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ARTICLE INFO ABSTRACT

Keywords: Apart from the great potential in genome editing, the clustered regularly interspaced short palindromic repeat
CRISPR/Cas12a (CRISPR)/Cas system has recently been widely used in biosensing. However, due to the complex and inefficient
Gold nanoparticles signal conversion strategies, most of the works focused on nucleic acid analysis rather than protein biomarkers.
g;s:i::s;:ce Herein, by employing DNA-AuNPs (gold nanoparticles) nanotechnology to activate trans-cleavage activity of

CRISPR/Cas12a, a universal signal transduction strategy was established between trans-cleavage of CRISPR/
Casl2a and protein analytes. As a result, a sensitive platform was developed for sensing carcinoembryonic an-
tigen (CEA) and prostate specific-antigen (PSA) biomarkers, which was designated as Nano-CLISA (Nano-
immunosorbent assay based on Casl2a/crRNA). Nano-CLISA was directly employed to test PSA in clinical
samples, indicating its great potential in practical detection. This platform has been used to quantitatively
analyze protein at attomolar levels, which was 1000-fold more sensitive than traditional ELISA, and the detection

Signal conversion strategy

range is 15 times wider than that of traditional ELISA.

1. Introduction

The clustered regularly interspaced short palindromic repeats
(CRISPR)-associated proteins (CRISPR/Cas) system has been predomi-
nantly deployed in genome editing (Bikard and Barrangou, 2017; Jinek
et al.,, 2012; Pan et al., 2019; Strecker et al., 2019) and molecular
diagnosis (Ackerman et al., 2020; Gootenberg et al. 2017, 2018; van
Dongen et al., 2020). CRISPR/Cas12a (Cpfl) is a class 2 CRISPR/Cas
system, which is composed of single CRISPR RNA (crRNA)-guided en-
donucleases that bind and cleave DNA (Zetsche et al., 2015). With recent
discovery of the indiscriminate collateral cleavage activities (trans--
cleavage) on single-stranded DNA (ssDNA) (Chen et al., 2018; Li et al.,
2018), CRISPR systems demonstrated tremendous potential in nucleic
acid analysis. In order to improve the sensitivity, several amplification
methods were introduced into CRISPR/Cas12a detection systems, such
as polymerase chain reaction (PCR) (Li et al., 2021), recombinase po-
lymerase amplification (RPA) (Yin et al, 2020), loop-mediated
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isothermal amplification (LAMP) (Qian et al., 2019), etc. For example,
a DNA endonuclease-targeted CRISPR trans reporter (DETECTR)
method based on Casl2a trans-cleavage activation combined with
isothermal amplification has been reported to achieve high sensitivity
and accuracy for detection of human papillomavirus (HPV) DNA in
clinical samples (Chen et al., 2018). However, these amplification
strategies are expensive, complex and easy to bring the risk of false
positives caused by contamination (Bao et al., 2020; Lin et al., 2021;
Nam et al., 2003). Besides, the universality of biosensing platforms
based on CRISPR/Cas was limited because of insufficient strategies to
transduce the non-nucleic acid analyte recognition event into the
trans-cleavage activity of CRISPR/Cas. Despite the recent progress that
has been made in the detection of non-nucleic acid analysis (Broughton
et al., 2020; He et al., 2020; Li et al., 2020; Liang et al., 2019; Xiong
et al., 2020; Zhao et al., 2020), there are scarce works devoted to the
detection of protein analytes. Therefore, more strategies need to be
designed to broaden the biosensing applications of CRISPR/Casl2a
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Fig. 1. Schematic illustration of Nano-CLISA for protein detection. (A) Construction of the modified immune sandwich structure. (B) Random cleavage of ssDNA and
release of fluorescence signal from FQ-reporters by AuNPs-DNA activated CRISPR/Cas12a.

system.

