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CRISPR/Casl2a-mediated gold nanoparticle aggregation
for colorimetric detection of SARS-CoV-2

Successful integration of loop-mediated isothermal
amplification (LAMP), target-initiated trans-cleavage
activity of CRISPR/Casl2a, and hairpin-transducer-directed
aggregation of gold nanoparticles (AuNPs) results in visual
detection of SARS-CoV-2 viral RNA. Coupling amplification
technigues with CRISPR/Cas systems improves sensitivity
and specificity of molecular assays.
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The trans-cleavage activity of the target-activated CRISPR/Casl12a
liberated an RNA crosslinker from a molecular transducer, which
facilitated the assembly of gold nanoparticles. Integration of the
molecular transducer with isothermal amplification and CRISPR/
Casl2a resulted in visual detection of the N gene and E gene of
SARS-CoV-2 in 45 min.

CRISPR/Cas systems have revolutionized genome editing and are
increasingly used for improving specificity and sensitivity of mole-
cular assays. Various CRISPR-based assays have coupled CRISPR/
Cas systems with nucleic acid amplification techniques." CRISPR/
Cas systems have been incorporated within amplification strategies
to improve the isothermal amplification,” after the amplification to
enhance the specificity of assays,® or before the amplification to
enrich rare and low-abundance targets.*

In the global fight against the COVID-19 pandemic, CRISPR/
Cas systems have been playing a special role in the detection of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
CRISPR/Cas systems specifically recognized nucleic acid amplifi-
cation products (amplicons), generated from the viral RNA of
SARS-CoV-2, to create detectable readout signals and improve the
specificity of the detection.” In contrast to pH indicators and
nonspecific DNA intercalating dyes, CRISPR/Cas systems are
activated only by the specific sequences of amplicons comple-
mentary to pre-designed guide RNA (gRNA) sequences. Taking
advantage of the trans-cleavage activity of CRISPR/Cas systems,
researchers have incorporated fluorescence detection and lateral
flow platforms into amplified detection of SARS-CoV-2.%”

Colorimetric detection is advantageous for point-of-care appli-
cations because it produces visible signals without the need for an
excitation light source or sophisticated equipment. Based on color
changes due to aggregation of gold nanoparticles (AuNPs), colori-
metric assays have been recently developed for the detection of
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SARS-CoV-2.® However, these assays either have low sensitivity®®
or require a long detection time.*” Here, we report a colorimetric
assay that incorporates reverse transcription loop-mediated iso-
thermal amplification (RT-LAMP) and the trans-cleavage activity of
CRISPR/Cas12a to facilitate sequence-dependent aggregation
of AuNPs, thus achieving isothermal and visualized detection of
nucleic acids (Scheme 1). Because of the exponential amplifica-
tion of LAMP and the target-specific trans-cleavage of CRISPR/
Casl2a, our assay provides sensitive and specific detection of
SARS-CoV-2 RNA. Unlike other colorimetric assays that use
AuNPs, our assay incorporates a rationally designed hairpin
transducer to facilitate spinning-accelerated aggregation of
AuNPs, resulting in a color change recognizable within 1 min.

We designed gRNA sequences (Table S2, ESIt) that are
complementary to specific sequences of the RT-LAMP ampli-
cons of the N gene and E gene of SARS-CoV-2 (Table S1, ESIT).
Binding of the Cas12a-gRNA ribonucleoprotein to the specific
amplicon initiated the enzyme activity of Cas12a. The active
Cas12a nuclease trans-cleaved the single-stranded (ss)DNA loop
region of the hairpin transducer (HT). Cleavage of the hairpin
changed the nature of the hybridization in the stem region
from intra- to inter-molecular interaction, destabilized the
hybrid, and liberated the RNA crosslinker. The free RNA cross-
linker hybridized to two ssDNA sequences on separate AuNPs,
resulting in aggregation of AuNPs and color change of the
solution from red to purple (Scheme 1A).

