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ABSTRACT: The CRISPR-Cas12a system has been extensively utilized in
nucleic acid detection owing to its remarkable sensitivity and specificity.
Nonetheless, its strict dependency on the presence of a protospacer adjacent
motif (PAM) within double-stranded DNA (dsDNA) introduces considerable
limitations, thereby constraining its applicability, flexibility, and broader
accessibility in molecular diagnostics. Here, we communicate a universal,
robust, and high-fidelity method for a PAM-independent nucleic acid assay
based on the CRISPR-Cas12a system, named TRACER (mutant target-
recognized PAM-independent CRISPR-Cas12a enzyme reporting system).
TRACER can effectively distinguish target nucleic acids at concentrations as
low as 0.5 aM, thereby enabling it to identify the presence of a 0.1% single
nucleotide variant (SNV)-included mutant-type gene in heterozygotes. Thus,
TRACER exhibits comparable sensitivity, specificity, and accuracy to Sanger
sequencing in analyzing the SNV-related clinical tumor samples. Overall, TRACER introduces a brand-new perspective for SNV
assays by eliminating the dependency on PAM sites and significantly expands the application range of the CRISPR-Cas12a system,
thus holding immense potential for clinical diagnostics, biomedical research, and drug discovery.
KEYWORDS: CRISPR-Cas12a system, protospacer adjacent motif, single nucleotide variants, nucleic acid amplification,
clinical diagnostics

■ INTRODUCTION
Cancer is one of the leading causes of death worldwide, posing
significant challenges to public health and socio-economic
systems.1,2 Early and accurate diagnostics of cancer are crucial
for improving treatment effects and patient survival rates.3−5

Except for clinical imageological and histopathological
diagnostics,6 nucleic acid detection has shown immense
potential in cancer diagnosis and monitoring, which primarily
involves the analysis of biomarkers such as gene mutations,
gene rearrangements, and copy number variations.7,8 Single
nucleotide variants (SNVs) are the most prevalent type of
genomic alterations and often carry crucial clinical and
biological information, thereby providing precise evidence for
disease susceptibility and supporting personalized treatment
strategies.9−14

As the gold standard for nucleic acid detection, quantitative
polymerase chain reaction (qPCR) is widely applied due to its
simple design, high sensitivity, and low cost.15,16 However, it
faces challenges in detecting subtle changes caused by SNVs,
especially when they are embedded within numerous wild-type
(WT) background sequences. Conventional probe designs
often struggle to distinguish single base changes, leading to
mutant signals being masked by a large number of WT signals,
which complicates interpretation of the results. In contrast,

gene sequencing can accurately and efficiently distinguish
SNVs at the genome level.17,18 However, its widespread
application is limited by the requirement of expensive
equipment, high testing costs, and lengthy analysis times,
making it impractical for routine target detection. Thus, it is
desirable to develop high-efficiency and low-cost strategies for
SNV detection.
In recent years, CRISPR (clustered regularly interspaced

short palindromic repeats) technology has been widely used in
the field of molecular diagnosis due to its precise recognition
ability and high specificity.19,20 As the most extensively studied
CRISPR-associated (Cas) enzymes, Cas9, Cas12, and Cas13
effectors have different mechanisms for target recognition and
substrate cleavage.21−25 Different from Cas9, Cas12, and
Cas13 effectors, under the guidance of their CRISPR RNA
(crRNA), can nonspecifically cleave surrounding single-
stranded DNA (ssDNA) or ssRNA after recognizing their
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target nucleic acids (termed trans-cleavage activity).26−30