Proteins act as an important biomarker, whose accurate and quan-
titative detection is of significance for clinical diagnostics, proteomic
research, and other biomedical applications (Engvall and Perlmann,
1971; Uhleén et al., 2019). Enzyme-linked immunosorbent assay (ELISA)
(Lai et al., 2004; Yang et al., 2019) is widely regarded as the gold
standard for protein biomarker detection due to its high specificity, high
throughput, and high applicability. With the increasing demand for an
analytical range of analysis and sensitive detection of cancer bio-
markers, various technologies have been integrated into ELISA (Cheng
et al., 2010; Lee and Zeng, 2017; Yang et al., 2019). Chen et al. (2020)
show a new version of ELISA performed via using CRISPR/Cas13a as a
signal amplification strategy. Amplification of the target nucleotides by
T7 RNA polymerase transcription was essential for signal amplification,
which was cost-prohibitive and time-consuming. As an outstanding
biological carrier material, gold nanoparticles (AuNPs) were widely
applied to biological analysis due to the high loading capacity for
different kinds of molecules, such as proteins and nucleic acids (Chen
et al., 2014; Liu et al., 2020; Wu et al., 2017; Zhao et al., 2011). To the
best of our knowledge, the integration of DNA-AuNPs with CRISPR/Cas
system for signal amplification of immunoassay has never been
reported.

Here, we designed DNA-modified Au nanoparticles to activate
CRISPR/Cas12a for immunosorbent assay (denoted as Nano-CLISA). To
construct a universal signal conversion and efficient amplification
methodology, AuNPs were covalently modified with aptamer and
Cas12a target DNA (activator) simultaneously. With the advantages of
low cost, easy synthesis, chemical stability and flexibility (Huang et al.,
2019; Kim et al., 2016), aptamers are employed for specific binding
protein instead of antibodies in Nano-CLISA. A large number of activa-
tors modified on AuNPs can effectively activate the trans-cleavage ac-
tivity of Cas12a, resulting in the breaking of the short ssDNA reporters
(FQ-reporter) labeled with fluorophore groups (FAM) and quenchers
(BHQ1) at both ends of the sequence. Nano-CLISA shows potential to

detect a wide range of biomarkers with high sensitivity. The effective-
ness of the method was verified by detecting biomarkers of carcinoem-
bryonic antigen (CEA) and prostate-specific antigen (PSA) at attomolar
sensitivity, which was 1000 lower than that of conventional ELISA, and
the detection range is 15 times wider than that of conventional ELISA.

2. Experimental section
2.1. Synthesis of oligonucleotide functionalized gold nanoparticles

Oligonucleotides were covalently fixed on the surface of AuNPs
through the coordination between thiol modifier group of the DNA and
gold (Liu and Lu, 2006). First, the thiol-DNA (aptamers and activators)
was activated with 10 mM Tris [2-carboxyethyl] phosphine (TECP) at
room temperature for 1 h. AuNPs, aptamers and activators were mixed
at a certain molar ratio into the disposable scintillation vials (soak in 12
M NaOH for 1 h before use). After 16 h of shake at room temperature, 1
M NaCl solution was added in batches during shaking to make the final
concentration at 0.1 M. The solution was further incubated at room
temperature for 24 h. After that, the free DNA was removed by centri-
fugation, and the precipitation was washed three times with PBS buffer.
Finally, the product (13 nM) was dispersed in PBS buffer and stored at
4°C.

2.2. Procedure of Nano-CLISA reaction

Initially, specific capture antibodies (10 pg/mL) were added to the
96-well polystyrene plate with a dose of 100 pL per well, and incubated
overnight at 4 °C. To block the unspecific binding, 200 pL blocking
buffer (1% BSA in PBS buffer) was added to each well and incubated for
1 h at 37 °C. 100 pL antigen standard solutions with different concen-
trations were added to 96-well plate and incubated for 1 h at 37 °C.
Subsequently, 100 pL of functionalized AuNPs (1 nM) were added to
each well and incubated at 37 °C for 1 h. After each binding incubation,
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Fig. 2. (A) Schematic illustration of preparation process of AuNP nanoprobes. (B) TEM image of AuNPs. (C) UV-vis absorption spectra of AuNPs before (black) and
after (red) modification with DNA in PBS buffer. Inset: pictures showing the color of the corresponding solution. (D) PAGE showing the cleavage of cutting T3¢ with
5’-modified FAM in the absence and presence of the activator. (E) Fluorescence intensity with or without free or covalent activators. Concentrations of activators
were 0 nM, 0.5 nM and 50 nM. AuNPs and DNA-AuNPs (AuNPs:Aptamers:Activator = 1:50:100) at the same concentration (0.5 nM). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

