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its uniquely high sensitivity, ease of use, and capacity for 
real-time monitoring and in situ detection [5].

To develop a sensitive fluorescent platform for nucleic 
acid detection, multiple methods have employed sig-
nal tags comprised of nanomaterial tags and lumino-
gens with aggregation-induced emission (AlEgens) [6, 
7] or signal amplification strategies [8], such as rolling 
circle amplification [9], nucleic acid circuits [10], and 
CRISPR/Cas-based signal amplification [11]. In particu-
lar, CRISPR/Cas-based signal amplification has garnered 
much attention for its outstanding specificity and bio-
compatibility [12]. The CRISPR/Cas-based strategy relies 
on the utilization of CRISPR RNA (crRNA) binding to 
a specific target DNA or RNA sequence [13]. With the 
aid of Cas proteins, this crRNA-target complex enables 
the precise identification and digestion of nucleic acids 
[14]. Although CRISPR/Cas-based strategies are widely 
applied, they are not sensitive enough to serve as an ideal 
nucleic acid testing method. To address this limitation, 

Introduction
Rapid and sensitive nucleic acid detection is vital for 
disease diagnosis, treatment monitoring, and pathogen 
detection [1]. Recently, emerging methods include elec-
trochemical biosensors [2], surface-enhanced Raman 
spectra [3], and fluorescence platforms [4], of which the 
latter holds great potential for nucleic acid analysis due to 
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Abstract
Rapid and sensitive nucleic acid detection is vital in disease diagnosis and therapeutic assessment. Herein, we 
propose a co-freezing localized CRISPR-Cas12a (CL-Cas12a) strategy for sensitive nucleic acid detection. The CL-
Cas12a was obtained through a 15-minute co-freezing process, allowing the Cas12a/crRNA complex and hairpin 
reporter confined on the AuNPs surface with high load efficiency, for rapid sensing of nucleic acid with superior 
performance to other localized Cas12a strategies. This CL-Cas12a based platform could quantitatively detect targets 
down to 98 aM in 30 min with excellent specificity. Furthermore, the CL-Cas12a successful applied to detect 
human papillomavirus infection and human lung cancer-associated single-nucleotide mutations. We also achieved 
powerful signal amplification for imaging Survivin mRNA in living cells. These findings highlight the potential of CL-
Cas12a as an effective tool for nucleic acid diagnostics and disease monitoring.
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nucleic acid amplification is employed to augment the 
target abundance before detection, thereby enhancing 
the sensitivity of CRISPR/Cas-based molecular diag-
nostics [15]. However, it extends the detection time and 
introduces potential limitations for subsequent analysis, 
including false-positive signals [16, 17] and cross-inter-
ference [18]. Furthermore, the two-step reaction system 
significantly escalates the risk of aerosol contamination, 
posing challenges in accuracy and safety [19]. These con-
siderations highlight the need for alternative approaches 
that can circumvent these limitations and streamline the 
detection process in a more efficient and reliable manner.

In order to improve the amplification efficiency of 
CRISPR/Cas system without background signal leak-
age, the strategy of surface confinement is proposed. 
For example, Yang et al. used DNA tetrahedron to load 
reporters to form framework reporters, which enables 
sensitive and rapid detection of pathogen nucleic acids 
[20]. However, limited load sites of DNA tetrahedron 
restricted the further amplification of CRISPR/Cas sys-
tem. Luo et al. established AuNPs reporter, which is 
more sensitive than that of the ssDNA reporter system 
[21]. Nonetheless, prefabrication of AuNPs reporter 
and Cas12a system is time-consuming and complicated. 
Therefore, it is very necessary to construct a high density 
localized CRISPR-Cas system with simple preparation.

DNA-functionalized Au nanoparticles is important for 
assembly, biosensing, and therapeutics, featuring dense 

arrays for better stability and cellular uptake [22–24]. 
DNA-functionalized Au nanoparticles are traditionally 
made using gold-thiol bonds, but early methods were 
slow, requiring two days of stepwise salt addition [25]. To 
simplify this, Liu et al. introduced a quicker method using 
low pH for DNA attachment, but it needs an extra acidic 
buffer to neutralize the solution after labeling, making 
the process complex [26]. Deng et al. reported an effi-
cient method using evaporation, but it it requires a rotary 
evaporator and additional reagents, which increases the 
complexity of the operation [27]. Recently, a reagent-free 
labeling method was developed, which attaches DNA 
probes to the surface of AuNPs using a freeze-based 
approach [28, 29]. During the freezing process, nucleic 
acids concentrate in the gaps between ice crystals, lead-
ing to the assembly of nucleic acids onto AuNPs and the 
process is very simple, fast, and efficient [30].