Based on this, researchers typically label fluorescence and
quenching groups at both ends of the ssDNA or ssRNA to
form FQ-reporter probes. Once the CRISPR-Cas12/Cas13
system is activated by their targets, the nonspecific cleavage of
the FQ reporters can generate an amplified signal, thereby
significantly improving the sensitivity of molecular diagnos-
tics.31−34 In contrast to the CRISPR-Cas13 system, which
recognizes ssRNA targets, the CRISPR-Cas12 system can
recognize both dsDNA and ssDNA targets.35 When recogniz-
ing dsDNA targets, a protospacer adjacent motif (PAM) site
with a specific sequence (5′-TTTV-3′) near the target region is
required.36 However, many genetic mutation-related diseases
have few PAM sites near the mutated region, especially
SNVs.37,38 Additionally, although such a PAM site exists near
the SNV, the location of the SNV may not be in the seed
region recognized by the Cas12a/crRNA complex, making the
CRISPR-Cas12a system insensitive to the SNV, which greatly
limits its applicability, flexibility, and accessibility.39 To address
this issue, many efforts have been made. Zhang and co-workers
performed a structure-guided protein mutagenesis screen to
increase the targeting range of Cas12a, which can recognize
noncanonical PAMs.40 However, the process of protein
modification and screening is complex, and the CRISPR-
Cas12a system still fundamentally depends on the presence of
a PAM site. Another strategy is to introduce a PAM sequence
into the amplification primers, ensuring that the amplified
products contain a PAM site recognized by the CRISPR-
Cas12a system.41 However, this method requires strict primer
design and optimization and does not get rid of the
dependence on PAM sites. Chen et al. employed high
temperature and Tm-lowering additives to obtain DNA bubbles
for Cas12a recognition, but the introduction of Tm-lowering
additives not only diminishes the affinity of the dsDNA target

but also may attenuate the binding affinity of crRNA to the
dsDNA target, thereby compromising the detection effi-
ciency.42 Similarly, although an artificial bubble structure in
the seed region of the dsDNA target can overcome the PAM
restriction, this design is tailored for the detection of enzymes,
small molecules, and miRNAs and is not applicable to genomic
dsDNA.43 Additionally, the strategy of generating sticky-end
dsDNA through temperature-mediated dsDNA unwinding and
introducing helper ssDNAs improves the identification of
SNVs. However, the length of the initiation region and the
blocker strand sequence need to be redesigned and optimized
for various targets, and the flapping process can somewhat
diminish the rate of fluorescence signal generation compared
to directly targeting ssDNA.44 In contrast, the asymmetric
recombinase polymerase amplification (RPA) reaction can
generate full-length ssDNA, but it inevitably sacrifices the
efficiency of nucleic acid amplification, leading to a decreased
detection sensitivity.45 Therefore, it is crucial to develop a new
strategy to overcome the limitation of PAM sites without
compromising the detection sensitivity for SNV assays.
Herein, we communicate a universal, robust, and high-

fidelity method for PAM-independent SNV assays based on
the CRISPR-Cas12a system, named TRACER (mutant target-
recognized PAM-independent CRISPR-Cas12a enzyme report-
ing system) (Figure 1). In this strategy, the dsDNA products
from the nucleic acid amplification reaction are unwound
through the treatment of alkaline solution or high temperature
to generate abundant ssDNA.46 After neutralization with acid
or cooling to a specific temperature, the ssDNAs are targeted
by the CRISPR-Cas12a system without the requirement for
the PAM site. Once activated, the CRISPR-Cas12a system can
cleave the FQ-reporter probe to yield fluorescence signals.
TRACER can effectively distinguish the target nucleic acids at
concentrations as low as 0.5 aM, thereby enabling it to identify

Figure 1. Principle of TRACER. (a) Schematic illustration of the conversion of dsDNA amplicons to ssDNAs. The ssDNAs can be recognized by
the CRISPR-Cas12a system without the requirement for a PAM site to generate amplified fluorescence signals. (b) Genomic DNA extracted from
tumor tissues is amplified by PCR or RPA and detected using the CRISPR-Cas12a system after BA or HC treatment. The WT targets fail to initiate
obvious fluorescence signals due to more mismatches with crRNA.
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the presence of a 0.1% mutant-type (MT) gene in
heterozygotes. Finally, we detected the tumor tissue samples
of 27 cases of breast cancer (ESR1 gene) and 30 cases of
nonsmall cell lung cancer (NSCLC, EGFR gene), which
showed comparable sensitivity, specificity, and accuracy to
Sanger sequencing. Overall, TRACER offers a new perspective
for SNV assays that is independent of PAM sites, effectively
broadening the applicability of the CRISPR-Cas12a system,
and thus holds significant potential for clinical diagnostics,
biomedical research, and drug discovery.

