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Circulating tumor DNA (ctDNA) detection has found widespread applications in tumor diagnostics and
treatment, where the key is to obtain accurate quantification of ctDNA. However, this remains challenging due
to the issue of background noise associated with existing assays. In this work, we developed a synthetic gene
circuit-based assay with multilevel switch (termed CATCH) for background-free and absolute quantification
of ctDNA. The multilevel switch combining a small transcription activating RNA and a toehold switch was
designed to simultaneously regulate transcription and translation processes in gene circuit to eliminate
background noise. Moreover, such a multilevel switch-based gene circuit was integrated with a Cas9 nickase
H840A (Cas9n) recognizer and a molecular beacon reporter to form CATCH for ctDNA detection. The CATCH
can be implemented in one-pot reaction at 35 °C with virtually no background noise, and achieve robust
absolute quantification of ctDNA when integrated with a digital chip (i.e., digital CATCH). Finally, we validated
the clinical capability of CATCH by detecting drug-resistant ctDNA mutations from the plasma of 76 non-
small cell lung cancer (NSCLC) patients, showing satisfying clinical sensitivity and specificity. We envision
that the simple and robust CATCH would be a powerful tool for next-generation ctDNA detection.
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Introduction

Circulating tumor DNA (ctDNA) is highly associated with
tumor development and contains almost complete tumor genetic
information [1], which has enabled rapid advances in dynamic
assessment of cancer treatment [2,3], due to its easily accessible
sampling and high specificity to tumor cells. However, the con-
centration of ctDNA is ultralow in biological fluids and ctDNA
is highly diluted with abundant cell-free DNA (cfDNA) from
somatic cells, with a 1-cm’ tumor only producing 0.001 to 0.03%
of ctDNA in total cfDNA [4]. Meanwhile, ctDNA concentration
varies by orders of magnitude, especially in the ctDNA mutation
rate [5]. Thus, highly sensitive and specific technologies with
large dynamic range are expected to meet the precise detection
requirement of ctDNA in clinics.

Clinically, next-generation sequencing (NGS) and quanti-
tative polymerase chain reaction (QPCR) have been widely
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used for ctDNA detection. NGS shows a satisfying detection
range, but it is technically demanding and time-consuming,
and shows discordant reproducibility in ctDNA detection
[6-8]. qPCR exhibits decent rapidness and sensitivity, but it
is associated with the issues of dedicated thermocycling pro-
tocol for each assay, possible contamination from the ampli-
fied template, and relative quantification relying on standard
calibration [9]. Alternatively, the assays based on isothermal
amplifications [e.g., recombinase polymerase amplification
(RPA)] have been developed with their simple operation and
competitive sensitivity [10]. However, these assays are based
on exponential amplifications, which usually introduce inev-
itable background noise [11-13]. Background noise in nucleic
acid detection mainly refers to unwanted or extraneous signals
caused by nonspecific amplification or contamination during
the detection process, which will introduce false-positive sig-
nals to assays that rely on end-point signal readout [14-17],
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thus resulting in erratic detection sensitivity, specificity, and
dynamic range, posing a critical bottleneck for precise ctDNA
detection. Hence, it is crucial to develop new background-free
assays for ctDNA detection.

Some important efforts have been devoted to eliminating
background noise [16,18-21], focusing on developing alternative
reporters for improving signal-to-noise ratio (SNR) or suppress-
ing unspecific signal. For example, the background autoflu-
orescence as well as photon scattering interference could be
eliminated by using near-infrared upconversion nanoparticles
asreporter [19,22,23]. Although these assays could enhance the
positive signal, unspecific target amplification still exists, lead-
ing to undesirable background noise. Alternatively, functional
nucleic acids have been exploited to improve the target recog-
nition specificity, resulting in significantly decreased unspecific
signal [24,25]. For instance, short oligonucleotides with topo-
logic structure were designed to avoid nonspecific amplifications
[16]. Although these assays can effectively reduce background
noise, the introduction of additional unspecific signal absorption
lengthens the whole detection time (>3 h) [26].