Herein, a sensitive and simple fluorescence plat-
form based the co-freezing localized CRISPR-Cas12a 
(CL-Cas12a) was developed for nucleic acid analysis 
in this study. The CL-Cas12a system was synthesized 
via a simple co-freezing method, in which AuNP, linker 
ssDNA, hairpin reporter, and Cas12a/crRNA complex 
were concentrated in the voids between ice microcrys-
tals, resulting in rapid and high-efficiency assembly 
(Scheme 1A). Benefit from the CL-Cas12a, this biosen-
sor demonstrated a high sensitivity and specificity for 
nucleic acid detection. Moreover, the proposed platform 
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was successful adopted for DNA testing and single-base 
mutation analysis in clinical samples. Additionally, we 
also applied CL-Cas12a system for imaging intracellular 
Survivin mRNA (Scheme 1B). Compared other L-Cas12a 
systems, this CL-Cas12a offers several advantages. Firstly, 
it eliminates the requirement for tedious preparation and 
preamplification, significantly reducing processing time. 
Secondly, CL-Cas12a with high load efficiency greatly 
enhances local concentrations of crRNA/Cas12a complex 
and its substrate hairpin reporter, which serves as a pro-
grammed track. Once the driving motor, crRNA/Cas12a, 
is triggered by targets, the CRISPR-Cas12a system moves 
along the surface of the AuNPs, generating a cascade 
of signal outputs. Thirdly, because of CL-Cas12a’s high 
DNA density to improve nuclease degradation resistance, 
it is extremely stable and has a low background in biolog-
ical samples, allowing for increased sensitivity in clinical 
applications and in situ living cells imaging.

Results
Characterization of the CL-Cas12a system
The assembly of the CL-Cas12a system was validated 
using transmission electron microscopy (TEM). In con-
trast to the round structure and dispersed nature of 
AuNP (Fig.  1A), CL-Cas12a produced a distinct 3-nm 
protein layer, indicating successful modification of 
AuNPs with the Cas12a/crRNA complex (Fig.  1B). Size 
distribution analysis by DLS (Dynamic Light Scattering) 

showed approximate sizes of 25  nm (AuNP), 28  nm 
(DNA-AuNP), and 32 nm (CL-Cas12a) (Fig. 1C), consis-
tent with the TEM findings. The zeta potential of AuNPs 
was − 5.65 mV. After DNA loading, the zeta potential of 
DNA-AuNP shifted to − 12.19 mV, indicating an increase 
in charge. In contrast, the CL-Cas12a system had a zeta 
potential of − 1.47 mV due to the positively charged 
Cas12a (Fig.  1D). CL-Cas12a (529  nm) also showed a 
9-nm UV-vis redshift compared to AuNP (520 nm) and 
a 7-nm redshift of DNA-AuNP (522  nm) (Fig.  1E). To 
verify the feasibility, the trans-cleavage ability of Cas12a 
for hairpin reporter was confirmed by PAGE (Polyacryl-
amide Gel Electrophoresis) analysis (Figure S1). When 
the target is present, producing obvious fluorescence, and 
negligible fluorescence when there is no target (Fig. 1F). 
And the freezing did not affect the performance of CL-
Cas12a (Figure S2). These results demonstrating the 
successful assembly and the feasibility of the proposed 
CL-Cas12a system.

The superior performance of CL-Cas12a
To confirm the superior performance of CL-Cas12a, 
three modes were used: (a) typical Cas12a system; (b) 
salt-aging for building the localized Cas12a (L-Cas12a). 
(c) Co-freezing of hairpin reporter and crRNA/Cas12a 
complex to construct the CL-Cas12a (Fig.  2A). CL-
Cas12a yielded the highest fluorescence response (F/F0) 
and reached saturated fluorescence within just 35  min, 

Scheme 1 Schematic illustration of the CL-Cas12a platform. (A) Construction of the CL-Cas12a using the co-freezing method. This process involves 
concentrating the hairpin DNA and crRNA/Cas12a complex into the voids between ice microcrystals, subsequently, the hairpin DNA and crRNA/Cas12a 
complex assemble directly through Au-S bonds. (B) The CL-Cas12a platform applied for biological applications, including DNA testing, single-base muta-
tion analysis, and live cell imaging
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Fig. 2 (A) Schematic diagram of three types of CRISPR-Cas12a based systems. (B) Real-time fluorescence graphs corresponding to three kinds of CRISPR-
Cas12a based system. (C) Signal-to-noise ratio of the three kinds of probes. The number of hairpin reporter and linker ssDNA bound to AuNPs in CL-Cas12a 
(D) and L-Cas12a (E). (F) Comparison of the reaction space and local concentration of typical-Cas12a, L-Cas12a, and CL-Cas12a

 

