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A novel CRISPR–Cas12a-based fluorescence
anisotropy method with a high signal-to-
background ratio for sensitive biosensing†

Yu Qin,‡a Jia Li Xie,‡a Kai Mao,a Yuan Fang Li, a Cheng Zhi Huang, b

Hong Yan Zou *b and Shu Jun Zhen *a

Here, a CRISPR–Cas12a system with high trans-cleavage ability

integrating a DNA nanochain formed by DNA tetrahedrons with a

large molecular mass was employed to enhance the signal-to-

background ratio of the fluorescence anisotropy method for

achieving sensitive detection of hepatitis B virus DNA.

Fluorescence anisotropy (FA) is a phenomenon where fluorescent
molecules have unequal emission intensities along different
polarization axes.1,2 As a ratiometric technique, the FA assay is
less sensitive to photobleaching and small signal fluctuations
compared to traditional fluorescence-based methods.3–7 In
addition, FA analysis is a simple, homogeneous technique that
involves directly mixing the probe and target.8–10 These advan-
tages broaden its applications, and the FA method has been
utilized for the detection of numerous biomolecules based on
the principle that the strength of the polarization signal of the
fluorophore is inversely proportional to the rate of its molecular
rotation.11–13

Traditionally, nucleic acid probes (NAPs) are frequently
designed as recognition units in FA analyses.14–18 To generate
an FA signal response, fluorescent dyes are usually linked to
NAPs. However, due to the large molecular mass of NAPs, it has a
high FA value (r). In other words, the background signal is high,
so the change of r after adding the target is not obvious, resulting
in poor sensitivity. Although many FA signal amplification
methods have been reported, they only focus on enhancing the
FA response with a series of molecular-mass-amplifying
materials.19 For example, our research group previously reported
the use of graphene oxide (GO),20 submicro-hydrogels21 and a

DNA nanosheet (DNS)22 with large molecular masses as FA
amplifiers to detect biomolecules. Zhang et al. proposed utilizing
antibodies to enhance FA signals to detect aflatoxin B1 and
adenosine.8 However, an ideal FA method should not only have
strong signals but also low background noise.

Recently, the clustered regularly spaced short palindromic
repeats (CRISPR) and associated proteins (Cas) system
(CRISPR/Cas) was discovered in bacteria and archaea and
has been widely applied in the bioanalysis and diagnostic
fields.23–25 Cas12a, a typical class 2 type V Cas nuclease binding
to the CRISPR RNA transfer (crRNA), can realize nonspecific
trans-cleavage of single-stranded DNA (ssDNA) to small frag-
ments after recognizing the DNA targets.26–30 Thus, many short-
stranded fluorophore-modified nucleic acids with low masses
and volumes can be obtained. Due to the aforementioned
benefits, the CRISPR–Cas12a system has been proved to have
an excellent ability to decrease the background of FA detec-
tions, as shown by our group.31–33

In this work, to further improve the sensitivity of FA detec-
tion, a novel FA method with a high signal-to-background ratio
(SBR) was designed for achieving sensitive detection of hepatitis B
virus DNA (HBV-DNA), a major pathogen of viral hepatitis,
cirrhosis, and liver cancer.34–37 Here, a DNA nanochain formed
by the assembly of a hybridization chain reaction (HCR) product
with DNA tetrahedrons (TDFs) was designed as molecular mass
amplification material to enhance FA signals. At the same time,
the background signal was reduced by utilizing the trans-cleavage
property of CRISPR–Cas12a. In the absence of HBV-DNA, the
CRISPR–Cas12a system was inactivated. Then, the HCR was
started to form a long dsDNA nanostructure, which can assemble
with many TDFs to form the DNA nanochain structure to enhance
the FA because of the remarkably enhanced molecular mass. In
contrast, when HBV-DNA was present, the CRISPR–Cas12a system
was activated, and the carboxytetramethyl-rhodamine (TAMRA)-
labelled nucleic acids were cut into small pieces with much
lower molecular mass, resulting in significantly decreased r.
Integrating the CRISPR–Cas12a system with the DNA nanochain
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improved the SBR and greatly enhanced the sensitivity for HBV-
DNA detection.