■ RESULTS AND DISCUSSION

Principle of TRACER
The CRISPR-Cas12a-based molecular diagnostics generally
depend on the nucleic acid amplicons that contain a PAM site.
This reliance significantly restricts the diversity of the sequence
selection for the desired targets. Although Cas enzymes can be
engineered to relax PAM recognition, thereby enhancing their
targeting properties, such modifications may present challenges
in applications that demand high specificity, especially in SNV
assays. To address this issue, we communicated a universal,
robust, and high-fidelity TRACER platform. As shown in
Figure 1a, the CRISPR-Cas12a system is unable to recognize
dsDNA amplicons that lack a PAM site, yet it can be effectively
activated by ssDNA targets irrespective of the PAM site

requirement. Briefly, in the workflow of TRACER, genomic
DNA extracted from tumor tissues is amplified by PCR or
RPA. Then, the dsDNA amplicons were treated with NaOH
solution or a high temperature to generate abundant ssDNAs.
After neutralization with HCl (BA-TRACER) or cooling to a
specific temperature (HC-TRACER), these SNV-contained
ssDNAs were recognized by the CRISPR-Cas12a system,
which triggered nonspecific trans-cleavage activity, resulting in
amplified fluorescence signals (Figure 1b). However, the WT
ssDNAs failed to initiate obvious fluorescence signals because
of more mismatches with the crRNA, thereby ensuring the
specificity of the TRACER.
Feasibility and Optimization of TRACER

Having introduced the principle of TRACER, we next verified
the feasibility and optimized the experimental parameters.
First, to validate the generation of ssDNA after BA or HC
treatment, we designed a dsDNA labeled with a fluorophore
and a quencher. After BA or HC treatment, significant
fluorescence signals were observed, while the untreated
dsDNA showed no signals due to the fluorescence resonance
energy transfer (FRET) efficiency (Figure S1a,b). The
observation suggested the conversion of dsDNA into ssDNA,
which was also confirmed by polyacrylamide gel electro-
phoresis (PAGE) analysis (Figure S1c). Next, to further
demonstrate the production of ssDNA, we designed a random

Figure 2. Feasibility and optimization of TRACER. (a) Randomly designed dsDNA sequence without a PAM site. (b) Fluorescence kinetic curves
of feasibility analysis of BA- and HC-TRACER. Inset: fluorescence imaging after BA- and HC-TRACER under ultraviolet/blue light. (c)
Representative fluorescence intensities at t = 45 min. (d−i) Optimization of the concentration of NaOH/HCl (d), incubation duration (e), ratio of
Cas12a protein to crRNA (f), concentration of Cas12a protein and crRNA (g), type of reaction buffer (h), and concentration of FQ reporter (i).
The end-point fluorescence intensities are plotted at t = 45 min. Error bars represent at least three independent experiments.
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dsDNA without a PAM site, which cannot activate the
CRISPR-Cas12a system (Figure 2a). In BA- or HC-TRACER,
the generation of remarkable fluorescence signals indicated the
efficient conversion of dsDNA to ssDNA, which effectively
activated the CRISPR-Cas12a system, enabling it to non-
specifically cleave the FQ reporter (Figure 2b,c). Fluorescence
imaging under ultraviolet/blue light corroborated the above
results (Figure 2b). Furthermore, the PAGE results showed no
distinct bands post BA- and HC-TRACER, validating that the
ssDNA, derived from dsDNA treated with BA and HC,
successfully activated the nonspecific ssDNA cleavage of the
CRISPR-Cas12a system. This finding further substantiated the
generation of ssDNA and underscored the excellent feasibility
of TRACER (Figure S2). We then evaluated the catalytic
activities of the CRISPR-Cas12a system in the presence of
ssDNA or dsDNA with/without PAM. As shown in Figure S3,
the CRISPR-Cas12a system exhibited robust catalytic activities
toward both ssDNA and PAM-containing dsDNA. In contrast,
dsDNA without a PAM site failed to activate the CRISPR-
Cas12a system, resulting in no catalytic activity.
Subsequently, we attempted to conduct multiparametric