Fig. 1 Characterization of the CL-Cas12a system. TEM image of (A) AuNP and (B) CL-Cas12a (scale bars: 50 nm; scale bar in magnified image: 10 nm). (C, 
D, E) DLS analysis, Zeta potential, and UV-vis absorbance spectra of AuNP, DNA-AuNP and CL-Cas12a. (F) Fluorescence spectrum of constructed CL-Cas12a 
system without target and with target. Error bars represent standard deviations of the measurements (n = 3)
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while the L-Cas12a and typical Cas12a required 45 min 
and 1  h, respectively (Fig.  2B). Fluorescence measure-
ments for the different Cas12a systems were 257.0 
(Typical-Cas12a), 605.0 (L-Cas12a), and 872.0 a.u. 
(CL-Cas12a), with corresponding background signals 
of 64.6, 54.0, and 54.0 a.u, respectively. CL-Cas12a pro-
duced the highest signal-to-background ratio (16.11 S/B) 
(Fig.  2C), ensuring robust sensitivity and specificity. 
Without the addition of linker DNA, the Cas12a demon-
strated a slower reaction rate and a lower signal-to-noise 
ratio compared to CL-Cas12a (Figure S3). These results 
showed that CL-Cas12a exhibits significantly greater 
activity due to the increased local concentration of sub-
strates achieved through spatial confinement. Interest-
ingly, CL-Cas12a obtain the maximum load efficiency at 
the ratio of DNA: AuNP of 320 (Fig. 2D), which is about 
twice more than that L-Cas12a using the method of salt 
aging (Fig.  2E). Compare with CL-Cas12a constructed, 
the stepwise freezing Cas12a (SL-Cas12a) have greatly 
higher ratio between hairpin reporters and linker ssDNA 
and relative low fluorescent signal (Figure S4). This may 
occur as a result of the hairpin reporters occupying the 
locations, preventing the linker ssDNA from binding to 
the AuNP during stepwise freezing, leading to a deterio-
ration in trans-cleavage efficiency of Cas12a.

The enhanced sensitivity of the CL-Cas12a system 
was further validated using the principles of collision 
theory, characterized by the equation V = 1/cN. Here, 
‘N’ denotes the Avogadro constant, ‘C’ signifies the con-
centration of reactants, and ‘V’ represents the volume 
of the local sphere. Following the conjugation of Cas12a 
and the reporter to AuNPs to form L-Cas12a, the spatial 
proximity between Cas12a/crRNA and the reporter was 
significantly reduced to 25 nm. This proximity modifica-
tion led to a notable increase in the local concentrations 
of Cas12a/crRNA and reporter, reaching up to 0.2 mM. 
In the context of the CL-Cas12a system, the concentra-
tion of Cas12a/crRNA and reporter on the AuNPs nearly 
doubled, further elevating the local concentration to 
approximately 0.4 mM. A direct correlation was observed 
between the frequency of collisions and the concentra-
tion of the hairpin, indicating that the accelerated reac-
tion kinetics in the CL-Cas12a system can be attributed 
primarily to the increased local concentration (Fig. 2F).

Analytical performance of proposed platform
Before demonstrating the analytical performance of this 
biosensor, we first optimized several reaction param-
eters, including incubation time (30  min) and tempera-
ture (37 ℃) (Figure S5). To achieve better performance 
of CL-Cas12a, the number of linker DNA connect to 
crRNA and ratio of the linker DNA to hairpins were opti-
mized as 10 bp and 1:3, respectively (Figure S6 and S7). 
To demonstrate the superior sensitivity of the CL-Cas12a 

system, we conducted fluorescence analysis on CL-
Cas12a (Fig. 3A), L-Cas12a (Fig. 3D), and typical Cas12a 
(Figure S8) using different concentrations of target 
HPV16. As shown in Fig.  3B, the fluorescence intensity 
(FI) significantly increased with increasing target con-
centration. The CL-Cas12a based biosensor exhibited a 
broad linear detection range from 100 aM to 1 pM, with a 
correlation of FI = 37.5136 lgCtarget + 210.9398 (R2 = 0.994) 
(Fig. 3C). Using the blank + 3SD rule, the limit of detec-
tion of the CL-Cas12a was found to be as low as 98 aM, 
which is 969-fold lower than that of L-Cas12a (Fig.  3E 
and F) and 9138-fold lower than that of typical Cas12a 
(Figure S8), demonstrating the superior sensitivity of the 
proposed CL-Cas12a system.