The principle of HBV-DNA detection is illustrated in
Scheme 1. The Cas12a–crRNA complex was first generated by
combining Cas12a with crRNA. In the absence of the target
HBV-DNA, the CRISPR–Cas12a system failed to be activated. In
this way, H1, TAMRA-modified H2, and inDNA remained intact.
In this situation, inDNA initiated the HCR circuit, forming a
long double-stranded DNA structure that assembled with
numerous TDFs into a DNA nanochain. Thus, the FA signal
of TAMRA on H2 was greatly enhanced because of the large
molecular mass of the DNA nanochain. In the presence of
target HBV-DNA, the protospacer adjacent motif (PAM) of the
HBV-DNA domain can recognize crRNA, triggering the nonspe-
cific trans-cleavage ability of the CRISPR–Cas12a system to cut
H1, H2, and inDNA into small pieces, resulting in an extremely
weak FA signal. Therefore, HBV-DNA could be sensitively
detected through the markedly weakened background signal
and obviously enhanced FA response.

To verify the successful assembly of HCR products and
TDFs, 12% native polyacrylamide gel electrophoresis (PAGE)
was deployed. As shown in Fig. S1a (ESI†), when all four DNA
components (S1, S2, S3, S4) of TDF were present, the migration
rate of the bands was the lowest, indicating that TDF was
successfully formed. Meanwhile, it could be seen from Fig.
S1b (ESI†) that in the absence of inDNA, whether H1 and H2
were present alone or together, they appeared as their own
separate bands, indicating that the two hairpin DNAs could
stably coexist in solution. After the addition of inDNA, a series
of strips with migration rates lower than those of H1 and H2
strips were observed, attributed to HCR having produced long
double-stranded structures. The atomic force microscope
(AFM) images confirmed the successful formation of HCR
products and DNA nanochain structures (Fig. S1c and d, ESI†).

Then, the trans-cleavage capability of CRISPR–Cas12a was
studied. The gel images (Fig. S2a, ESI†) showed that when the
Cas12a–crRNA complex was co-incubated with target, the H2
band almost disappeared. At the same time, the band position
of the Cas12a–crRNA complex and that of the target did not
change. Next, the ssDNA, modified with the 6-carboxyfluorescein

(FAM) fluorescent dye on one end and black hole quencher
(BHQ) on the other end, was used as the reporter. Because of
the fluorescence resonance energy transfer (FRET) between FAM
and BHQ, the fluorescence signal of FAM was low before the
addition of HBV-DNA. In contrast, the addition of HBV-DNA into
the Cas12a–crRNA complex significantly restored the fluorescence
intensity of FAM (Fig. S2b, ESI†). These results confirmed that the
CRISPR–Cas12a system could be activated when the target
was added.

As shown in Fig. 1a, the H2 sample itself exhibited a high r
value. With the addition of target, HBV-DNA hybridized with
crRNA, triggering the trans-cleavage ability of CRISPR to cut H2
into small segments, resulting in much lower r values. In
contrast, in the absence of target, the r value was enhanced
greatly, due to the large volume and mass of the DNA nano-
chain. As expected, the CRISPR–Cas12a system effectively wea-
kened the background signal, while the DNA nanochain
enhanced the FA response. That is to say, our proposed method
produced a very high SBR. Next, we compared the cutting
efficiency of the CRISPR–Cas12a system on hairpin DNA with
that on single-stranded DNA (ssDNA) with the same number of
bases. In general, hairpin DNA, due to its self-complementarity,
can form stable secondary structures; this structure enables it
to exhibit a more rigid and predictable conformation, making it
easier for CRISPR–Cas12a complexes to recognize and bind.38