Lately, the state-of-the-art tools offered by synthetic biology
have enabled the construction of gene circuit-based assays with
customizable performance [27-30], which are typically consti-
tuted by recognizer, gene circuit, and reporter [31]. For nucleic
acid detection, target nucleic acids are directly identified by the
recognizer, then activate the following gene circuit, and finally
produce readable signal with the reporter. Upon receiving an
input, the gene circuit is activated to produce proteins as an output
through transcriptional and translational processes that are reg-
ulated by switches. The switch plays a pivotal role in gene circuit
by precisely regulating the signal output level, which decides the
background signal, SNR, and dynamic range [13,32-35].

Inspired by the excellent controllability of gene circuit,
here, we developed a synthetic gene circuit-based assay with
multilevel switch (termed CATCH) for background-free and
absolute quantification of ctDNA (Fig. 1). More specifically,
we developed a multilevel switch and used it in gene circuit
to avoid background noise. The multilevel switch simultane-
ously regulates the transcription and translation in the gene
circuit relying on a small transcription activating RNA (STAR)
and a toehold switch (THS), respectively. Moreover, we used
Cas9 nickase H840A (Cas9n) as the recognizer and molecular
beacon (MB) by restriction enzyme digestion as the reporter,
which are integrated with the multilevel switch-based gene
circuit to form CATCH. We demonstrated that CATCH can
be done in one pot to prototype ctDNA detection, showing
virtually no background signal when no target DNA is present,
and achieve robust absolute quantification of ctDNA when
integrated with a digital chip. Further, we demonstrated the
clinical application of CATCH for detecting ctDNA from non-
small cell lung cancer (NSCLC) patients’ plasma. We envision
that the simple and robust CATCH would be a powerful tool
for next-generation ctDNA detection.

Results

Multilevel switch combining STAR and THS is designed

for background-free output in gene circuit

For gene circuit-based assay, precise gene expression regulation
is desirable to maximize the output while minimizing leaky
expression that induces background noise. In this study, we
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designed a multilevel switch that simultaneously regulates the
transcription and translation processes by the combination of
STAR and THS and used the multilevel switch in the gene cir-
cuit. STAR would be turned on by the trigger RNA to allow the
transcription of the downstream THS connected to the output
enzyme. The hairpin structure of THS can be unwound by the
trigger RNA, exposing the ribosome binding site and starting
codon to activate translation of the downstream output (Fig.
2A). To evaluate the kinetics of activation, we used an MB-based
reporter to detect the signal output level of gene circuit (Fig. S2).

Since the output signal of gene circuit is regulated by both
the transcription and translation processes, more precise con-
trol of background noise may be achieved by the multilevel
switch compared to regulation at single-level switch. To test
this hypothesis, we compared single-level switch-based gene
circuit with multilevel switch-based gene circuit for trigger
RNA detection. When there is no trigger RNA, we observed
that there exists evident background noise from single-level
switch-based gene circuit regulated by either STAR or THS
(Fig. 2B and C), while there is no detectable signal from mul-
tilevel switch-based gene circuit (Fig. 2D). The result was con-
firmed by the quantification of the signal, where the signal from
multilevel switch-based gene circuit is close to the negative
control group (no MB), indicating virtually no background
noise (Fig. 2E). When activated by trigger RNA with the same
concentration, gene circuits produced equivalent output signal
(Fig. S2), indicating that the multilevel switch does not affect
the maximum signal output. As expected, this multilevel switch
improves the fluorescence signal (~4,000-fold over the control
sample) with detection limit of 16.25 fM and increases the
dynamic range (100 M to 1 nM) (Fig. 2F). Meanwhile, the mul-
tilevel switch-based gene circuit is specific for single-nucleotide
mutation detection (Fig. 2G). We designed 1 to 5 mutations in
trigger RNA to demonstrate the accurate detection of multilevel
switch-based gene circuit (Table S1). Notably, the fluorescence
response produced by single-base mutation can be distinctly
discerned, demonstrating the ultrahigh specificity of multilevel
switch-based gene circuit. These results indicate that the designed
multilevel switch that simultaneously regulates the transcription
and translation processes can effectively suppress the background
noise in the gene circuit.