In addition to high sensitivity, having high specific-
ity is extremely important in molecular diagnostics. The 
specificity of this platform was assessed by detecting five 
HPV subtypes (HPV 06, 18, 31, 33, and 58). The FI from 
the target DNA was 7 times higher than that of other 
analogous sequences as shown in Fig.  3G, highlighting 
the high selectivity of the CL-Cas12a. Besides, we also 
evaluate the specificity of CL-Cas12a by testing its ability 
to discriminate against SM. A series of targets contain-
ing SM were analyzed by CL-Cas12a. The system shown 
excellent recognition of mutations at the proximal (3 ‘) 
end of the target (Fig.  3H). However, when mismatches 
are in the middle of the spacer sequence (SM8-SM14), its 
recognition ability decreased significantly (Figure S9A). 
For mutations at the other end of the spacer sequence 
(SM15-SM23), it almost lacks the capability to recognize 
base mutations (Figure S9B). Reproducibility testing of 
CL-Cas12a against 1 pM and 100 pM samples (Figure 
S10) showed intra- and interbatch coefficients of varia-
tion of 2.50–4.32%, demonstrating the excellent repro-
ducibility of this CL-Cas12a. Additionally, the color of 
the CL-Cas12a system remains pink and is unchanged 
after being stored for 25 days at 4  °C. The fluorescence 
signal also remains essentially constant within the first 
15 days, demonstrating that the system has good stability 
(Figure S11). In general, compared to other L-Cas12a sys-
tem for detecting nucleic acid (Table S1), the developed 
platform based CL-Cas12a is more simple-to-prepared 
and sensitive.

Analysis of the DNA from infected cells
Accurate detection of human papillomavirus (HPV) is 
essential for clinical treatment of HPV-related cervi-
cal cancer and genital warts [31]. We used a model of 
HPV16-infected cultured cervical cancer cells (CaSki) 
and directly analyzed the total extracted DNA with the 
CL-Cas12a system (Fig. 4A). As illustrated in Fig. 4B, CL-
Cas12a differentiated HPV16-infected cells from unin-
fected controls, including HPV18-infected HeLa cells 
and 16HBE cells, consistent with previous findings [32]. 
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We also used CL-Cas12a to quantify target DNA and 
confirmed the results by PCR. CL-Cas12a could detect as 
few as 500 copies/µL of HPV DNA from infected cells. 
In contrast, the typical Cas12a system required 5 × 106 
copies/µL of HPV DNA to generate detectable signals, 
underscoring the remarkable sensitivity of CL-Cas12a 
(Fig. 4C).

To assess the practical utility of CL-Cas12a for clinical 
diagnosis, we analyzed crude DNA extracted from cervi-
cal swabs obtained from 7 healthy donors and 13 patients 
with HPV16 virus infection (Fig.  4D; Table S3). CL-
Cas12a identified HPV DNA in patient serum samples, 
distinguishing them from samples obtained from healthy 
donors (Fig.  4E), and the fluorescence signals produced 
by CL-Cas12a correlated with the quantitative real-time 
PCR results (Fig.  4F and S12). We thus established the 

ability of CL-Cas12a to directly and accurately detect 
HPV infection in clinical samples with exceptional sensi-
tivity and precision.

Analysis of cancer-related single-base mutation
Single-base mutation is one of the most common muta-
tion types in the human genome. It is closely related to 
phenotypic changes [33], gene function [34], human 
characteristics [35], and disease occurrence [36]. Cur-
rent technologies for detecting single-base mutations, 
such as ddPCR, NGS, and Sanger sequencing, have their 
limitations. ddPCR [37] is expensive and limited in sam-
ple throughput; NGS [38] requires significant cost and 
complex data processing; Sanger sequencing [39] has low 
sensitivity and throughput. Therefore, it is important to 

Fig. 3 (A) Schematic diagram of CL-Cas12a based systems. (B) Analytical performance of the CL-Cas12a strategy in vitro. Fluorescence intensity curve 
with the target concentration from a to j (100 nM, 10 nM, 1 nM, 100 pM, 10 pM, 1 pM and 100 fM, 10 fM, 1fM, and 100 aM). (C) Corresponding calibration of 
target HPV16 in CL-Cas12a strategy. (D) Schematic diagram of L-Cas12a based systems. (E) Analytical performance of the L-Cas12a strategy in vitro. Fluo-
rescence intensity curve with the target concentration from a to g (100 nM, 10 nM, 1 nM, 100 pM, 10 pM, 1 pM and 100 fM). (F) Corresponding calibration 
of target HPV16 in L-Cas12a strategy. (G) Fluorescence intensity respond to the target HPV 16, five HPV subtypes, and blank with a concentration of 100 
nM. (H) Sequence information and the normalized fluorescence signals of the wild-type (WT) target and SM strands. The mutation site is indicated in red
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develop a simple and efficient method to detect single-
base mutations.

