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ABSTRACT: The enzyme-linked immunosorbent assay (ELISA) is a basic
technique used in analytical and clinical investigations. However, conventional
ELISA is still not sensitive enough to detect ultralow concentrations of biomarkers
for the early diagnosis of cancer, cardiovascular risk, neurological disorders, and
infectious diseases. Herein we show a mechanism utilizing the CRISPR/Cas13a-
based signal export amplification strategy, which double-amplifies the output
signal by T7 RNA polymerase transcription and CRISPR/Casl3a collateral
cleavage activity. This process is termed the CRISPR/Cas13a signal amplification

linked immunosorbent assay (CLISA). The proposed method was validated by etecion anbosy »

detecting an inflammatory factor, human interleukin-6 (human IL-6), and a tumor
marker, human vascular endothelial growth factor (human VEGF), which
achieved limit of detection (LOD) values of 45.81 fg/mL (2.29 fM) and 32.27
fg/mL (0.81 fM), respectively, demonstrating that CLISA is at least 10*-fold more
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sensitive than conventional ELISA.

mmunoassays can be utilized for detecting almost any

biomolecules, including proteins, small molecules, vesicles,
nucleic acids, and even whole cells."”” Since the invention of
this method in the 1960s, immunoassays have undergone a
developmental phase from radioimmunoassays to enzyme-
linked immunoassays.’ Using enzymes rather than radioactivity
as the reporter label, enzyme-linked immunoassays, also
termed enzyme-linked immunosorbent assays (ELISAs), have
become the most widely used technique in both fundamental
and applied immunological research.” With enzymatic signal
amplification, ELISA has achieved a limit of detection (LOD)
of approximately 0.01—50 ng/mL (pM to nM), depending on
the affinity of the antibody.” Although it has achieved wide
adoption in conventional diagnostic applications, ELISA is still
not sensitive enough to detect ultralow concentrations of
biomarkers in the early diagnosis of cancer, cardiovascular risk,
neurological disorders, and infectious diseases.’

To enhance the sensitivity of ELISA, some interesting assay
designs were presented. For example, enhancement strategies
based on nanoparticles have been extensively reported. One of
the representative research studies has focused on the use of
nanoparticles for improving the activity of enzymes, such as the
exploitation of nanozymes.””® On the other hand, the
researchers have explored nanoprobes to load enzymes due
to their large specific surface area, which can increase the load
of enzyme and achieve signal amplification.”'® However, since
the nanomaterial is a nonbiological material, it may impair the
enzyme activity due to the low biocompatibility. Further, the
nonuniformity of the nanoparticle may lead to a great error in
measurements. Another promising route to improve the
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sensitivity of ELISA is the use of nucleic acids-based
amplification methods. Instead of using an enzyme, a reporter
using a DNA sequence as a signal output can significantly
improve the sensitivity of the ELISA method. Typical examples
include immuno-PCR,"*™*® immuno-RCA,'*"* immuno-
HCR,'*"” proximity ligation assays,'®'” and T7 transcription
amplification.”® As a consequence, the LOD of a given ELISA
is, in general, enhanced 10—10*fold by the use of DNA as a
signal amplification element. Even with these developments,
there are still significant challenges for their widespread
adoption in analytical and clinical investigations. Possible
limiting factors include the inability to achieve quantitative
detection due to nonlinear signal amplification, which requires
additional testing equipment and detection steps and, thus, is
incompatible with existing commercial ELISA platforms.
Recently, CRISPR/Cas13a has been recently demonstrated
to have RNA-directed RNA cleavage ability.”'~>* This RNA-
guided trans-endonuclease activity is highly specific, being
activated only when the target RNA has the perfect
complementary sequence to the crRNA, and highly efficient
(at least 10* turnovers per target RNA recognition).ZI_23 This
potent signal amplification ability of CRISPR/Cas13a enables
the development of direct RNA assays with a sensitivity down
to the femtomolar level.”**** Single molecule RNA detection
could also be achieved when combined with a digital droplet
assay.”” Although there has been extensive development in
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nucleic acid detection, a CRISPR/Casl3a system has not yet
been explored as an exciting opportunity for an immunoassay.
Since conventional ELISA methods typically only detect
biomarkers of picomolar sensitivity levels, it is meaningful to
develop a new technique extending the detection sensitivity to
the femtomolar range. Due to the highly efficient signal
amplification ability, we therefore envisage the application of
the CRISPR/Casl3a system to immunoassays and hope to
propose a new approach to revolutionize conventional ELISA
techniques. Based on the immunological binding mechanism
of conventional sandwich structures, we replaced an enzyme
(such as horseradish peroxidase) with a biotinylated double-
stranded DNA (dsDNA) containing a T7 promoter sequence.
T7 polymerase can recognize the promoter sequence to
perform the transcription, and many copies of single-stranded
RNA molecules are produced. We then designed a CRISPR/
Casl3a system to recognize the transcribed RNA molecules,
then accurate RNA molecular recognition led to the activation
of trans-cleavage activity of CRISPR/Casl3. Short ssRNA
reporter labeled with fluorophore and quencher groups at both
ends of the sequence in the system can be cleaved by the trans-
cleavage activity. The new version of ELISA performed via
using CRISPR/Casl3a as a signal amplification strategy is
termed the CRISPR/Casl3a signal amplification linked
immunosorbent assay (CLISA). It is the first example, to our
knowledge, of the construction of a highly sensitive immuno-
assay based on the CRISPR/Casl3a system.

