr-Dx.

(Fig. 8b and Supplementary Table 5). In summary, we believe that
CrisprAlE realized the amplification-free quantification of target
sequences, and its combination with nucleic acid amplification tech-
niques can accelerate the ultrasensitive quantitative assay of trace
targets in the attomolar range.

To avoid the contamination risk of multiple specimen-transfer
steps, we tried to introduce the single-tube Crispr diagnostic strategy
for field implementation through the simple spatial isolation of iso-
thermal amplification reagents and Crispr/Cas reagents. This strategy
can also effectively eliminate the uncapped operation and save assay
time. Despite the successful development, this approach was incon-
venient and compromised the efficiency of Crispr/Cas. Fortunately,
recent advances in the one-pot Crispr diagnostic assay can further
promote the adoption of CrisprAIE for POC applications®. For exam-
ple, the use of a photocontrolled Crispr method and suboptimal pro-
tospacer adjacent motifs for Casl2a with all components added to a
closed system in one-pot assay improved the detection efficiency of
Crispr diagnostic method with high sensitivity and fast speed***2,

We successfully demonstrated the viability of CrisprAIE on Casl2a
and Casl3. With the development of biotechnology, the number of
Crispr/Cas systems are expanding rapidly. Various Crispr/Cas systems,
such as Cas9 and Casl4a, are being explored for the development of
Crispr diagnostic methods. Further investigation on the compatibility
of these Crispr/Cas systems with AlEgen lighting-up fluorescent signal
readout will help broaden the variety and application range of Cris-
prAlE. Given that CrisprAlE is independent of gRNA or crRNA design
and specific Crispr/Cas enzyme, it can be widely used to amplify all
existing Crispr-Dx assays that rely on the collateral cleavage of single-
stranded nucleic acid reporters, including the well-known SHERLOCK,
DETECTOR, and HOLMES. In addition, the possible application of
CrisprAlE for the sensitive and accurate quantitative detection of
nonnucleic acid targets is worthy of further exploration.

The stability of fluorescent reporting probes in complex biologi-
cal systems is crucial for accurate Crispr/Cas detection. The widely
used linear oligonucleotide reporters for Crispr/Cas usually run the
risk of being degraded by nucleases in biological samples, resulting in
false-positive signals. Compared with such oligonucleotide reporters,
our designed Q-dsDNA/AlEgens-Q reporter provided better signal

response with higher S/N ratio in the complex sample matrix. Never-
theless, the improvement in CrisprAIE’s sensitivity and stability by the
Q-dsDNA/AIEgens-Q reporter remains limited. Thus, to further
enhance the biological stability of our CrisprAlE, we adopted the SNA
strategy to improve the stability of AlEgen-modified nucleic acid
reporters and generate a sensitive and stable fluorescent signal output
for CrisprAlE development. Figures 5-6 validate that the SNA/AIEgen
signal reporter greatly improved the biostability and resistance to
background interference in complex systems. In addition, the Cris-
prAIE constructed using SNA/AIEgen reporters offered 3.3- and 270-
fold increases in detection sensitivity relevant to dsDNA/AIEgens-Q
and conventional oligonucleotide reporters. With these character-
istics, we can envision the SNA/AlIEgens-based CrisprAIE enabling
sensitive, accurate, and stable biodetection in complex systems.

The introduction of DNA-enhanced AlEgen lighting-up fluor-
escent signal readout is of great significance to improve the sensitivity
of Crispr/Cas detection. The clinical diagnostic efficiency and accuracy
of our reported CrisprAIE system was well demonstrated. To extend its
use in POC testing and commercial setting, we demonstrated the
successful construction of a portable cellphone-assisted CrisprAIE
fluorescence readout device. The analytical performance of our Cris-
prAIE prototype cellphone device was comparable with that of the
commercial multimode fluorescence microplate reader in detecting
different synthetic RNA targets on the Crispr/Casl3 platform, indicat-
ing the huge potential for the widespread use of our cellphone-assisted
CrisprAlE platform in screening and diagnostics in the field and even
at home.