The high specificity of CL-Cas12a promote us to dis-
tinguish cancer-related single-base mutations in clinical 
samples. We evaluated the performance of CL-Cas12a by 

targeting the KRAS_34G > T mutation, which common in 
various cancers, especially in non-small cell lung cancer 
[40, 41] (Fig.  5A). DNA extracted from lung cancer tis-
sues was analyzed and confirmed through histopathol-
ogy and DNA sequencing. The origin of these tissues had 

Fig. 4 Evaluation of CL-Cas12a for virus infection diagnosis. (A) Schematic illustration for the analysis of HPV infection in cultured cervical cancer cells 
(CaSki and HeLa) by CL-Cas12a. (B) Fluorescence signals of HPV16 infected cells CaSki and HPV18 infected cells HeLa and human bronchial epithelial cells 
16HBE samples. (C) Fluorescence signals of different amounts of DNA from HPV16-infected CaSki in CL-Cas12a and the typical L-Cas12a. (D) Schematic 
of HPV infection detection in human cervical swab samples by CL-Cas12a. (E) The fluorescence signals of 20 serum samples in CL-Cas12a. Cervical swab 
samples from thirteen patients (1 to 13) with HPV virus infection and seven healthy donors (14 to 20) were tested, respectively. (The red dash line indicates 
cut off value). (F) Heatmap of the normalized signal intensities of thirteen patient samples in CL-Cas12a and qRT-PCR. Data represent means ± SD. **** 
p < 0.0001)
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been previously established using computed tomography 
(Fig.  5B and Figure S13; Table S4). To confirm the abil-
ity of the CL-Cas12a system to identify patients with a 
small fraction of mutated tumor, we mixed samples with 
different concentration ratios (0 to 10%) of mutation 
DNA to WT DNA. The results revealed that CL-Cas12a 
enabled distinguishing the mutation of KRAS_34G > T 
at a low rate of 2% (Fig. 5C). The signals from lung can-
cer tissues carrying the KRAS_34G > T mutation were 
2.1- to 24.3-fold greater than from nonmutated samples 
(Fig.  5D). This differentiation cannot be achieved with 
the L-Cas12a system (Figure S14). The results obtained 

by CL-Cas12a were comparable to droplet digital PCR 
(Fig. 5E). Thus, the high specificity of this platform can be 
leveraged for clinical diagnostics of cancer-related single-
base mutations.

Versatile CL-Cas12a platform for mRNA imaging in living 
cells
To demonstrate the versatility of CL-Cas12a, which tra-
ditionally recognizes target DNA, we designed blocked 
crRNA sequences that enable the CL-Cas12a to detect 
RNA. Survivin mRNA was chosen due to its impor-
tant function in tumor diagnosis [42] and progression 

Fig. 5 Analysis of CL-Cas12a in cancer-associated SM diagnosis. (A) Schematic illustration for the detection of lung cancer–associated SM in human tissue 
samples by CL-Cas12a. (B) Verification of KRAS_34G > T in the genome of lung cancer tissue by DNA sequencing. The positive strand of KRAS from + 25 to 
+ 44 is shown. (C) Fluorescence signals of DNA with different mutation rates. The total amount of DNA in each sample is 50 nM. (D) Fluorescence signals 
of the DNA from different tissue samples in CL-Cas12a. Lung tissue samples without KRAS mutations (1 to 3) and three patients with KRAS_34G > T muta-
tions (4 to 6) were tested, respectively. Data represent means ± SD. ****P < 0.0001, Student’s t test. (E) Fraction of Kras mutation of six samples by ddPCR
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monitoring [43]. The crRNA was blocked by the hair-
pin design, which can be unfolded by target mRNA via 
toehold-mediated strand displacement. The substrate 
switches the CRISPR/Cas12a system from “OFF” to “ON,” 
causing digestion of the hairpin reporter and recovery of 
FAM fluorescence (Fig. 6A).

Before imaging in living cells, we tested the feasibil-
ity of the system in vitro. Only when all components 
were added would there be a significant fluorescent sig-
nal (Figure S15). Additionally, the number of base pairs 
in the stem of crRNA was optimized with 14 bp (Figure 
S16). Compared with normal A549 cells, confocal laser-
scanning microscopy showed that mRNA mimic-treated 

A549 cells (b) demonstrated stronger fluorescence. 
In contrast, no fluorescence was observed in mRNA 
inhibitor-treated cells (c), confirming the feasibility of 
CL-Cas12a for targeted mRNA imaging in living cells 
(Fig. 6B).

Moreover, CL-Cas12a (a) yielded a significantly stron-
ger signal than L-Cas12a (d), demonstrating its superior 
signal amplification. CL-Cas12a detection of mRNA in 
A549 (a), H292 (e), and 16HBE (f ) cells showed a range 
of signal strengths, H292 > A549 > 16HBE (Fig. 6B), con-
sistent with prior data and qRT-PCR results (Figure 
S17) [44]. Normalized intensities are shown in Fig.  6C. 
The good stability was confirmed by detecting the 

Fig. 6 Survivin mRNA visualization in living cells by CL-Cas12a. (A) Schematic illustration of the CL-Cas12a system for intracellular Survivin mRNA imaging. 
(B) Confocal laser scanning microscopy (CLSM) imaging of cellular Survivin mRNA in (a) A549 cells with the CL-Ca12a system, (b) Survivin mRNA mimic-
pretreated A549 cells with the CL-Ca12a system, (c) Survivin mRNA inhibitor-pretreated A549 cells with the CL-Ca12a system, (d) A549 cells with L-Cas12a 
system (e) H292 cells with the CL-Ca12a system, and (f) 16HBE cells with the CL-Ca12a system. Scale bar: 20 μm. (C) Fluorescence signals obtained from 
above confocal cell samples. Data were represented as mean ± SD (n = 8 samples per group). Statistical significance was calculated by one-way ANOVA 
with Tukey’s post hoc test. (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001)
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fluorescence intensity within the cells for 8  h (Figure 
S18).