The proposed method was validated by detecting an
inflammatory factor, human interleukin-6 (human IL-6), and
a tumor marker, human vascular endothelial growth factor
(human VEGF), which achieved limit of detection (LOD)
values of 45.81 fg/mL (2.29 fM) and 32.27 fg/mL (0.81 fM),
respectively, demonstrating that CLISA is at least 10*-fold
more sensitive than conventional ELISA.

Bl RESULTS AND DISCUSSION

Recently discovered Casl2, Casl3, and Casl4 systems have
certain new features that are different from the Cas9 system. In
these systems, recognition of target DNA or RNA leads to
their switch to an active state, wherein the single-stranded
DNA (ssDNA) or RNA (ssRNA) substrates are cleaved in a
nonspecific way. This collateral cleavage activity is termed
trans-cleavage. Here, we intended to use this target dependent
trans-cleavage as the signal output mechanism for constructing
immunoassay. Among the three systems, the Casl3a system
was found to have the highest trans-cleavage efficiency, so we
chose the Cas13a system for the signal conversion platform for
developed CLISA.

As is reported, LbuCasl3a has two lobes (REC and
NUC).>® The REC lobe is involved in the cleavage of pre-
crRNA. The NUC lobe undergoes a conformational change
upon crRNA binding. The formation of the crRNA/target
RNA duplex activates HEPN catalytic site of Casl3a. Then,
the activated Casl3a cleaves the ssRNA in solution. In this
work, a short ssRNA reporter was designed with the
modification of FAM and BHQ group at the §'- and 3'-ends,
respectively. Cleavage of this probe leads to a fluorescence
enhancement. RNA recognition-dependent ssRNA cleavage
constitutes the basis for RNA detection. The crRNAs show a
structure of a 5’ forming single hairpin loop (the yellow part in
Figure 1A), which is flanked by a 3’ ~20—30-nt spacer “guide”
sequence (the blue part in Figure 1A). Research shows that a
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Figure 1. (A) Schematic for the principle of a Casl3a/crRNA-
mediated RNA triggered signal amplification system. (B) Fluores-
cence measurement of LbuCas13a activity. RNase A was used as a
positive control for the degradation of the RNA reporter probe. (C)
Sensitivity of Casl3a/crRNA-mediated target RNA detection. Real-
time fluorescence kinetic measurement of Casl3a reactions initiated
by target RNA concentrations from § to 5 X 10° fM. (D) An enlarged
view of the curves at the low concentrations of 0, 5, 50, and 500 fM in
part C. Data represent mean + s.d., n = 3, three technical replicates.
(E) Schematic for the principle of a Casl3a/crRNA-mediated RNA
triggered signal amplification system after DNA transcription. (F)
Sensitivity of Casl3a/crRNA-mediated RNA detection after DNA
transcription. Real-time fluorescence kinetic measurement of Casl3a
reactions initiated by transcription of DNA concentrations from 5 X
1072 to § X 10* fM. (G) An enlarged view of the curves at the low
concentrations of 0, S X 1072, § X 107}, and 5 fM in part F. Data
represent mean + s.d., n = 3, three technical replicates.