While our proposed AlEgen probes offer numerous advantages,
including “one to more” signal output, label-free loading of AlEgens
onto dsDNA, large Stokes shifts, excellent photostability, high signal-
to-noise ratio, and minimal background interference, they also exhibit
certain limitations when compared to conventional FQ-based DNA
probes. Unlike traditional FQ-based reporters, our AlEgen-loaded DNA
reporters are prepared through the non-covalent binding of cationic
AlEgens and negatively charged DNA strands via electrostatic
adsorption, hydrophobic action, and van der Waals forces. This feature
renders our AlEgen probes more susceptible to interference from
complex sample matrices. Additionally, the proposed AlEgen probes
cannot be directly applied to viral lysis amplification detection meth-
ods; instead, nucleic acid extraction is required. Moreover, our Cris-
prAlIE method is not yet field-deployable and still necessitates several
sample-processing steps, along with temperature control for the sto-
rage of reagents and the amplification process. Despite these limita-
tions, ongoing research efforts continue to address these challenges
and optimize AlEgen probes for various diagnostic applications. By
carefully considering the specific requirements of each assay and
leveraging the unique properties of AlEgen probes, it is possible to
overcome these limitations and harness their full potential in advan-
cing molecular diagnostics.

In conclusion, this work is the first to report the AlEgen-enhanced
Crispr-Dx assay for the sensitive and accurate detection of nucleic acid
targets and demonstrates its application potential in infectious disease
diagnosis. Our CrisprAlE can be further improved by applying the
recent achievements in Crispr/Cas-related elements, such as Cas
nuclease evolution, crRNA structure optimization, amplification pri-
mer screening, and reaction system optimization (e.g., ions, pH, and
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component concentrations), and in signal reporter systems, such as
AlEgens with high quantum yield, microfluidics, and digital reading
device.

Methods

Materials

Analytical-grade organic solvents, such as methanol (cat. no.
10014118), ethanol (cat. no. 100091192), dimethyl sulfoxide (DMSO)
(cat. no. 30072418), and acetonitrile (cat. no. 80000618), were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
The sequence information for all synthesized DNA or RNA, synthetic
targets, RPA primers, Casl2a-crRNA, Casl3-crRNA, and fluorescent
reporters used in this work are shown in Supplementary Tables 1, 2.
The SARS-CoV-2 N gene sequence was synthesized by Tsingke Bio-
technology Co., Ltd. (Beijing, China). The DNA oligomers used for
constructing the reporter strand, norovirus ORF2 gene sequence,
Ebola gene sequence, HPV-16 L1 gene sequence, HPV-18 L1 gene
sequence, MPXV B6R gene sequence, and primers were synthesized by
Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China). SI nuclease
(cat. no. EN0321), gel loading buffer (cat. no. 10816015), and agarose
(cat. no. R0492) were purchased from Thermo Fisher Scientific Inc.
(Waltham, MA). EnGen LbaCasl2a (Cpfl, cat. no. M0653T) and NEB-
uffer 2.1 (cat. no. B6002S) were obtained from New England BioLabs
(Ipswich, MA). The lyophilized TwistAmp® Basic kit (product code:
TABASO3KIT) comprising the Core Reaction Mix of recombinase,
single-stranded binding protein, and strand-displacing polymerase,
was acquired from TwistDx™ Limited (Cambridge, UK, cat. no.
TABASO3KIT). SARS-CoV-2 pseudovirus (cat. no. BDS-BW-118) was
provided by Guangzhou BDS Biological Technology Co., Ltd.
(Guangzhou, China). Express RNA rapid extraction kit (cat. no. NR202)
was purchased from GenDx Biotech Co., Ltd. (Suzhou, China). DNA gel
extraction kit (cat. no. B110092-0050) was obtained from Sangon
Biotech (Shanghai) Co., Ltd. (Shanghai, China).

Buffer solutions

Nuclease-free ultrapure distilled water (UPDW, Invitrogen) was used in
all experiments. All buffers were prepared in RNase-free conditions.
The phosphate buffer saline (PBS) was 0.01 M phosphate buffer in a
0.8% w/v saline solution, pH 7.5. The 10X NEBuffer 2.1 contained
100 mM Tris-HCI, 500 mM NacCl, 100 mM MgCl,, pH 7.9. The Tris-HCI
buffer comprised 0.05M Tris-HCI in RNase-free ultrapure distilled
water, pH 8.5. The Tris-NaCl buffer was 50 mM Tris-HCI, 100 mM
NaCl, pH 8.5.

Molecular docking of AlEgens with dsDNA using DOCK 6.9
First, the 3D structures of dsDNA (receptor) were obtained from Xiao
Lab (http://biophy.hust.edu.cn/new/), and the molecular structures of
AlEgens (ligand) were obtained with ChemDraw 20.0. The binding
mode and interaction of nucleic acid (dsDNA) with small molecular
AlEgens were performed using DOCK 6.9 program by YINFO TECH-
NOLOGY (https://cloud.yinfotek.com/console/). The docking score of
DOCK 6.9 is expressed as grid score. In general, the smaller the grid
score, the stronger the binding force. Grid vdw and Grid es represent
the contribution of van der Waals force (nonpolar interaction) and
electrostatic force (polar interaction), respectively. Internal energy
refers to the repulsion between receptor with ligand.