optimizations of the BA- and HC-TRACER, encompassing
various parameters such as the concentration of NaOH/HCl,
incubation temperature and duration, concentration and ratio
of Cas12a protein to crRNA, type of reaction buffer, FQ-
reporter concentration, and so on. In the BA-TRACER, the
dsDNAs were treated with a NaOH solution to facilitate
denaturation, followed by the addition of HCl to neutralize the
pH of the reaction system, thereby rendering it compatible for
the subsequent CRISPR assay. We first investigated the
concentration of NaOH/HCl and the incubation duration. As
shown in Figure 2d,e, no significant variation in fluorescence
intensity and signal-to-noise (S/N) ratio was observed across
various concentrations of NaOH/HCl and incubation

durations. Consequently, a concentration of 50 mM NaOH/
HCl and a 1 min incubation period were identified as the
optimal conditions for the assay (Figure S4). Following that,
several CRISPR assay-related parameters were meticulously
evaluated. The results showed that with the increase of the
ratio of Cas12a protein to crRNA, the fluorescence signal
enhanced correspondingly, and the best ratio was 1:2 (100
nM: 200 nM) (Figures 2f,g and S5). Then, we delved into
different reaction buffers, including NEBuffer 2.1, HOLMEs
buffer,31,32 and DETECTR buffer.35 We noted that the
fluorescence signals produced by NEBuffer 2.1 and HOLMEs
buffer were similar in intensity; however, NEBuffer 2.1 showed
the highest S/N ratio, leading to its selection for further use
(Figures 2h and S6a). Ultimately, the concentration of the FQ
reporter was investigated, and the results revealed that an 800
nM concentration of the FQ reporter yielded the optimal S/N
ratio (Figures 2i and S6b).
Furthermore, the experimental parameters of HC-TRACER

were also carefully evaluated. Initially, the dsDNA strands were
subjected to 95 °C treatment to induce denaturation. They
were then rapidly transferred to a defined temperature to
preserve their single-stranded conformation. Upon exploring a
range of incubation temperatures, it was observed that the
fluorescence signals progressively decreased as the temperature
was raised from 0 to 50 °C. Significantly, the denatured ssDNA
exhibited the highest S/N ratio when incubated at 0 °C
(Figure S7a,b). This result is attributed to the fact that at
higher temperatures, the uncoiled ssDNAs tended to reanneal
into a double-stranded configuration, thereby reducing the
amount of ssDNA available to activate the CRISPR-Cas12a
system, which, in turn, led to diminished fluorescence signals.
Next, we explored the effect of the incubation time at 0 °C on
the HC-TRACER. We observed that 1 min incubation time
showed the highest fluorescence signal and S/N ratio (Figure

Figure 3. Sensitivity analysis of BA- and HC-TRACER. (a) Schematic diagram of target DNA amplified by PCR in the BA- and HC-TRACER. (b)
Fluorescence kinetic analysis of target DNA amplified by PCR in the BA-TRACER. (c) Fluorescence kinetic analysis of target DNA amplified by
PCR in the HC-TRACER. (d) Representative fluorescence intensities of the BA- and HC-TRACER. (e) Relationships between the logarithm of
target concentrations and the fluorescence intensities by the BA- and HC-TRACER. The end-point fluorescence intensities are plotted at t = 45
min. Error bars represent at least three independent experiments.
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S7c,d). Additionally, the CRISPR assay-related parameters in
the HC-TRACER were also examined, and it was found that
the optimal experimental conditions were largely in accordance
with those of the BA-TRACER (Figures S8 and S9).
Sensitivity Analysis of TRACER

After optimization of the experimental parameters, we next
proceeded to evaluate the sensitivity of TRACER under the
optimal conditions (Figure 3a). Prior to that, it is essential to
assess the effect of various primer pairs on the amplification
efficiency of PCR and RPA. We designed three primer pairs
and tested different combinations (Table S1), subsequently
analyzing their amplicons using BA- or HC-TRACER. The
results revealed that the F1R1 primer pair for PCR and RPA
showed relatively favorable fluorescence kinetics and intensities
in both BA- and HC-TRACER (Figures S10 and S11). After
that, the sensitivity analysis of TRACER was performed.
Initially, a series of target concentrations were utilized for PCR
amplification. Then, the resulting amplicons were treated by
either the BA or the HC method and subsequently detected by
the CRISPR-Cas12a system. As shown in Figure 3b,c, as the