20-nt spacer is sufficient for maximal cleavage activity for
LbuCasl13a.””*®

Prior to carrying out the CLISA, the collateral cleavage
activity of CRISPR/Cas13a and the sensitivity of detecting the
RNA were first demonstrated. The CRISPR/Cas13a cleavage
mechanism is shown in Figure 1A. Casl3a exhibits high
activity under the guidance of crRNA in the presence of a
synthesized target RNA. As shown in Figure 1B, the collateral
cleavage activity of Casl3a can only be activated when
Casl3a/crRNA/target RNA are present simultaneously (red
curve). After that, we performed the CRISPR/Cas13a assay for
RNA detection. As shown in Figure 1C, with the increase of
target RNA concentrations, the fluorescence signals enhanced
gradually, and the CRISPR/Cas13a system was able to detect
the target RNA at as low of a concentration of 50 fM. Figure
1D shows an enlarged view of the low concentration
measurement curve in Figure 1C. Direct detection of RNA
at a femtomolar sensitivity level without a target RNA
amplification indicates that the Casl3a system is one of the
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most sensitive detection assays currently known. We therefore
envisage that such a sensitivity is enough for developing a
highly sensitive immunoassay. We chemically synthesized a
biotinylated RNA as a signal output for the Casl3a-based
immune detection system. The biotinylated RNA is added to
the immune-complex for linking secondary antibody by
streptavidin. After washing, the analytical performance of the
Casl3a-based detection system is evaluated.

Unexpectedly, experimental results have shown that the
detection efficiency is very low. We judge that this may be
caused by two reasons. One is the steric-hindrance effect.
Cas13a/crRNA is a large complex with a molecular weight of
more than 200 kDa, so its contact with the biotinylated RNA,
which is linked to antibody—antigen—antibody—streptavidin
complex may be less effective. The other reason is that when
the biotinylated RNA is fixed onto the ELISA plate after
binding to the secondary antibody, this heterogeneous reaction
can also cause lower efficiency than that of the homogeneous
reaction. Therefore, we introduced the transcription process
before the CRISPR/Cas13a assay, using T7 promoter tagged
DNA instead of RNA to improve detection efficiency of the
Casl3a assay and to avoid any instability problem during the
procedure of incubation and washing. As shown in Figure 1E,
the T7 transcription process was added prior to the CRISPR/
Casl3a assay. The results show that CRISPR/Casl3a is
capable of detecting DNA transcripts at concentrations as low
as 500 aM (as shown in Figure 1F,G), and Figure 1G presents
an enlarged view of the low concentration curve in Figure 1F.
The LOD of post-transcriptional detection was enhanced by 2
orders of magnitude compared to direct RNA detection.

We observed that in Figure 1C,D, the detection signal
reached a stable plateau after 10 min. While in all the measured
concentrations in Figure 1F,G (even if the target concentration
is 0), the detection signal shows a continuous increasing trend.
Note that Figure 1C,D shows the direct detection of
chemically synthesized RNA targets using the Casl3a system,
while Figure 1F,G show the detection of T7 polymerase
transcription products. One possible reason for the increased
background signals is the T7 polymerase transcription
mechanism, where T7 polymerase was not inactivated in the
system, so transcription was not terminated during the Casl3a
assay, resulting in a sustained increase in signal. Another
possible explanation is the complex reaction system (Casl3a
protein, crRNA, T7 polymerase, NTPs, and buffer) causes a
faint hydrolysis of the RNA probe. Fortunately, our experi-
ments still demonstrate that T7 transcription leads to increased
sensitivity when compared to direct detection of RNA target
molecules (Figure S3A,B). As shown in Figure 1D,G, we also
show the results of the S fM RNA target in the direct detection
method and the 5 fM DNA template in the T7 polymerase-
based method. Obviously, T7 transcription leads to an
enhancement in sensitivity.

The achieved impressive sensitivity enabled us to construct a
new ELISA built on the basis of a transcription assisted
CRISPR/Casl13a assay. As is well-known, classical ELISA is a
heterogeneous assay format using a solid phase well plate. We
next proved the feasibility of utilizing DNA transcription for
this purpose by using a 96-well plate. As shown in Figure 2A,
streptavidin was used to directly coat the 96-well plates, and
then the plates were blocked with 1% BSA protein. A
biotinylated DNA amplification template containing a T7
promoter sequence at one end was then added to the plate.
Then, the unbound DNA amplification template was removed
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Figure 2. Validation of the compatibility of the Casl3a/crRNA-
mediated RNA detection system with solid phase DNA transcription.
(A) Streptavidin was precoated on a 96-well plate. The biotin-dsDNA
amplification template (the amplification module) then bound to the
streptavidin. The bound biotin-dsDNA was used as the template for
DNA transcription by T7 RNA polymerase. (B) Real-time
fluorescence kinetic measurement of simplified CLISA. The threshold
was set to determine the critical time 7, which is the minimal time to
reach the threshold. A calibration curve was then established by
plotting Az (A7 = 30 min — 7) as a function of the concentrations of
streptavidin (C) (Student’s t test; **¥*¥*##p < 0.00001). Data
represent mean =+ s.d., n = 3, three technical replicates.