the plate was washed at last three times with PBST buffer.

Cas12a was preassembled with crRNA and incubated at room tem-
perature for 10 min. Then, 100 pL. CRISPR/Cas12a reaction system (20
nM Casl2a, 250 nM crRNA and 150 nM FQ-reporter in 1 x NEB 2.1
buffer) was added to the wells with different concentrations of antigen.
NEB 2.1 buffer was purchased from New England Biolabs Inc. (Ipswich,
USA). After incubation at 37 °C for 2 h, the fluorescence signal was
measured at room temperature. A fluorescence spectrometer (Hitachi F-
4600, Tokyo, Japan) was used for fluorescence measurement (excitation
at 480 nm and emission at 520 nm).

2.3. Analysis of clinical serum samples

Serum samples were collected by Nanjing Drum Tower Hospital and
frozen at -80 °C immediately. Each serum sample was quantitatively
detected by Nano-CLISA and ELISA Kit respectively. The Bland-Altman
analysis was realized with MedCalc and the ROC curve was con-
structed and calculated with SPSS.

3. Results and discussion
3.1. Working principle of the Nano-CLISA

Nano-CLISA detection is a two-step process (Fig. 1): first, an immune-
like-sandwich structure was formed where AuNPs were modified with
aptamers and activators instead of detection antibodies (Fig. 1A); then, a
fluorescence signal amplification process was generated through DNA-
AuNPs activating trans-cleavage activity of Casl2a (Fig. 1B). In the
presence of protein analytes, the sandwich structure of antibody-
antigen-AuNP could be formed on the microplate leading to the acti-
vation of Casl2a by the activators on the surfaces of AuNPs. Once
activated, Casl2a began to cleave nearby FQ-reporters, resulting in
segregation of the fluorophore from the quencher and thereby producing
a significant enhancement of fluorescence signal. The fluorescence in-
tensity was positively correlated with the concentration of activators, so
the level of analytes was indirectly reflected. On the contrary, in the
absence of analytes, DNA-AuNPs conjugates were washed away due to
the unsuccessful formation of sandwich structure. Thus, the trans-
cleavage activity of Casl2a could not be triggered and the change of
fluorescence signal was nearly negligible. From this, protein can be
analyzed quantitatively by reading out the fluorescence signals.
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Fig. 3. Quantitative analysis of protein in PBS buffer by the Nano-CLISA method. (A) Relationship between fluorescence intensity and CEA concentration. Inset:
linear trend line of CEA in the range of 0.6-120 ng/mL. (B) Relationship between fluorescence intensity and PSA concentration. Inset: linear trend line of PSA in the
range of 0.6-120 ng/mL (C) PSA was added to the coated plate at a series of 10-fold dilutions from 10 fg/mL to 100 pg/mL. A calibration curve was established by
plotting fluorescence intensity of the concentrations of PSA. A parallel ELISA experiment was also performed at a series of 10-fold dilutions from 10 fg/mL to 10 ng/
mL. (D) Optical density at different concentrations of PSA (0-100 ng/mL) in PBS buffer was measured by the ELISA method. The illustration shows the linear trend
line of optical density induced by PSA concentrations between 0.1 and 1 ng/mL. Data represent mean =+ s.d., n = 3, three technical replicates.