Conclusion
Here, we present a simple and sensitive biosensor for 
high-sensitivity nucleic acid detection based CL-Cas12a. 
The CL-Cas12a system was synthesized within 15  min 
with high load efficiency by concentrating the substrates 
in the voids between ice microcrystal, thus achieving 
high sensitivity and efficiency. Based the CL-Cas12a, this 
biosensor demonstrated a broad linear range from 100 
aM to 1pM with a LOD of 98 aM. The outstanding sen-
sitivity, stability and reproducibility of proposed biosen-
sor demonstrate some unique features including easy to 
prepare, rapid, and low-cost. Moreover, this CL-Cas12a 
based platform was successful applied for DNA testing 
and single-base mutation analysis, as well as intracellu-
lar survivin mRNA imaging. The CL-Cas12a system also 
serves as a versatile and programmable platform that can 
be configured with specific crRNA sequences to detect 
different targets. This study demonstrated a CL-Cas12a 
synthesized by co-freezing method and applied it to 
detect and image nucleic acids sensitively and rapidly for 
the first time, which provides a promising new approach 
to disease diagnosis and treatment monitoring.

Experimental section
Materials
All DNA and RNA oligonucleotides were synthesized by 
BGI Gene Technology Co., Ltd (Beijing, China). The base 
sequences can be found in Supplementary information 
(Table S2). LbCas12a and NEBuffer 2.1 were purchased 
from NEB (New England BioLabs, Guangzhou, China). 
Tris(2-carboxyethyl) phosphine (TCEP) was obtained 
from Sigma. The 20  bp DNA Marker, 6 × Loading Buf-
fer, and 4 S Red Plus Nucleic Acid Stain were procured 
from Takara (Dalian, China). Chloroauric acid hydrate 
(HAuCl4·3H2O, 99%) was acquired from Shanghai Alad-
din Biotechnology Co., Ltd. The DNA extraction kit was 
purchased from Ikeri (Guangzhou, China) and the Trizol 
reagent was provided by Fdbio Science (Hangzhou, 
China). The TNaK buffer was composed of 20 mM Tris-
HCl, 125 mM NaCl, and 20 mM KCl. Lipofectamine 3000 
was obtained from HyClone (Logan, UT, USA).

Synthesis of AuNPs
We prepared 25  nm gold nanoparticles (AuNPs) using 
a method from the literature [26]. Briefly, all glass-
ware was firstly cleansed by soaking in aqua regia 
(HNO3:HCl = 1:3) for at least 30  min, then thoroughly 
rinsed with ultrapure water. Following that, 100 mL of a 1 
mM HAuCl4 solution was placed into a 250 mL flask and 
brought to a boil. Then 6 mL of a 38.8 mM sodium citrate 
solution was rapidly added, all the while maintaining 

stirring. This process led to the solution transition from 
a pale yellow to a wine-red color within 20 min. After the 
color change, heating was ceased, and the solution was 
allowed to cool to room temperature. The sizes of the 
nanoparticles were verified using TEM analysis. Finally, 
the synthesized AuNP solutions were stored at 4  °C in 
darkness for future use.

Characterization of AuNPs
AuNPs were diluted with nuclease-free water to a con-
centration of 1 nM. The AuNPs particles are then 
dispersed using sonication to ensure that they are as uni-
formly distributed as possible before detection with the 
instruments. The DLS and Zeta potential measurements 
are performed using the Malvern Zetasizer Nano ZS90 
from the UK, TEM measurements are carried out with 
the Hitachi HT7800, and UV-vis analyses are conducted 
using the Varioskan LUX micrometer.

Preparation of the CL-Cas12 system
We utilized the freeze-thaw method to immobilize the 
FAM-labeled thiolated reporter onto the AuNPs surface. 
In brief, the thiolated DNA strands including hairpin 
reporter and linker ssDNA were first mixed with TCEP in 
the appropriate ratio and reduced at room temperature 
for 30  min. Then mix the thiolated DNA strands with 
AuNPs and the crRNA/Cas12a complex, and place in a 
freezer for 15 min. After thawing, the product was cen-
trifuged three times (10000  g, 30  min, 4  °C) and resus-
pended in deionized water to eliminate any unbound 
DNA, crRNA/Cas12a complex and wash the AuNPs.