by washing. Next, transcription reaction buffer, T7 RNA
polymerase, and nucleotide triphosphates (NTPs) were mixed
together and transcribed at 37 °C for 1 h. Finally, the
transcription products were detected by CRISPR/Cas13a. The
fluorescence kinetic curves of each well were recorded, and the
fluorescence intensity increased at SO pM of template DNA
(Figure 2B, red curve). In addition, the results were also
expressed by the calibration values (A7) in Figure 2C. In the
presence of 50 pM template DNA, the At value was much
stronger than that of the negative control, indicating that the
template DNA was successfully ligated to the plate and the
DNA transcript can be successfully detected in a solid phase
format.

After demonstrating a solid phase transcription assisted
CRISPR/Casl13a assay, CLISA was developed. We chose
human IL-6 and human VEGF as models to validate the
CLISA. Human IL-6 is an inflammatory factor produced by
tumor cells, T cells, and lymphocytes.””** Human VEGF is
involved in the pathogenesis and progression of many
angiogenesis-dependent diseases, including cancer, certain
inflammatory diseases, and diabetic retinopathy.”’ Human
IL-6 and human VEGF have been considered to be important
factors in disease development.

First, we applied CLISA to detect human IL-6. Serially
diluted human IL-6 antigen and biotinylated detection
antibody were added sequentially to form “antibody—
antigen—antibody” complexes. After that, streptavidin and
the biotinylated DNA amplification template, which has been
optimized as shown in Figure S4, were added sequentially,
resulting in binding of the DNA amplification template to the
“antibody—antigen—antibody” complex. Unbound templates
were washed away, and then T7 RNA polymerase was utilized
to amplify the amplification template (Figure 3A). In the
CLISA, antigen—antibody binding, template transcription and
Casl3a detection were all performed at 37 °C. As shown in
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Figure 3. (A) Schematic for the principle of CLISA. In a CLISA assay,
the capture antibody first binds to the antigen of interest. A detection
antibody, which binds to a distant, nonoverlapping epitope in the
antigen, is biotinylated and linked to a biotin-dsDNA template (the
amplification module) through streptavidin. T7 RNA polymerase is
then used to amplify the DNA template, producing many copies of
RNA substrate, the amount of which is representative of the original
amount of antigen. (B) Detection of human IL-6. Human IL-6 was
added to the coated plate at a series of 5-fold dilutions from 160 fg/
mL (8 fM) to 100 pg/mL (S pM). A calibration curve was established
by plotting A7 as a function of the concentrations of human IL-6. A
parallel ELISA experiment was also performed with a series of 5-fold
dilutions from 160 fg/mL (8 fM) to 2.5 ng/mL (125 pM). Data
represent mean =+ s.d., n = 3, three technical replicates. (C) Detection
of human VEGF. Human VEGF was added to the coated plate at a
series of S-fold dilutions from 160 fg/mL (4 fM) to 100 pg/mL (2.5
pM). A calibration curve was established by plotting A7 as a function
of the concentrations of human VEGF. A parallel ELISA experiment
was also performed at a series of 5-fold dilutions from 160 fg/mL (4
fM) to 2.5 ng/mL (62.5 pM). Data represent mean =+ s.d., n = 3, three
technical replicates.

Figure 3B, it is noted that the A7 is linear with the logarithm of
human IL-6 concentrations in the range from 160 fg/mL (8
fM) to 0.1 ng/mL (S pM), and the linear regression equation
is AT =84961g C — 14.112 (R* = 0.989) with a LOD of 45.81
fg/mL (2.29 fM). In addition, a commercial human IL-6
ELISA kit was subjected to the same experiment and showed a
LOD of 12.09 pg/mL (605 fM) (blue curve). It is significant
that the sensitivity of CLISA was 264-fold higher than that of
the commercial ELISA kit.