CATCH enables background-free ctDNA detection
Next, we integrated the multilevel switch-based gene circuit with
the Cas9n recognizer and MB reporter to form the CATCH for
ctDNA detection, which takes advantage of the high specificity
of Cas9n in recognition. Cas9n can recognize ctDNA (Table S2)
and only cleave one strand nick. Once Cas9n:small guide RNA
(sgRNA) complex recognizes and cleaves nick, the following
strand displacement synthesis extends at the nick, and the T7
primer binds to the 3’-end of nicked single-stranded DNA
(ssDNA) to form a duplex, which acts as the template for T7
RNA polymerase-mediated transcription. Then, the polymerase
generates trigger RNA along this template, which can activate
multilevel switch-based gene circuit as the input to regulate the
output restriction enzyme (Fig. 3A). The enzyme is then recorded
by a nondenaturing polyacrylamide gel electrophoresis (PAGE)
assay (Fig. S3). Upon addition of target DNA, the MB reporter
is cleaved by the output restriction enzyme, generating a detect-
able fluorescence signal.

To overcome the potential incompatibility of different enzymes
in CATCH, we first optimized the reaction components of
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Fig.1.Scheme of synthetic gene circuit-based assay with multilevel switch enabling background-free and absolute quantification of ctDNA. A multilevel switch is designed to
simultaneously regulate transcription and translation processes to reduce background noise. Cas9n as the recognizer and MB as the reporter are integrated with the gene
circuit to form CATCH. CATCH can be further integrated with a digital chip to provide background-free and absolute quantification of ctDNA.

CATCH in a tube (Fig. $4). We conducted a series of experiments
to investigate the influence of the Cas9n:sgRNA ratio on the
CRISPR/Cas9n system. We tested the ratios ranging from 8:1 to
1:8 and observed that the system reaches its maximum efficiency
ataratio of 1:4. For gene circuit expression, we evaluated the effect
of plasmid concentration. We found that 5 pM is the optimal
concentration for our experiment. Additionally, to determine the
optimal temperature for the CATCH reaction, we incubated the