In this CL-Cas12a system, the hairpin reporter and 
linker ssDNA are anchored to the 25 nm AuNPs via 
Au-S bonding. The FAM-modified 3’ end of the hairpin 
reporters are in close proximity to the AuNPs, effectively 
quenching FAM through FRET. Linker ssDNA facilitates 
the attachment of the Cas12a/crRNA complex, enabling 
close proximity between Cas12a and the reporter for tar-
get detection. Upon the presence of the target, Cas12a is 
activated, cutting the reporters along the AuNPs surface, 
and releasing FAM, leading to a fluorescence signal.

Modification of AuNPs using salt-aging method
AuNPs (200 µL,50 nM) solution was mixed with hairpin 
reporter (80 µL,10 µM) and linker ssDNA (20 uL,10 µM) 
and incubated for 24  h. Utilize 2  M NaCl, 0.01  M PBS 
to gradually increase the NaCl concentration to 0.05 M, 
while maintaining the SDS concentration at 0.01%. This 
process is repeated after increasing the NaCl concentra-
tion by an additional 0.05 M, and subsequently for every 
0.1  M increase in NaCl, until the NaCl concentration 
reaches 1.0  M. Following the salting process, proceed 
with incubation overnight at room temperature. After 
incubating for 24  h, the particles were washed three 
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times with 0.01  M phosphate buffer (0.1  M NaCl, pH 
7.4) through centrifugation (10000 g) at 4  °C for 30 min 
to remove excess DNA strands and the resulted conju-
gates were resuspended in deionized water. Finally, add 
Cas12a/crRNA complex to the mixture and incubate 
at 37  °C for 1  h, then centrifuge to remove unbound 
Cas12a/crRNA complex.

Fluorometric quantification of DNA density on AuNPs
To measure the number of DNA strands on AuNPs, 
5’-thiolated DNA, with an extra fluorescent marker 
(FAM or Cy5) at the terminus (3’) was used to prepare 
SNAs. A complementary sequence containing a Cy5 tag 
is being introduced into the system to quantify the num-
ber of linker ssDNA. Hairpin reporter: linker ssDNA 
mixing molar ratios were fixed at 3:1. The resulting SNAs 
were incubated with TCEP at 60℃ for 5  h to displace 
fluorescent DNA from the AuNPs. Quantification of 
the detached DNA utilized a standard addition method 
to mitigate matrix effects on the measured fluorescence 
intensities. Fluorescence excitation occurred at 495  nm, 
and emission was recorded from 500 to 600  nm. Three 
separate batches of prepared SNAs were employed to 
determine an average DNA grafting density.

The trans-cleavage ability of LbCas12a on hairpin DNA
Hairpin (1 µM, 2 µL), HPV16 (1 µM, 2 µL), and Cas12a/
crRNA (500 nM, 5 µL) were used to verify the digestion 
of hairpins by Cas12a. 12% polyacrylamide gel electro-
phoresis (PAGE) was performed, with different samples 
mixed with 6× loading buffer (Takara, Dalian, China) 
and injected into the gel lanes in 0.5×Tris-acetate-EDTA 
(TAE) buffer. The PAGE ran at 150  V for 50  min. After 
electrophoresis, the gel was stained with 4 S Green Plus, 
and imaged using a Chemiluminescence Imaging System 
purchased from Guangyi Biotechnology Co., Ltd (Guang-
zhou, China).

Fluorescence measurement
The total reaction system consisted of crRNA/Cas12a (50 
nM, 6 µL), target (1 µM, 6 µL), hairpin reporter (1 µM, 6 
µL), linker ssDNA (1 µM, 2 µL), 25 nm AuNP (30 µL, 50 
nM) and 6 µL NEBuffer 2.1(10×). The fluorescence signal 
was recorded using luminescence spectrometer (Perki-
nElmer LS-55, USA) with an excitation wavelength and 
488 nm and emission wavelength of 515 nm).

Real-time fluorescence monitoring test
LbCas12a (50 nM) and its corresponding crRNA were 
combined in 10 × NEBbuffer 2.1 at a final ratio of 1:1 and 
mixed with CL-Cas12a system. Subsequently, real-time 
fluorescence scanning was initiated immediately upon 
addition of the target.

Evaluate the trans-cleavage activity of Cas12a on different 
systems
To initiate the experimental procedures, three differ-
ent systems were prepared: the L-Cas12a system, the 
SL- Cas12a system, and the CL-Cas12a system. For the 
assessment of the trans-cleavage activity of Cas12a on 
these systems, we mixed Cas12a and crRNA in a 1:1 
ratio within a 10 × NEBuffer 2.1 solution. Subsequently, 
equal amounts of reporters were individually placed 
into 1.5 mL centrifuge tubes. To each tube containing 
the reporter probe, 6 µL of the target (1 µM) was added, 
followed by the addition of 12 µL of the Cas12a/CrRNA 
complex (50 nM). The mixture was then incubated at 
37 °C for 30 min, allowing for the necessary reactions to 
take place. During this incubation period, we recorded 
the fluorescence change (F – F0), where F represents the 
fluorescence value after adding the target, and F0 repre-
sents the fluorescence value without adding the target.