Simulation sample preparation

Human saliva samples were supplemented with 1M TCEP, 500 mM
EDTA, and RNase inhibitor (40UpL™) at a volume ratio of
100:11.39:0.23:2.28 with final concentrations of 87% biofluids, 100 mM
TCEP, 1 mM EDTA, and 0.8 U pL™ inhibitor. Human serum was diluted
with PBS and supplemented with 1M TCEP, 500 mM EDTA, and RNase
inhibitor (40 U puL™) at a volume ratio of 100:251.2:40:0.8:8 with final
concentrations of 25% serum or plasma, 100 mM TCEP, 1 mM EDTA,

and 0.8 U pL™ inhibitor. Synthetic targets were spiked into the bio-
fluids and treated with the HUDSON method. These samples were
incubated at 40 °C for 5 min and at 70 °C for another 5 min (or 5 min at
95 °C, if saliva) on a thermocycler.

Clinical samples

Clinical samples were collected from Jiangxi Provincial Center for
Disease Control and Prevention and Department of Laboratory Medi-
cine, The First Affiliated Hospital of Nanchang University. Among
them, 15 clinical vomitus samples confirmed by RT-qPCR, including 9
vomitus samples from patients with Norovirus and 6 vomitus samples
from patients without norovirus, were provided by Jiangxi Provincial
Center for Disease Control and Prevention. Meanwhile, 75 identified
clinical nasopharyngeal swab samples with RT-qPCR-corroborated
COVID-19, including 50 positive, 10 suspiciously positive, and 15
negative samples from patients in fever clinics, were provided by The
First Affiliated Hospital of Nanchang University.

Ethical statement

This study was approved by the Medical Ethics Committee of The First
Affiliated Hospital of Nanchang University and the Jiangxi Provincial
Center for Disease Control and Prevention Ethics Committee (approval
ID number 2020-Y114-01). Written informed consent was obtained
from all participants before the study.

Preparation and characterization of AIEgen reporters

Four types of AlEgen reporters, namely, ssDNA/AlEgens, Q-dsDNA/
AlEgens, Q-dsDNA/AlEgens, and Q-dsDNA/AlEgens-Q (collectively
referred as linear AIEgen reporters), were prepared via the label-free
coupling of AlEgens and DNA. For ssDNA/AlEgen reporters, 10 uL of
TPBT (250 uM) were mixed with 10 uL of ssDNA (20 uM) and supple-
mented with 180 uL of NaCl aqueous solution (200 mM). For Q-dsDNA/
AlEgen reporters, Q-dsDNA was obtained by mixed Q-ssDNAais
(20 uM) with complementary ssDNA7s (20 uM) at a volume ratio of 1:1
with final concentrations of 10 uM, followed by annealing with 50 uL of
TPBT aqueous solution (125uM) and 50 uL of Q-dsDNA at 95°C for
5min. For Q-dsDNA/AIEgen-Q reporters, Q-dsDNA was obtained by
mixed Q-ssDNA,30 (10 uM) with complementary Q-ssDNAt3o (10 uM) at
a volume ratio of 1:1 with final concentrations of 5uM, followed by
annealing with 50 uL of TPBT aqueous solution (125 uM) and 50 pL of Q-
dsDNA-Q (5uM) at 95 °C for 5 min.

The Q-dsDNA/AIEgen-Q reporter was separated and purified by
agarose electrophoresis using a DNA gel extraction kit. Q-dsDNA/AIE-
gens-Q was separated from free AlEgens by agarose electrophoresis,
and the DNA fragment of interest (Q-dsDNA/AIEgens-Q) from agarose
gel was excised with a clean, sharp scalpel. Afterward, the Q-dsDNA/
AlEgen-Q reporter was recovered in accordance with the operating
procedure of the DNA gel extraction kit. The characterization and
evaluation of AlEgen reporters were performed by adding 100 pL of
500UmL™ S1 nuclease to 100 uL of prepared AlEgen reporters
(200 nM). The fluorescent intensities were recorded every 5min by
Multiskan GO multimode reader.