3.2. Construction of the Nano-CLISA platform

Serving as essential nanomaterials in Nano-CLISA, DNA functional-
ized AuNPs were synthesized by the previously reported method as
shown in Fig. 2A (Liu and Lu, 2006). Transmission electron microscopy
(TEM) characterization (Fig. 2B) and particle size distribution statistics
(Fig. S1) show that AuNPs are monodisperse nanospheres with an
average particle size of 13 nm. To prove the successful immobilization of
oligonucleotides onto the surface of AuNPs, PBS buffer with 0.1 M NaCl
was used to test the stability of the DNA functionalized AuNPs in high
salt solution. As shown in Fig. 2C, the DNA functionalized AuNPs solu-
tion kept in red with a characteristic absorption peak at 520 nm wave-
length in ultraviolet-visible (UV-visible) absorption spectrum, while the
unmodified AuNPs solution presented blue-gray and the characteristic
peak disappeared, which suggests the modified DNA could protect
AuNPs from salt-induced aggregation (Storhoff et al., 2002). TEM
characterizations further showed that AuNPs without DNA modification
formed a large number of aggregates of the AuNPs in high salt solution,
while DNA functionalized AuNPs dispersed well (Fig. S2). Furthermore,
zeta potential measurements showed that the surface potential of AuNPs
decreased after oligonucleotides functionalization (Fig. S3), which could
be attributed to the negative charge of oligonucleotides.

As a core of Nano-CLISA platform, the trans-cleavage performance of
CRISPR/Casl2a in the presence of activator was firstly tested. The
cleavage mechanism of CRISPR/Cas12a is shown in Fig. S4A. CRISPR/
Casl2a system was incubated with a series of concentrations of free
target ssDNA (activator), and then the reaction kinetics was measured

(Fig. S4B). The intensities of the fluorescence signals are positively
correlated with time, and the cleavage rates rise significantly with the
increase of activator concentrations. We also confirmed that the in-
tensity of the fluorescence signal was positively correlated with con-
centrations of activators (Fig. S4C and S4D). However, the intensity of
fluorescence did not continue to increase significantly when the incu-
bation time reached 50 min or the concentration of activators reached
10 nM, which was possibly restricted by concentrations and ratio of
CRISPR/Cas12a and FQ-reporters.

Furthermore, we assessed trans-cleavage performance of CRISPR/
Cas12a activated by ssDNA functionalized AuNPs. As shown in Fig. 2D,
the Gel electrophoresis (PAGE) demonstrated that Casl2a exhibited
good trans-cleavage capability in the presence of activators, whether
they were free or covalently coupled to the AuNPs. The fluorescence
measurement as depicted in Fig. 2E further proved that the trans-
cleavage activity of Cas12a could not only be activated by the activator
modified AuNPs but also play a role in collaborative signal amplifica-
tion. Compared with the same concentration of free activators, the
fluorescence intensity of the functionalized AuNPs incubated with
Casl2a system increased about three times, due to a large number of
activators connected to AuNPs. Notably, the fluorescence signal of
theoretical amount of DNA modified AuNPs only slightly weakened.
Altogether, it concluded that the Nano-CLISA platform is feasible in
protein assay.
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Fig. 4. Study of the specificity of the Nano-CLISA method for the detection of CEA and PSA. (A) Relative fluorescence intensity of the Nano-CLISA system in the
presence of CEA (2.5 ng/mL) and other molecules (25 ng/mL) individually. (B) Relative fluorescence intensity of the Nano-CLISA system in the presence of PSA (4
ng/mL) and other molecules (40 ng/mL) individually. (C) Relative fluorescence intensity of the Nano-CLISA system in the presence of CEA (2.5 ng/mL) and other
molecules (25 ng/mL) mixed. (D) Relative fluorescence intensity of the Nano-CLISA system in the presence of PSA (4 ng/mL) and other molecules (40 ng/mL) mixed.
Fo and F represent the fluorescence intensity of the Nano-CLISA system at 520 nm in the absence and presence of the protein analyte or other molecules, respectively.

(inset: the corresponding fluorescence images; n = 3).