In addition, as displayed in Figure 3C, we also applied
CLISA to detect human VEGF. In the range of 160 fg/mL (4
fM) to 0.1 ng/mL (2.5 pM) of human VEGEF, there is a linear
relationship between the A7 and the logarithm of human
VEGEF concentrations, with a linear regression equation of At
= 6.347 1g C — 9.577 (R* = 0.985) and a LOD as low as 32.27
fg/mL (0.81 fM). The commercial ELISA human VEGF kit
showed an LOD of 20 pg/mL (500 fM) (Figure 3C). This
result indicated that the LOD of the CLISA was also reduced
by 617-fold compared to the commercial ELISA kit.

Next, we evaluated the detection precision data and
analytical potential of the proposed CLISA method for
complex samples. The precision of CLISA was evaluated by
analyzing three concentrations (100, 20, and 4 pg/mL) of
human IL-6. The relative standard derivations (RSD, n = 8) of
the detection signals for these three concentrations are 1.35%,
2.33%, and 6.50%, respectively. Then, we added human IL-6 to
20% and 100% mouse serum, respectively, to demonstrate
whether the CLISA method is as resistant to matrix
interference as a conventional ELISA method. The recovery

test evaluating from three concentrations (100, 20, and 4 pg/
mL) of human IL-6 samples showed that the recoveries were
96.21%, 101.30%, and 104.25%, respectively, for 20% serum
samples, and 83.59%, 94.90%, and 94.25%, respectively, for
100% serum samples (Table 1). Since the procedure of the

Table 1. Recovery Experiments of Human IL-6 in Serum
Samples

20% serum 100% serum
spiked conc mean + SD recovery mean + SD recovery
(pg/mL) (pg/mL) (%) (pg/mL) (%)
100 96.21 + 7.03 96.21 83.59 + 4.03 83.59
20 20.26 + 4.20 101.30 18.98 + 1.20 94.90
4 4.17 = 3.90 104.25 3.77 + 0.34 94.25

current CLISA method requires washing similar to the
conventional ELISA method, it is not surprising that the
CLISA method has achieved an excellent anti-interference
ability.

Compared with the traditional ELISA, CLISA adds a
transcription process to amplify the DNA template, and the
signal is further enhanced by the collateral cleavage activity of
CRISPR/Casl3a. As a result, the sensitivity of CLISA can be
effectively ameliorated by two-step amplification. Furthermore,
the whole process of the CLISA is performed at 37 °C, which
is an isothermal process without the need for a thermal cycling
program. It is worth noting that the CLISA procedure is
completely compatible with existing commercial ELISA
equipment.

Although the experiments herein were performed manually,
it is obvious that this method is compatible with current high-
throughput liquid handling robots for washing plates and
reagent dispersion. Due to its improved sensitivity over
commercial ELISA kits and its adaptability to high-throughput
and automation technologies, CLISA can be applied to detect
low-abundance proteins that conventional ELISA cannot. In
addition, we compared CLISA with several other immuno-
logical methods (Table S2). This work shows that the CLISA
method is superior in sensitivity to most of the reported
amplification strategies. Among these the T7 transcription
amplification assay reports a better sensitivity; however, the
CLISA method demonstrates superior linearity and speed.

Although this work proposes a new immunoassay concept
and achieves excellent detection performance, the limitations
are still present when compared to conventional ELISA
methods. We think that one of the main problems at present is
the stability of the probe. The CLISA method uses a
fluorescent and quencher groups-labeled RNA reporter as a
signal output, so the detection system needs to be an RNase-
free environment in order to avoid reporter degradation,
thereby interfering with the experimental results. One of the
potential solutions would be to the employment of RNA
modifications (such as 2'-O-methoxyethyl and fluorine
modification) to avoid potential degradation of the RNA
reporter.

B CONCLUSIONS

In summary, we developed a highly sensitive, isothermal
method for detecting low-abundance proteins based on the
collateral cleavage activity of CRISPR/Casl3a initiated by
trigger RNA. The sensitivity of CLISA was effectively
improved by the amplification of T7 transcription and the
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collateral cleavage activity of CRISPR/Cas13a. Using human
IL-6 and human VEGF as model analytes, the sensitivity of
CLISA has been drastically boosted, with a LOD as low as
45.81 fg/mL (2.29 M, 264-fold improvement) and 32.27 fg/
mL (0.81 fM, 617-fold improvement) compared to commer-
cialized ELISA kits. Moreover, the method is compatible with
automated and high-throughput format that allows for rapid
screening of large numbers of samples simultaneously,
providing potential ultrasensitive detection methods for
biosensing, medical research, and molecular diagnostics.
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