Crispr/Casl2a for synthetic target DNA detection

Fluorescence assays were performed as described with modifications.
The LbaCasl2a protein stock (100 uM) was diluted to 1uM using the
storage buffer (50 mM Tris-HCI, 600 mM NaCl, 5% glycerol, and 2 mM
DTT, pH 7.5). The crRNA stock (100 uM) was diluted to 1uM using
nuclease-free water. The 20 pL of mixed solution per reaction con-
tained 0.4 of LbaCas12a protein (1puM), 0.4 pL crRNA (1pM), 4 pL of
linear AlEgen reporters (1uM) or Q-ssDNA-FAM reporters (1pM),
0.5 pL of RNase inhibitor (40 U pL™), 2 pL of NEBuffer 2.1 (10%, 100 mM
Tris-HCI, 500 mM NaCl, 100 mM MgCl,, pH 7.9), 2.7 pL of nuclease-free
water, and 10 pL of synthetic DNA targets, unless otherwise indicated.
All reactions were performed in a 384-well microplate (Corning) at
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37 °C, with fluorescence monitored every 5min over 0-60 min by a
Multiskan GO multimode reader (excitation: 460 nm and emission:
650 nm for AlEgen reporters; or excitation: 490 nm, emission: 520 nm
for Q-ssDNA-FAM reporters).

RT-RPA

Total virus RNA was extracted from the patient sample using the viral
RNA extraction kit. The extracted and purified RNAs were aliquoted
and stored at —80 °C before use. cDNA was obtained by reverse tran-
scription using the RevertAid First Strand cDNA Synthesis Kit (Thermo
Scientific, Vilnius, Lithuania). RPA pellet rehydration solution was
prepared by dissolving one RPA pellet into 29.5uL of rehydration
buffer. Afterward, 2.4 uL of 10 uM RPA forward/reverse primer, 1L of
RNase inhibitor (40 U mL™ stock), 1 uL of reverse transcriptase, 1L of
RNA extracts, and 10.2 L of nuclease-free water were sequentially
added into the prepared RPA pellet rehydration solution, followed by
2.5 uL of 280 mM magnesium acetate to initiate the amplification. The
amplification proceeded at 37°C and was completed within 15 min.
The amplification reaction tube was suspended in an ice-bath. The
amplification products were analyzed by gel electrophoresis.

RNA quantification of real samples using CrisprAIE combined
with RT-RPA

The total virus RNA was extracted from the patient sample using the
viral RNA extraction kit, and cDNA was obtained by reverse tran-
scription using the RevertAid First Strand cDNA Synthesis Kit. The
above procedure was performed to add cDNA to the RT-RPA system
for isothermal amplification. The 20 pL of mixed solution per reaction
contained 0.4 pL of LbaCasl2a protein (1 tM), 0.4 pL of crRNA (1 pM),
4 pL AlEgen reporters (1 uM), 0.5 pL of RNase inhibitor (40 U pL™), 2 pL
of NEBuffer 2.1 (10X, 100 mM Tris-HCI, 500 mM NacCl, 100 mM MgCl,,
pH 7.9), 2.7 pL of nuclease-free water, and 10 pL of RPA amplicons. All
reactions were performed in a 384-well microplate at 37°C, with
fluorescence monitored every 5 min over 0-60 min by a Multiskan GO
multimode reader.

RT-qPCR

PrimeScript TM RT Reagent Kit (Takara, Kusatsu, Japan) with g DNA
Eraser was used for reverse transcription by the directions to create
single-stranded cDNA. SYBR Premix Ex Taq II kit was used for quanti-
tative real-time PCR (qPCR). The sequences of primers used for real-
time quantitative RT-qPCR are shown in Supplementary Table 2. The
gPCR reactions were performed using a 7900HT fast real-time qPCR
system (Applied Biosystems, Foster City, CA) with the following
cycling conditions: hold at 25°C for 2 min, hold at 95°C for 2 min,
followed by 45 cycles with DNA denaturation at 95°C for 3s, and
annealing and elongation at 55 °C for 30 s. Data were analyzed by the
2744t method with CFX Maestro Software.

Synthesis and characterization of SNA/AIEgen reporters

Polydopamine and AuNP-coated Fe;04, nanocomplex (Fe;04/Au/PDA)
was selected as the nanoquencher and synthesized following a pre-
viously reported method with slight modifications. The 200 nm Fe;0,
core was synthesized through the classical one-pot method. In brief,
667 mg of FeCl3*6H,0, 2.8 g of sodium acetate, and 40 mL of ethane-
diol were added to a three-neck flask. The mixture was then stirred at
room temperature for 30 min, transferred into a hydrothermal auto-
clave reactor, and reacted at 200 °C for 12 h. The obtained Fe;04 NPs
were washed with ethanol and water and collected by vacuum drying.
Meanwhile, 10 mg of prepared Fe;O04 NPs, 50 pL of 10% HAuCl, aqu-
eous solution, 10 mg of trisodium citrate, and 40 mL of ethanol were
added into a round-bottom flask, which was then placed at ultrasonic
condition for 10 min. For polydopamine coating, a dopamine solution
was first prepared by dissolving 50 mg of dopamine hydrochloride into
30mL 0.05MpH 8.5 Tris buffer. The freshly prepared dopamine