3.3. Optimization of experimental conditions for the Nano-CLISA

To obtain a better signal response and a higher sensitivity, we opti-
mized the experimental conditions. According to previous reports,
commercial NEB 2.1 buffer was used as the reaction buffer for Cas12a
(Xiong et al., 2020). The performance of functionalized AuNPs was
closely related to the proportion of aptamers and activators. On the one
hand, too few or too many activators modified on AuNPs were not
conducive to amplification of fluorescence signal as shown in Fig. S5A. It
was probably because too few activators led to insufficient amplification
of fluorescence signal, while a too high density of activators on AuNPs
maybe hinder the specific binding of Cas12a to activators in space. On
the other hand, as shown in Fig. S5B, too few or too many aptamers
modified on AuNPs both led to the drop-in signal. It was probably
because too few aptamers would decrease the efficiency of specific an-
tigen recognition, while too many aptamers may compete with activa-
tors to couple to AuNPs, resulting in a low concentration of activators on
AuNPs. Thus, the molar ratio of 1:50:100 (AuNPs:aptamers:activators)
was eventually selected for the preparation of functionalized AuNPs,
which provided a compromise between analysis capture and the signal
amplification. Based on the Michaelis-Menten equational (Supporting
Information), at low substrate (FQ-reporter) concentration, the apparent
cleavage rates positively correlated with the FQ-reporter. However, the
cleavage rate slows down and tends to be constant when the substrate
concentration is high. As shown in Fig. S5C, the FQ-reporter with a final
concentration of 200 nM was selected as the experiment condition to
ensure the optimal value of fluorescence signal. Under these conditions,
the time-dependent fluorescence intensity peaked at 120 min (Fig. S5D).

Therefore, these optimized experimental conditions are applied to the
following researches.

3.4. Detection of proteins by the Nano-CLISA platform

To determine if the Nano-CLISA platform could detect protein
quantitatively, we first detected CEA protein, which is one of the crucial
tumor markers responsible for clinical diagnosis of colon, breast, lung,
pancreas, ovaries and gastrointestinal tract cancer (Shively and Beatty,
1985). We measured the fluorescence spectra of different concentrations
of CEA added in PBS buffer (Fig. S6A). As shown in Fig. 3A, the fluo-
rescence signal at 520 nm increased with CEA concentrations from 0 to
120 ng/mL, and there is a linear trend in the range of 0.6-120 ng/mL.
The fluorescence intensity (30 fg/mL of CEA in presence) is higher than
the background and the limit of detection (LOD) was calculated to be
13.9 fg/mL (69.5 aM) based on 3-fold the standard deviation of blank
signals (n = 3) to the slope of linearity presented in the low concen-
tration group (Fig. S7A).

Since the strategy mainly depends on the specific recognition of
aptamer and antibody toward targets, it has the potential to be extended
to the detection of a variety of biomarkers. To demonstrate the univer-
sality of the platform, PSA, a significant biomarker for prostate cancer
early diagnosis and subsequent treatment (Kong et al., 2015), was
selected as the target of interest. We measured the fluorescence spectra
of different concentrations of PSA added in PBS buffer (Fig. S6B). As
shown in Fig. 3B, the fluorescence signal at 520 nm increased with PSA
concentrations from 0 to 150 ng/mL, and there is a linear trend in the
range of 0.5-150 ng/mL, which was about 15-fold wider than the
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commercial human PSA ELISA kit (0.01 ng/mL) (Fig. 3D). It can be more
suitable for the direct detection of high concentrations (>10 ng/mL)
without sample dilution procedure like ELISA. The fluorescence in-
tensity (10 fg/mL of PSA in presence) is higher than the background and
the LOD was calculated to be 5.6 fg/mL (175 aM) (Fig. S7B), which was
about 1000-fold lower than the commercial human PSA ELISA kit (0.01
ng/mL) (Fig. 3C). In addition, we compared Nano-CLISA with several
other methods (Table S2). This work shows that the Nano-CLISA method
is superior in sensitivity and dynamic detection ranges to most of the
reported fluorescence or chemiluminescence detection systems.