As depicted in Fig. 1b, in the current work, after adding HBV-
DNA into the mixture of CRISPR–Cas12a and H2, a strong
signal change Dr/r0 (Dr = r0 � r, with r0 denoting the FA value
in the absence of HBV-DNA, and r the FA value in the presence
of HBV-DNA) was observed. In contrast, Dr/r0 was significantly
lower when HBV-DNA with the same concentration was added
to a mixture of CRISPR–Cas12a and ssDNA, suggesting that the
hairpin DNA was more readily cut by the CRISPR–Cas12a
system than by ssDNA. Consequently, our strategy can be
utilized for the sensitive detection of HBV-DNA.

Under the optimal experimental conditions (Fig. S3, ESI†),
we measured the FA responses of HBV-DNA at different

Scheme 1 Illustration of working principle of HBV-DNA detection using
the CRISPR–Cas12a system and DNA-nanochain-induced FA amplification
assay.

Fig. 1 Feasibility analysis of the proposed strategy. (a) Fluorescence
anisotropy (r) values of H2 with and without target HBV-DNA. Each value
shown resulted from triplicate measurements (with error bars indicating
standard deviation). Concentrations: HBV-DNA, 25 nM; Cas12a, 20 nM;
crRNA, 20 nM; H1, 50 nM; H2, 50 nM; inDNA, 50 nM; TDF, 50 nM. (b) The
Dr/r0 of hairpin DNA and ssDNA incubated with Cas12a–crRNA after the
addition of HBV-DNA with the same concentrations. Each value shown
resulted from triplicate measurements (with error bars indicating standard
deviation). Concentrations: HBV-DNA, 0.7 nM; Cas12a, 20 nM; crRNA,
20 nM; Harpin DNA, 50 nM; ssDNA, 50 nM.
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concentrations. As shown in Fig. 2a, Dr/r0 exhibited a strong
linear correlation with HBV-DNA concentration ranging from
10 pM to 1.2 nM and following the linear regression equation
Dr/r0 = 0.587 c + 0.134 (correlation coefficient, R2 = 0.995), with c
denoting the concentration of HBV-DNA (nM). The limit of
detection (LOD) was calculated to be 3.8 pM based on 3s/slope.
Thus, the combination of CRISPR–Cas12a and the DNA nano-
chain showed a high sensitivity toward the target HBV-DNA.
Furthermore, a comparative study with other methods for
detecting HBV-DNA was conducted. As shown in Table S2
(ESI†), our method was found to outperform others in terms
of both detection limit and sensitivity. At the same time, we
compared the sensitivity of our method with that of the
reported FA methods for detecting nucleic acid targets. As
illustrated in Table S3 (ESI†), our approach was found to
display higher sensitivity for detecting nucleic acid targets.
Furthermore, we investigated the FA sensor with only the
CRISPR–Cas12a system (Fig. 2b) and only the nanochain
(Fig. 2c). As shown in Fig. 2d, when only using the CRISPR–
Cas12a system, there was a positive linear relationship between
Dr/r0 and the concentration of HBV-DNA in the range 0.1 to 1.1
nM. Furthermore, the LOD of this system was 30 pM. As shown
in Fig. 2e, the linear range was 1 to 70 nM with an LOD of 420
pM when only the DNA nanochain was present. That is to say,

adding the CRISPR–Cas12a system enhanced the detection
sensitivity about 84 fold. However, when only using the nano-
chain to enhance the FA signal, the detection sensitivity was
just 2 times higher than that without the nanochain. Collec-
tively, the presence of the CRISPR–Cas12a system and DNA
nanochain could indeed improve the sensitivity for detecting
HBV-DNA and enhance the SBR of the detection of HBV-DNA.

Next, the selectivity of our proposed method was validated by
studying 1-base–mismatched HBV (mis-1), 2-base-mismatched
HBV (mis-2), 3-base-mismatched HBV (mis-3), and random
sequences (rs). As illustrated in Fig. 3a, the Dr/r0 signals of all
these cases were much lower than that for HBV-DNA, indicating
an excellent specificity of our method.