solution was rapidly added into the round-bottom flask. The mixture
was sonicated at room temperature for 3.5 h. The end-product was
washed with ultrapure water for five times, and the obtained 100 mg of
Fe304/Au/PDA was resuspended in 10 mL of ultrapure water solution
for further use. All batches of Fe;0,4/Au/PDA were diluted to 1 mg mL™
(70 pM) in UPDW and characterized using Malvern Zetasizer Nano ZS
ZEN3700 DLS system to measure the charge and particle size based on
the zeta potential and DLS, respectively. TEM imaging was performed
using a high-resolution JEOL JEM 2100 microscope. Before the imaging
and analyses, the samples were prepared by placing a 2 uL of droplet of
the nanoparticle dispersion on a 200-mesh carbon-coated copper grid
(Electron Microscopy Science, USA).

SH-dsDNA was obtained by mixing SH-ssSDNATtaTTTTATT-A30 With
ssDNAT30 and anneal for 5min at 95°C and then conjugated to the
surface of Fe;0,4/Au/PDA as described with modifications. In brief,
1.43 mL of Fe;04/Au/PDA (70 pM) was moved from ultrapure water
to 1mL of 0.05M pH 8.5 Tris buffer through magnetic separation
(final concentration of 100 pM). Afterward, 10 pL of 10 uM HS-dsDNA
was mixed with the suspended Fe;04/Au/PDA solution. The mixture
was shaken at room temperature for 36 h. The excessive dsDNA was
removed by using magnets to collect dsDNA-conjugated Fe;04/Au/
PDA (SNAs). The collected SNAs were washed with ultrapure water
three times and then suspended at 1 mL of ultrapure water. SNAs/
AlEgens were prepared by directly mixing the SNASs with TPBT
under optimized concentrations. The SNASs were resuspended in
900 pL of 0.05M Tris-NaCl (50 mM Tris-HCI, 100 mM Nacl, pH 8.0),
then added with 100 pL of TPBT (25uM) mixed with SNAs. Free
AlEgens were removed via magnetic separation. The prepared SNA/
AlEgen reporters were dispersed in 0.05M Tris-NaCl buffer for sub-
sequent experiments. All batches of SNA/AIEgen reporters were
characterized using Malvern Zetasizer Nano ZS ZEN3700 DLS system
to measure the charge based on the zeta potential.

Crispr/Casl3a for synthetic target RNA detection

The LwaCasl3a protein stock (100 uM) was diluted to 1uM using the
storage buffer (50 mM Tris-HCI, 600 mM NaCl, 5% glycerol, and 2 mM
DTT, pH 7.5). The crRNA stock (100 uM) was diluted to 1uM using
nuclease-free water. The 20 pL of mixed solution per reaction con-
tained 0.4 pL of LwaCasl3a protein (1 uM), 0.4 pL of crRNA (1 uM), 4 uL
of AlEgen reporter or Q-ssDNA-FAM reporters (1 uM), 0.5 pL of RNase
inhibitor (40U pL™?), 2puL of NEBuffer 2.1 (10X, 100 mM Tris-HCI,
500 mM NacCl, 100 mM MgCl,, pH 7.9), 2.7 puL of nuclease-free water,
and 10 pL of synthetic RNA targets, unless otherwise indicated. All
reactions were performed in a 384-well microplate (Corning) at 37 °C,
with fluorescence monitored every 5 min over 0-60 min by a Multis-
kan GO multimode reader.

Statistical analysis

All data statistical analyses were conducted in GraphPad Prism v.8.3.0.
Data were expressed as means + standard deviation. All sample sizes
and statistical tests were specified in the figure legends. All experi-
ments were independently repeated at least thrice. Significant differ-
ences between groups were assessed by parametric and
nonparametric comparisons, and multiple hypothesis tests were
adjusted appropriately. For statistical significance test, unpaired two-
tailed t-test (parametric) was used for two-group comparisons, and
ANOVA was used for multiple-group comparisons.

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

Data availability
The data generated in this study are provided in the Supplementary
Information/Source Data file. All relevant data are available from the
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corresponding author on request. The source data underlying
Figs. 2a-d, f, h, j, |, 3b-e, 4a-c, 5b-n, 6d-i, and 7d-g are provided as a
Source Data file. Source data are provided with this paper.
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