Cell culture and preparation
CaSki cells (human cervical cancer cells), HeLa cells 
(human cervical adenocarcinoma cells), A549 cells 
(human alveolar basal epithelial cells in lung cancer), 
and H292 cells (human mucoepidermoid pulmonary 
carcinoma cells) were used as the positive cells, whereas 
16HBE cells (human bronchial epithelial cell line) were 
used as negative cells, and all were purchased from 
the Wuhan Pricella Biotechnology Co., Ltd. (Wuhan, 
China). Cells were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) Medium supplemented with 10% fetal 
bovine serum. All of them were incubated with a 1% 
penicillin − streptomycin − gentamicin mixed solution at 
37 °C and 5% CO2.

The qRT-PCR analysis
To extract the human DNA from CaSki, HeLa, and 
16HBE cells, the DNA Kit was used following the manu-
facturer’s instructions. The concentration of the extracted 
DNAs was routinely measured using the NanoDrop spec-
trophotometer (Thermo Fisher Scientific, China). For the 
quantitative real-time polymerase chain reaction (qRT-
PCR) experiment, a BlazeTaq™ SYBR Green qPCR Mix 
2.0 kit was employed. Finally, three types of cells were 
combined with an equal amount of DNA for CL-Cas12a 
detection.

Detection of Swab samples using CL-Cas12a
The healthy human swab samples used in this study were 
provided by the Southern Medical University Nanfang 
Hospital. We used Huayin Biological DNA Extraction 
Kits purchased from Guangdong Huayin Medical Science 
and Technology Co., Ltd. (Guangzhou, China) to extract 
DNA from the swabs. Subsequently, the extracted DNA, 
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which included the target of interest, was subjected to 
detection using the CL-Cas12a system.

Detection of tissue samples from lung cancer
The DNA from six lung tissue samples was detected with 
CL-Cas12a and L-Cas12a system. In addition, the Sanger 
sequencing and ddPCR dates were provided by Yongnuo 
Medical Laboratory Co.Ltd. (Guangzhou, China).

Data standardization
To standardize the comparison standard among the 
fluorescence signals of wild-type (WT) target and SM 
strands, patient samples in CL-Cas12a and qRT-PCR, 
DNA from lung tissue, and confocal cell samples, the 
original variables need to be unified before analyzing the 
data. The original data is transformed according to a cer-
tain ratio to ensure it ranges between 0 and 1. Employ-
ing the range standardization method, each data is 
calculated using the following formula: X′ = (X − Xmin)/ 
(Xmax − Xmin), resulting in the normalized signal.

The qRT-PCR analysis of Survivin mRNA in different cells
Total RNAs were extracted from A549, H292, and 16HBE 
cells using the Trizol Reagent Kit. To assess the expres-
sion of Survivin mRNA, complementary DNA (cDNA) 
samples were synthesized using the SureScript™ First-
Strand cDNA Synthesis Kit. Subsequently, RT quan-
titative PCR (qPCR) analysis was conducted using the 
BlazeTaq™ SYBR Green qPCR Mix 2.0 kit. The primer 
sequences utilized in these experiments are provided in 
Table S2. The procedure involved the following steps: a 
20 µL reaction mixture was incubated at 50 ℃ for 30 min, 
followed by a denaturation step at 95 ℃ for 2 min. Sub-
sequently, 45 cycles were performed consisting of dena-
turation at 95 ℃ for 15 s and annealing/extension at 60 
℃ for 30 s. β-actin RNA was used as an internal control 
for normalization. The 2 –(∆∆Ct) method was employed to 
calculate the relative expression level of Survivin mRNA.

Transfection of CL-Cas12a system and confocal 
fluorescence imaging
All cells were seeded onto confocal culture dishes and 
incubated for 24  h. Subsequently, the CL-Cas12a or 
L-Cas12a system, and the substrate were mixed with 8 µL 
Lipofectamine 3000 for 10 min. Then the above solutions 
were added into the seeded cells and incubated continu-
ously for 4 h. The change of Survivin mRNA concentra-
tion in living cells was achieved by transfecting Survivin 
mRNA mimic strands or Survivin mRNA inhibitor 
strands into cells for 2 h before use. The transfection pro-
cess was carried out at 37 °C in a 5% CO2 environment. 
After transfection, the cells were washed three times 
with PBS. Then, 50 µL of 4′,6-diamidino-2-phenylindole 
(DAPI) solution (5 g/mL) was added to the washed cells 

and incubated for 15 min. Following the DAPI staining, 
the cells were fixed with formalin for 15  min. Confocal 
fluorescence imaging was performed using an Olympus 
FV3000 confocal microscope. All images were acquired 
using a 100 × oil immersion objective and were subse-
quently analyzed using ImageJ software.
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