target concentration ranged from 0 to 500 aM, a notable
increase in fluorescence signals was observed. Both BA- and
HC-TRACER demonstrated remarkable detection capabilities,
achieving a detection limit of 0.5 aM, which was much lower
than that of most other techniques (Table S2). This superior
sensitivity was credited to the synergistic effect of efficient PCR
amplification and the powerful signal amplification afforded by
the robust trans-cleavage activity of the CRISPR-Cas12a
system (Figure 3d,e). To ascertain the impact of the nucleic
acid amplification method on the analytical performance, we
compared the PCR method with the RPA isothermal
amplification technique, which offers the advantage of not
requiring large temperature-controlled equipment. However,
the results revealed that compared to the PCR method, the
BA- and HC-TRACER coupled with RPA showed slower
fluorescence kinetic signals and less favorable detection limits
(5 aM) (Figure S12). This reduction in the detection
sensitivity is likely attributable to the comparatively lower
amplification efficiency of RPA.

Figure 4. Analysis of SNVs by TRACER. (a) Drug-resistant ESR1-Y537S mutation in breast cancer and its corresponding crRNA. (b) Designs of
various crRNAs for SNV identification. (c) Fluorescence intensities for ESR1-Y537S mutation detection using the designed four crRNAs in the BA-
and HC-TRACER. (d) Detection of different concentrations of the ESR1-Y537S MT and WT genes using the crRNA3 in the BA- and HC-
TRACER. (e) Detection of the mixtures with various ratios of the ESR1-Y537S MT to WT genes using the crRNA3 in the BA- and HC-TRACER.
(f) EGFR-S768I mutation in NSCLC and its corresponding crRNA. (g) Fluorescence kinetic curves of the EGFR-S768I MT and WT genes using
the designed crRNA in the BA- and HC-TRACER. (h) Detection of different concentrations of the EGFR-S768I MT and WT genes using the
designed crRNA in the BA- and HC-TRACER. (i) Detection of the mixtures with various ratios of EGFR-S768I MT to WT genes using the
designed crRNA in the BA- and HC-TRACER. The end-point fluorescence intensities are plotted at t = 45 min. Error bars represent at least three
independent experiments.
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SNV Analysis by TRACER

After thoroughly investigating the sensitivity of TRACER, we
then attempted to evaluate its capability for SNV detection. As
is well-known, estrogen receptor (ER)-positive breast cancer
represents the largest group among breast cancer patients. The
treatment for these patients often relies on endocrine therapy
to regulate estrogen levels in the body, thereby controlling the
disease. However, patients who rely on long-term medication
often face a serious challenge: the emergence of drug
resistance, which is usually associated with genetic mutations,

such as SNVs. Thus, accurately diagnosing these SNVs is
crucial for the treatment of breast cancer.47,48 First, we assessed
the ability of TRACER to identify the ESR1-Y537S mutation,
which is a prevalent drug-resistant SNV in breast cancer
treatment (Figure 4a). We crafted four distinct crRNAs that
were thoroughly complementary to the MT gene (designated
as crRNA1) and intentionally introduced one mismatch
(crRNA2), two mismatches (crRNA3), or three mismatches
(crRNA4), respectively, to evaluate their specificity and
efficiency (Figure 4b). As shown in Figure 4c, in the BA-