The hairpin transducer has two important functions: it
serves as a substrate of Casl12a and releases a crosslinker to
assemble DNA-functionalized AuNPs. We designed the hairpin
transducer to contain three functional domains: an RNA cross-
linker, a DNA loop, and a DNA lock (Scheme 1B). The DNA lock
sequence hybridized to a portion of the RNA crosslinker, caging
the crosslinker in the hairpin structure and keeping it unavail-
able for the assembly of DNA-functionalized AuNPs. We
designed the crosslinker using the RNA sequence, which can-
not be trans-cleaved by Casl2a. Because the trans-cleavage
activity of Cas12a only cleaves ssSDNA, not RNA, the activated
Cas12a cleaves the ssDNA loop region of the hairpin transducer.
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Scheme 1 (A) The principle of Casl2a-mediated AuNP aggregation. The

Casl2a-gRNA ribonucleoprotein specifically binds to the target sequence of
the double-stranded DNA amplicon, which activates the Casl2a-gRNA
ribonucleoprotein. This active enzyme trans-cleaves the DNA loop of the
hairpin transducer, which destabilizes the hairpin and releases the RNA
crosslinker from its hybrid. Hybridization of the RNA crosslinker with the
ssDNAs on AuNPs results in the aggregation of AuNPs and the corresponding
change in color from red to purple. (B) Hairpin transducers composed of an
RNA crosslinker, a DNA loop, and a lock sequence. The RNA crosslinker
sequence (subdomains | and Il) within the hairpin transducer are comple-
mentary to the ssDNA sequences (I* and II*) that are conjugated on two
separate AUNPs. In the toehold design, subdomain I is partially blocked by the
lock sequence, leaving the unblocked portion to function as the toehold for
toehold-mediated strand displacement of the lock.

We added an inverted thymine to the 3’-end of the hairpin to
inhibit its extension by the polymerase present in the reaction
mixture. Incorporating these design considerations into isother-
mal amplification, Cas12a recognition, and colorimetric detec-
tion, we were able to minimize background and achieve sensitive
and specific detection of target nucleic acid sequences.

As an example, the detection of SARS-CoV-2 viral RNA was
completed within 45 min, including 30 min for RT-LAMP,
10 min for Casl2a-mediated t¢rans-cleavage reaction, and
instantaneous aggregation of AuNPs (Scheme S1, ESIt).

Achieving high sensitivity and rapid signal response
requires efficient liberation of the RNA crosslinker from the
DNA lock upon the target-initiated ¢rans-cleavage of the hairpin
transducer. In the absence of the target, the RNA crosslinker
must be firmly blocked by the DNA lock to ensure low back-
ground. For these two reasons, we designed and tested several
hairpin transducers (Scheme 1B and Table S3, ESIf). In the
toehold design (Scheme 1B, left), the DNA lock only partially
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blocked subdomain I of the RNA crosslinker, leaving the unblocked
portion to serve as a toehold for the rapid displacement of the lock.
We intended to use a long DNA lock to stably block the RNA
crosslinker (thus, low background), and at the same time, to achieve
the fast interaction of subdomain I with I* on the AuNP immediately
after the target-initiated cleavage of the DNA loop (thus, high
sensitivity and fast response). This design took advantage of the
toehold-mediated strand displacement reaction to accelerate the
hybridization between I and I* without the need for spontaneous
dissociation of the DNA lock from the RNA crosslinker.

We tested four hairpin transducers of the toehold design, HT-t1,
HT-t2, HT-t3, and HT-t4, in the detection of a model DNA sequence,
a DNA activator recognizable by the gRNA-Cas12a ribonucleoprotein
(Table S2, ESIt). The length of the DNA lock in these hairpin
transducers varied from 14 to 11 nucleotides (nt), leaving the
unblock toehold on subdomain I as 1 to 4 nt. The results
(Fig. S1A, ESIf) from the analysis of the DNA activator (+) show
clear color changes when comparing no hairpin transducer with any
of the four hairpin transducers. The changes in color and absor-
bance were more significant with the use of hairpin transducers of
increasing length of toehold. These results are consistent with the
expected consequence of toehold-mediated strand displacement
reactions. We also concurrently measured the background from
reaction mixtures containing the identical reagents but no DNA
activator (—). In all cases, background was observable (Fig. S1, ESIt).
These results suggest dynamic dissociation (or leakage) of the lock
strand from subdomain I of the crosslinker strand, resulting in
background assembly of DNA-functionalized AuNPs. We estimated
the melting temperature of the hybrids in the toehold hairpin
design, which was over 54.5 °C. The toehold might have induced
the “leakage” from otherwise stable hybrids at room temperature.