In general, hepatitis B virus is usually tested by measuring
the amount of HBV-DNA in human serum. However, serum
contains large numbers of ions, small molecules and proteins,
which may interfere with the detection of HBV-DNA. Therefore,
in the current work, the anti-interference ability of this strategy
in a real matrix was investigated. The ratio of the concentration
of the potentially interfering substance to that of HBV-DNA was
set at 10 : 1. The results showed that the potentially interfering
proteins had in fact little effect on the Dr/r0 signal (Fig. 3b).
Furthermore, after adding different metal ions and other small
molecule substances to the HBV-DNA-containing solutions, the
Dr/r0 values were almost the same as that after the addition of
only HBV-DNA. Therefore, our proposed approach demon-
strated excellent anti-interference capability for the detection
of HBV-DNA.

In actual clinical diagnosis, serum contains numerous sub-
stances that can interfere with target detection. To evaluate the
accuracy of the proposed method in complex samples, a spike-
recovery experiment was performed; specifically, recoveries of
HBV-DNA spiked in human serum samples were examined. As
listed in Table S4 (ESI†), the recovery rate of the FA signal
ranged from 91.5% to 106.5%, with relative standard deviation
(RSD) values of 0.03% to 0.06%. These results indicated the

Fig. 2 Comparison of the sensitivities of different FA amplification stra-
tegies. (a) Plot showing a linear relationship between Dr/r0 and HBV-DNA
concentration with the double amplification effect of CRISPR–Cas12a and
the DNA nanochain. (b) Schematic diagram of the strategy involving
CRISPR–Cas12a-amplified FA. (c) Schematic diagram of the strategy
involving DNA-nanochain-amplified FA. (d) Plot showing a linear relation-
ship between Dr/r0 and HBV-DNA concentration with the amplification
effect of CRISPR–Cas12a. (e) Plot showing a linear relationship between
Dr/r0 and HBV-DNA concentration with the amplification effect of the
DNA nanochain. Concentrations: Cas12a, 20 nM; crRNA, 20 nM; H1, 50
nM; H2, 50 nM; inDNA, 50 nM; TDF, 50 nM.

Fig. 3 (a) Selectivity of the proposed method. (b) Plot showing lack of
interference of common proteins, ions and small molecules with the
proposed method, ions and small molecules to the proposed method.
Each value shown resulted from triplicate measurements (with error bars
indicating standard deviation). Concentrations: HBV-DNA, 600 pM;
Cas12a, 20 nM; crRNA, 20 nM; H1, 50 nM; H2, 50 nM; inDNA, 50 nM;
TDF, 50 nM. K+, Ca2+, Ba2+, Fe3+, CO3

2�, I�, lysine (Lys), glutamate (Glu),
adenosine triphosphate (ATP), glutathione (GSH), phenylalanine (Phe),
bovine serum albumin (BSA), human serum albumin (HSA), trypsin, pep-
sase, lysozyme, 6 nM.
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good potential for this work in clinical detection and an
expectation of its application in clinical practice.

In summary, a novel strategy was proposed for the sensitive
detection of HBV-DNA, involving the use of CRISPR–Cas12a and
a DNA nanochain to assist in amplifying FA signals. The
activated CRISPR–Cas12a system could decrease the background
signal significantly, while the long nanochain with many TDFs
could significantly enhance the FA signal. Thus, combining the
high collateral cleavage activity of the CRISPR–Cas12a system
and the nanochain with its good FA amplification ability signifi-
cantly improved the SBR for HBV-DNA detection. The sensitivity
of our method was especially prominent in the FA analysis. As
anticipated, the developed FA method was successfully applied
in HBV-DNA detection with good sensitivity and accuracy, which
has the potential to aid in clinical diagnosis.
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