Figure 5. Clinical validation of TRACER. (a) Workflow for the detection of ESR1-Y537S and EGFR-S768I mutations in clinical samples using
TRACER. (b,c) Fluorescence kinetic curves for detecting ESR1-Y537S mutation using the BA- (b) and HC-TRACER (c). (d) TRACER detection
results of two clinical cohorts were obtained, including 7 of ESR1MT samples and 20 of ESR1 WT samples. Two-tailed unpaired Student’s t tests
were used to evaluate statistical differences between the ESR1-Y537S MT and WT cohorts. (e,f) Fluorescence kinetic curves for detecting EGFR-
S768I mutation using the BA- (e) and HC-TRACER (f). (g) TRACER detection results of two clinical cohorts were obtained, including 12 of MT
EGFR samples and 18 of WT EGFR samples. Two-tailed unpaired Student’s t tests were used to evaluate statistical differences between the EGFR-
S768I MT and WT cohorts. (h,i) ROC curves of the BA- (h) and HC-TRACER (i) for detecting ESR1-Y537S and EGFR-S768I mutations in
clinical samples. (j,k) Evaluation of the clinical sensitivity, specificity, and accuracy of TRACER by comparison to Sanger sequencing using a
confusion matrix.
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and HC-TRACER assays, despite the high fluorescence signal
observed, there was no significant difference in ESR1-Y537S
detection when utilizing either crRNA1 or crRNA2. However,
when crRNA4 was employed, the fluorescence intensities were
markedly diminished for both the ESR1-Y537S MT and WT
gene assays. In contrast, the specifically designed crRNA3,
featuring two mismatches with the MT gene and three
mismatches with the WT gene, showed a relatively distinct
difference in fluorescence intensity when detecting the ESR1-
Y537S MT and WT genes (Figures 4c and S13). Considering
the critical importance of discrimination ability at low
concentrations for practical applications, we were particularly
interested in the analytical performance of BA- and HC-
TRACER when utilizing the selected crRNA3. As shown in
Figure 4d, both BA- and HC-TRACER could effectively
discriminate between the ESR1-Y537S MT and WT genes
with the assistance of crRNA3, even at exceedingly low
concentrations (Figures S14 and S15). Furthermore, in actual
scenarios, the proportion of the MT gene within the entire
detection system is considerably low. Consequently, to
evaluate the practical applicability of BA- and HC-TRACER,
we prepared a series of mixtures containing various ratios of
ESR1-Y537S MT to WT genes. As the proportion of the MT
gene decreased, the fluorescence signals gradually weakened.
Notably, even when the MT gene proportion was diminished
to 0.1%, the fluorescence signal remained markedly distin-
guishable from that of the pure WT gene, demonstrating the
capability of both BA- and HC-TRACER to detect mixtures
with as little as 0.1% MT gene content (Figures 4e and S16).
To evaluate the broad applicability of the design concept, we

endeavored to employ BA- and HC-TRACER to test
additional SNVs. Specifically, we focused on testing the
S768I mutation within the epidermal growth factor receptor
(EGFR) gene, a SNV known to be a significant driver of
nonsmall cell lung cancer (NSCLC) (Figure 4f).49,50 Utilizing
the previously optimized crRNA3, we conducted subsequent
tests. It was found that both BA- and HC-TRACER could
effectively differentiate between the EGFR-S768I MT and WT
genes, even at low concentrations, suggesting the high
sensitivity and accuracy (Figures 4g,h, S17, and S18). Similarly,
we also assessed the detection performance of the TRACER in
identifying various ratios of EGFR-S768I MT to WT genes.
The results showed that both BA- and HC-TRACER
demonstrated exceptional sensitivity, enabling clear detection
of mixtures containing as little as 0.1% of MT gene content
(Figures 4i and S19). This implied that our TRACER is
capable of precisely pinpointing the presence of any SNV,
thereby facilitating more accurate diagnostics and tailored
treatment recommendations for patients.
Clinical Validation of TRACER

In order to assess the clinical applicability of the BA- and HC-
TRACER for distinguishing between the mutant MT and WT
cancer cohorts, we collected a total of 57 tissue samples,
comprising 27 samples from breast cancer patients and 30
samples from NSCLC patients, all ethically from Hunan
Cancer Hospital. Compliant with the stringent medical ethical
guidelines and experimental protocols, we ensured the
precision and dependability of our findings. As shown in
Figure 5a, as an initial step, nucleic acids were meticulously
extracted from the tissue samples using a commercial column
extraction kit, followed by nucleic acid amplification through
PCR (Figures S20 and S21). Thereafter, the amplicons were