Next, four kinds of signal transduction strategies (aptamer, an
aptamer strand includes one or two repetitive activator units on a single
DNA, DNA-AuNPs) were compared in detection of CEA and PSA
(Fig. S8). The results show that the fluorescence signal intensity of DNA-
AuNPs as signal transduction strategy was significantly higher than that
of others (See supporting information for detailed discussion). In addi-
tion to a large number of activators on AuNPs to amplify signals, the
Casl2a enzyme also has an approximation (Supporting Information).

3.5. Verification of specificity of the Nano-CLISA platform

To evaluate the specificity of the platform-based CRISPR/Casl2a,
other biological substances were introduced as interferents. In the study
of the selectivity, the concentrations of all interferents were set ten times
higher than that of analytes. As can be seen in Fig. 4A and B, the vari-
ation of fluorescence signal caused by analytes could be distinctly
separate from other biomolecules. Moreover, the measurement of

analytes together with interferents also certificated the platform could
be used for concurrent test of analytes and other biomolecules without
interference between each other (Fig. 4C and D). These results indicated
that Nano-CLISA could detect analytes specifically, due to the excellent
specific affinity of aptamers and antibodies to analytes without the
interference of other biomolecules.

3.6. Application of the Nano-CLISA platform in clinical sample detection

The correctness of clinical analysis is one of the key factors to assess
the implementation effect of the new strategy. The different human
serum samples from sixty-two donors were analyzed for PSA levels by
the Nano-CLISA and commercial ELISA Kit respectively. The distinction
between positive and negative signals relies on the widely adopted
clinical threshold (4 ng/mL) (Gustafsson et al., 1998), which is repre-
sented by the horizontal dashed line (Fig. 5A). Due to operation and
sample storage, false positives or false negatives often occur in the
detection of clinical serum samples, especially near the cut-off value
(such as samples 13, 14). We estimated the consistency of the serum test
between Nano-CLISA and ELISA. Fig. 5B indicated that the two methods
showed excellent consistency. Most of the results were within the range
of 1.96 SD in the Bland-Altman assay (Fig. 5C), suggesting that the
platform has great consistency with the gold standard method of ELISA.
Finally, the receiver operating characteristic (ROC) curve for PSA
detection (Fig. 5D) was established. As Fig. 5D described, the area under
the curve (AUC) was 0.958 (95% CI: 0.912-1.000, P < 0.0001), the best
cut-off value was 3.70 ng/mL with a clinical sensitivity of 97.4% and
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specificity of 84%. Results indicated that the platform has high preci-
sion. Ultimately, these results suggest that the platform is capable of
reliably analyzing PSA in clinical samples.

4. Conclusion

In this work, a nano-immunosorbent assay based on Cas12a/crRNA
(Nano-CLISA) was developed to ultra-sensitively detect proteins. Acti-
vators and aptamers functionalized gold nanoparticles (AuNPs) as a
universal signal transduction strategy were employed as both a recog-
nizer and a nano-switch to trigger the trans-cleavage activity of Casl2a.
The hundreds of thiol-oligonucleotides on AuNPs for activation of
CRISPR/Casl2a played a good role in signal enhancement. Using CEA
and PSA as model analytes, the LOD could attain as low as 13.9 fg/mL
(69.5 aM) and 5.6 fg/mL (175 aM) respectively, exhibiting a 1000-fold
improvement compared with commercialized ELISA Kits. This platform
was also successfully applied to analyze PSA levels in clinical samples.
An automated and high-throughput format is expected to be integrated
with Nano-CLISA in the future to develop a rapid screening of large
numbers of samples simultaneously that can be easily used. It is worth
mentioning that the platform is flexible and promising for the analysis of
other molecules beyond protein. We hope that the construction strategy
of the CRISPR/Cas12a analysis platform can provide some inspiration
for the application of the CRISPR/Cas system in biological diagnosis.
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