To eliminate the background that might have been caused
by the toehold-mediated strand displacement reaction, we
designed and tested several hairpin transducers not containing
any toehold but having the entire subdomain I fully blocked by
the lock DNA (Scheme 1B, right). The success of this design
hinges on fast spontaneous dissociation of the DNA lock
sequence from the RNA crosslinker and efficient hybridization
of the crosslinker with the ssDNA sequences on AuNPs. A
shorter crosslinker and lock are desirable for spontaneous
dissociation of the DNA lock, but too short an RNA crosslinker
can result in slow hybridization between I and I* and between II
and II*. We designed five crosslinkers (Table S4, ESIt) with
subdomains I + II being 10 + 10,9 +9,8+ 8,7+ 7,and 6 + 6 nt.
We determined the shortest length of the crosslinker needed
for sufficient assembly of DNA-functionalized AuNPs. We mixed
100 nM of each crosslinker with 1 nM of two DNA-
functionalized AuNPs and determined the aggregation of
AuNPs by measuring the absorbance (Fig. S3, ESIt). Changes
in absorbance due to AuNP aggregation were the highest with
the use of crosslinkers 10 + 10, 9 + 9, and 8 + 8 nt. Thus, we
chose 20, 18, and 16 nt as the lengths of the crosslinkers to
construct hairpin transducers HT20, HT18, and HT16. Applica-
tion of these hairpin transducers substantially reduced the
background (Fig. 1). The highest difference in absorbance
between the positive sample and negative control was observed
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Fig.1 Comparison of hairpin transducers of different crosslinker lengths
without a toehold by colorimetric assay (A) and UV-Vis absorbance (B). '+
indicates samples containing 20 nM model DNA sequence (DNA activator for
Casl2a-gRNA). '—' indicates samples containing all reagents but no DNA
activator. 'no HT" indicates the negative control, containing all reagents except
hairpin transducer. ‘Absorbance’ is the difference of UV-Vis absorbance values
at 530 nm (Fig. S4, ESIt) between the samples and the negative control.

with the use of HT18. This was a consequence of efficient
blocking of the crosslinker, resulting in negligible background.
Thus, HT18 was selected as the hairpin transducer for the
detection of SARS-CoV-2.

We aimed to achieve fast AUNP aggregation and obvious color
change which is desirable for point-of-care testing. We optimized
the concentration of Na' to accelerate the assembly of DNA-
functionalized AuNPs and generate fast AuNP aggregation
(Fig. 2A). We prepared a series of AuNP solutions each containing
1 nM of two types of DNA-functionalized AuNPs, and 0 or 200 nM
crosslinker of 18 nt (L18, Table S4, ESIt) to induce AuNP aggrega-
tion. The increase of Na* concentration efficiently accelerated AuNP
aggregation. A color change was observed immediately after the
addition of 0.8 M NaCl, while the color remained unchanged in the
blank sample (negative control) after 20 min (Fig. 2B).

Although the color change within 1 min was suitable for
rapid detection, it was difficult to reliably differentiate the weak
color change from red to purple. Full AuNP aggregation and an
obvious color change required 10 min of incubation (Fig. 2B).
To achieve rapid detection, we used a portable spinner to
centrifuge the AuNP solutions for only 10 s. Precipitation of
the aggregated AuNPs in positive samples reduced the purple
color of the solution to nearly colorless (Fig. 3). The dispersed
AuNPs in the negative sample remained the red color. The brief
10 s centrifugation of the AuNP solutions also improved the
sensitivity of the colorimetric detection (Fig. S5, ESIT).

We examined the applicability of the assay for the detection
of the E gene and N gene of SARS-CoV-2 viral RNA. We chose to
detect these two genes because the E gene is highly conserved
among all beta coronaviruses, such as SARS-CoV-2, SARS-CoV,
and bat SARS-like coronavirus, whereas the N gene enables the
differentiation of SARS-CoV-2 from other coronaviruses.