treated with either the BA or HC method prior to the
detection using the CRISPR-Cas12a system, facilitating the
differentiation between the MT and WT cohorts. As designed,
our primary focus was the identification of ESR1-Y537S
(breast cancer) and EGFR-S768I (NSCLC) mutations. Prior
to subjecting these samples to TRACER, we conducted Sanger
sequencing to verify their genetic profiles. The sequencing
results revealed the presence of the ESR1-Y537S mutation in 7
out of the 27 breast cancer samples and the EGFR-S768I
mutation in 12 out of the 30 NSCLC samples (Figures S22−
S25). Next, we adopted BA- and HC-TRACER to identify
these cancer samples. As shown in Figure 5b−d, both BA- and
HC-TRACER demonstrated remarkable efficacy, successfully
identifying all breast cancer samples with the ESR1-Y537S
mutation. For the analysis of NSCLC samples, TRACER
successfully detected nearly all EGFR-S768I mutated samples,
with only one exception that remained undetected, which
could potentially be attributed to the low content of the sample
or its degradation (Figure 5e−g). The optimal cutoff values for
both ESR1-Y537S and EGFR-S768I mutations in the BA- and
HC-TRACER were determined by using receiver operating
characteristic (ROC) curve analysis (Figure 5h,i). Finally, the
performance of TRACER was benchmarked against Sanger
sequencing using a confusion matrix analysis. The platforms
demonstrated exceptional proficiency in detecting the ESR1-
Y537S mutation, achieving perfect scores for sensitivity,
specificity, and accuracy at 100%. In the case of the EGFR-
S768I mutation, the assays also exhibited remarkable
effectiveness, with a sensitivity of 91.67%, a specificity of
100%, and an overall accuracy of 96.67% (Figure 5j,k).
Notably, our study did not encounter any false positives,
highlighting the robustness and reliability of TRACER in the
detection of genetic mutations.

■ CONCLUSIONS
SNVs are essential biomarkers for precision medicine, and
their detection plays a multifaceted and crucial role in cancer
treatment, ranging from aiding diagnosis and guiding therapy
to predicting drug responses, monitoring disease progression,
and assessing prognosis, all of which are integral components
of precision medicine. Nevertheless, achieving precise SNV
detection using CRISPR technology poses a significant
challenge, especially in genomic regions devoid of accessible
PAM sites. Despite this, our research aims to address these
limitations, striving to enhance the accuracy and reliability of
SNV detection, which is vital for the advancement of
personalized cancer care.
Herein, we communicated a robust CRISPR-Cas12a-based

SNV detection system, termed TRACER, which facilitated
flexible and accessible nucleic acid detection without the
requirement for a PAM site. In this study, we designed two
dsDNA denaturation strategies (BA and HC) to generate
abundant ssDNAs, thereby enabling efficient recognition by
the CRISPR-Cas12a system. Under optimal conditions, both
BA- and HC-TRACER can effectively detect the target
concentration as low as 0.5 aM without reliance on the PAM
sites, suggesting their high sensitivity. Furthermore, to enable
TRACER to accurately distinguish SNVs, we meticulously
designed and screened an array of crRNAs, strategically
introducing base mismatches within the spacer region of
crRNA. Guided by the selected crRNA, TRACER indicated
efficient and precise discrimination between the MT and WT
genes. The clinical utility of TRACER was further
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substantiated by their successful detection of ESR1-Y537S and
EGFR-S768I mutations from clinical tissue samples, which are
linked to breast cancer and NSCLC, respectively. The results
showed considerable clinical concordance with those obtained
from Sanger sequencing, highlighting the immense potential
for practical application in clinical settings.
Compared to the previous studies, although the core

concept is to generate full-length or partial ssDNA recognized
by the CRISPR-Cas12 system, TRACER does not affect the
binding efficiency of crRNA to target nucleic acid during the
detection process due to the addition of extra reagents or
blocker strands, and the efficiency of nucleic acid amplification
is not impacted by the asymmetry in primer concentration.
Despite the encouraging results of our research, it would be an
oversight not to acknowledge their inherent limitations. First,
the whole detection process encompasses multiple steps, which
can potentially increase the duration and complexity of the
assay. This underscores the importance of optimizing each step
to streamline the workflow and ensure efficient yet accurate
results. Second, the transfer and treatment of amplicons can
elevate the risk of aerosol contamination, potentially leading to
false-positive results. Third, the current validation of TRACER
is limited by a relatively small cohort of clinical tissue samples.
Access to a larger set of high-quality samples for assessment
could substantially bolster the demonstrated robustness and
precision of TRACER. In future studies, we aim to refine a
CRISPR-Cas12a-based one-pot assay, enabling the PAM-
independent nucleic acid detection, which will greatly
streamline the experimental procedure and eliminate the risk
of aerosol contamination.
Collectively, we have discovered a universal, robust, and