We determined the reaction time needed for RT-LAMP by
testing a series of solutions containing varying amounts of the
viral RNA, from 375 to 3750000 copies (Fig. S6, ESIt). We
monitored the RT-LAMP reaction in real time using SYBR
Green detection. Amplification curves show that 30 min was
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Fig. 2 (A) Rapid aggregation of DNA-functionalized AuNPs assisted by the
crosslinker sequence that was derived from the hairpin transducer. The
samples contained 200 nM crosslinker L18, 1 nM each of two DNA-
functionalized AuNPs, and different concentrations of NaCl. The photo-
graphs were taken at 1, 3, and 5 min after the addition of NaCl. (B)
Absorbance measured at 530 nm for 20 min. Time O was when 0.8 M
NaCl was added to the solution that contained 200 nM crosslinker L18 and
1 nM each of two DNA-functionalized AuNPs.
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Fig. 3 Representative images from triplicate analysis of samples contain-
ing varying concentrations of the SARS-CoV-2 viral RNA. The N gene was
detected. 5 pL of the viral RNA sample was used. The tubes labelled blank
contained all reagents but no RNA sample (negative control).

750,000 copies/uL

sufficient for RT-LAMP to amplify low copies of the viral RNA.
We then used the CRISPR/Cas12a-mediated AuNP aggregation
assay to test these solutions (Fig. 3). The color of the negative
control solution that contained all the reagents but no viral
RNA remained red, whereas the color of all positive sample
solutions changed from red to purple and then to nearly
colorless after centrifugation for 10 s. Aggregated AuNP pellets
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were observed from all positive samples, the cause of the
disappearance of the purple color.

We determined the sensitivity of the assay by testing low
copies of the viral RNA of SARS-CoV-2. For the detection of the
N gene, the color change was observed for all triplicate tests of
225, 300, and 375 copies of the viral RNA (Fig. S8, ESIT). One of
the three samples containing 75 copies of the viral RNA also
showed visible color change. For the detection of the E gene, as
few as 300 copies of the viral RNA were consistently detectable
(Fig. S10, ESIt). These results of reproducibly detecting
225 copies of the N gene and 300 copies of the E gene are
consistent with those of real-time RT-LAMP, suggesting that the
sensitivity of the assay is governed by RT-LAMP. Thus, our
colorimetric assay using the transducer-mediated AuNP aggre-
gation maintained the sensitivity of the RT-LAMP assay (Fig. S7
and S9, ESIt). Integration of the Cas12a system for recognition
of the specific target sequence improved the specificity of
the assay.

We further applied the colorimetric assay to the analysis of
clinical samples for diagnosis and screening of COVID-19
(Table S6, ESIT). We tested 54 clinical respiratory swab samples,
half of which were SARS-CoV-2 positive as determined by
RT-qPCR. Using the colorimetric assay for detection of the N
gene, we reported 25 samples as SARS-CoV-2 positive. We were
not able to detect very low concentrations of SARS-CoV-2 RNA in
two samples that required 35.4 and 37 threshold cycles of RT-
gPCR to achieve positive detection. Our colorimetric assay
reported negative results for all 27 SARS-CoV-2 negative clinical
samples. Therefore, the overall clinical sensitivity and specifi-
city of the assay were 92.6% and 100%, respectively, for the
detection of these 54 clinical samples (Table S5, ESIT). Similar
results were obtained for the detection of the E gene (Table S8,
ESIY).

We have developed a colorimetric assay that integrates
isothermal RT-LAMP amplification, target-initiated trans-
cleavage activity of CRISPR-Cas12a, and transducer-directed
aggregation of AuNPs. We successfully applied the assay to
the detection of SARS-CoV-2 RNA, which was completed within
45 min at a single controlled temperature. Detection with the
naked eye and elimination of sophisticated equipment make
this assay promising for point-of-care testing of COVID-19. The
assay can be easily modified, by adjusting the LAMP primers
and gRNA, for the detection of other pathogens.

YC, JW, and BP contributed to conceptualization, investiga-
tion, data curation, formal analysis, visualization, validation,
writing, review, and editing. HZ and XCL contributed to concep-
tualization, formal analysis, funding acquisition, project adminis-
tration, resources, supervision, writing, review, and editing.
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