high-fidelity platform for nucleic acid detection that not only
gets rid of the need for PAM sites in the CRISPR-Cas12a
system but also offers a fresh perspective in the realm of SNV
detection. Consequently, we are confident that TRACER could
serve as a valuable tool for precision medicine, aiding in the
selection of targeted therapeutic strategies for patients with
these genetic mutations.

■ METHODS

Nucleic Acid Hybridization
100 μL sample of hybridization solution, including two comple-
mentary DNA strands (10 μM) and 1× NEBuffer 2.1, was incubated
at 95 °C for 5 min and then cooled to 25 °C at a rate of 2 °C/min.
Polymerase Chain Reaction
The PCR reaction volume was 50 μL, including 0.4 μM forward
primer and reverse primer, 1× TaqMix, various concentrations of
target, and RNase-free water. The thermal cycling program: 95 °C for
5 min, followed by 35 cycles of amplification at 95 °C for 10 s, 58 °C
(ESR1 gene)/52 °C (EGFR gene) for 30 s, and 72 °C for 1 min, and
finally, an extension at 72 °C for 10 min and an infinite hold at 10 °C.
The PCR products were stored at 4 °C for future use.
Recombinase Polymerase Amplification
The RPA reaction volume was 50 μL, including 0.4 μM of forward
primer and reverse primer, RPA mixture, magnesium acetate (280
mM), various concentrations of target, and RNase-free water. The
reaction system was incubated at 37 °C for 30 min, and the amplicons
were stored at 4 °C for future use.
BA-TRACER
Two μL portion of amplicons was added to 1 μL of 100 mM NaOH
solution to establish an alkaline environment that facilitates the
unwinding of dsDNA, followed by the addition of 1 μL of 100 mM
HCl solution to neutralize the pH, ensuring compatibility with the

CRISPR-Cas12a system. Twenty μL of the CRISPR-Cas12a system
includes 100 nM Cas12a, 200 nM crRNA, 1× NEBuffer 2.1, unwound
ssDNA, and 800 nM FQ reporter. The reaction system described
above was transferred to a fluorescence plate reader and monitored on
a Thermal Cycler Dice Real Time System III (TaKaRa) at 37 °C for
90 min.
HC-TRACER
Two μL of amplicons was subjected to a thermal treatment at 95 °C
for 5 min to promote the unwinding of dsDNA. Following this, the
resulting amplicons were rapidly cooled to 0 °C for 1 min to preserve
the ssDNAs in their unwound state. Twenty μL of the CRISPR-
Cas12a system includes 100 nM Cas12a, 200 nM crRNA, 1×
NEBuffer 2.1, unwound ssDNA, and 800 nM FQ reporter. The above
reaction system was transferred to a fluorescence plate reader and
monitored on a Thermal Cycler Dice Real Time System III (TaKaRa)
at 37 °C for 90 min.
Nucleic Acid Extraction from Clinical Tumor Samples
The process of nucleic acid extraction follows the instructions of the
TIANquick FFPE DNA kit for the rapid nucleic acid extraction of
paraffin-embedded tissue. Briefly, 30 mg of tumor sample was put in a
1.5 mL centrifuge tube, followed by the addition of 500 μL of GL
lysate and 50 μL of GP buffer. After violent vortexing for 10 s, the
sample was incubated at 98 °C for 30 min until it was dissolved.
Subsequently, the nucleic acids were extracted from the above-treated
sample by using the TIANquick FFPE DNA kit. Finally, the extracted
genomic DNA was stored at −20 °C for future use.
PAGE Analysis
Two μL of nucleic acid amplification products was mixed with 3 μL of
water and 1 μL of 6× loading buffer, and then these mixtures were run
on 8% native PAGE at 70 V for 60 min. After electrophoresis, the gels
were stained with GelRed. Finally, the gels were imaged by using a
GelDoc Go imaging system (Bio-Rad, USA).
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