Zhang et al. 2023 | https://doi.org/10.34133/research.0217

CATCH mix at different temperatures (25, 30, 35, and 40 °C) in
a bulk volume of 20 pl. We observed that the fluorescence signal
reaches maximum intensity at 35 °C, indicating that this temper-
ature is optimum for our assay. Finally, we optimized the reaction
time for detection. By monitoring the fluorescence intensity over
time, we found that after 90 min the fluorescence intensity reaches
saturation, indicating that this time point provides sufficient time
for the desired reaction to occur. Based on the specific recognition
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Fig.2.The multilevel switch enables background-free output of the gene circuit. (A) The scheme shows single-level and multilevel switches. The multilevel switch uses 2 separate
switches in series, which simultaneously regulates the transcriptional and translational processes. The water pipe serves as a representation of the signal output process in
the genetic circuit, where both STAR and THS can be likened to the valves in the water pipe. In the absence of a target, a small amount of water continues to flow, indicating
the generation of background signal. However, the implementation of a multilevel switch ensures the absence of background signal. (B to D) Time-dependent fluorescence
signal changes are determined from gene circuit based on STAR (B), THS (C), and multilevel switch (D) for 0 and 1 pM of synthetic trigger RNA detection. (E) The background
noise of different switch-based gene circuits is calculated when no target RNA is present. (F) Dose responses of different gene circuits show that the multilevel switch can
efficiently reduce the background output while maintaining the maximum output levels. (G) We designed 1to 5 mutations in trigger RNA. The fluorescence response produced
by single-base mutation can be distinctly discerned, demonstrating that multilevel switch-based gene circuit provides high detection specificity for single-nucleotide mutation
(n = 4 technical replicates, bars represent mean + SD, *P < 0.05, **P < 0.01).
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Fig.3.CATCH allows background-free ctDNA detection. (A) The scheme shows the ctDNA recognition process. Cas9n system recognizes ctDNA and generates a DNA-RNA
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(D) CATCH can stably detect the mutant allele concentration in samples with different concentrations of wild-type DNA. The red dotted line represents the actual content
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of Cas9n and the background-free output of multilevel switch-
based gene circuit, CATCH could maximize the outcome while
minimizing the background noise. We calculated the background
signal of each assay as a percentage of its maximum signal. In
comparison, CATCH displays a <0.01% relative background sig-
nal, while the RPA-based assay showed 190 times higher back-
ground signal. Besides, the RPA-based assay provides an SNR of
1.2 dB, while CATCH provides a much higher SNR of 11.5 dB
(Fig. 3B), making it possible to distinguish low abundance targets.
Next, we found that CATCH can detect single-nucleotide muta-
tion-containing alleles in low abundance (<0.2%), while RPA-
based assay shows poor performance in recognizing mutation
DNA with high homology, which cannot accurately identify the
target with a mutation rate below 0.5% (Fig. 3C).

To assess the accuracy of CATCH for low-abundance DNA
detection, we applied CATCH to detection of mutant DNA
diluted by a gradient of wild-type DNA. In mock ctDNA sample,
CATCH can sensitively respond to low-concentration targets
regardless of fixed mutant DNA concentration (0.1 nM; Fig. 3D)
and fixed wild-type DNA concentration (100 nM) as reflected
by the stable consistency (R* > 0.99) (Fig. 3E). Moreover, the
sensitivity of CATCH reaches up to 0.01%, which meets clinical
demand [36]. The specificity of CATCH for single-nucleotide
mutation is also superior to the RPA-based assay. In the pres-
ence of only one mutation, the signal of CATCH is significantly
reduced, but the RPA-based assay shows much lower specificity
to mutation change (Fig. 3F). These results indicate that CATCH
offers comparable sensitivity and specificity for ctDNA detection
with significantly higher SNR.

Digital CATCH enables absolute
ctDNA quantification

Given the ultralow concentration of ctDNA in biological fluids,
highly sensitive detection technologies are demanding. Digital
nucleic acid detection is an ultrasensitive method for nucleic
acid detection where target concentrations can be absolutely
quantified by Poisson statistics [10,37,38]. However, several
limitations still need to be addressed. Such as the low signal
differentiation between the positive and negative partitions and
the false-positive partitions induced by nonspecific amplifica-
tion. Due to the significantly reduced background noise and
improved SNR, we hypothesized that CATCH can be integrated
with a digital chip (i.e., digital CATCH) to circumvent these
issues for absolute quantification of ctDNA.

To determine if there is any unspecific signal output in dig-
ital CATCH, we integrated CATCH into a microwell chip con-
taining 20,000 partitions and investigated the fluorescence
signal change on the chip at various time intervals (i.e., positive
signal) (Fig. 4A). We observed that the number of positive par-
titions is stable at 90 min and does not change over time for
the positive group, while there are no positive partitions from
the negative control group even after extending the reaction
time to 150 min (Fig. 4B). For comparison, we also assessed
digital RPA-based assay and observed clearly positive partitions
at 10 min in the negative control group (Fig. S5), indicating
that unspecific signal occurs.

Next, we assessed the absolute quantification capability of
digital CATCH using serial dilutions of synthetic DNA of known
concentrations (0 to 10* copies/pl) and observed that the end-
point fluorescence images display an apparent consistency
between the target concentrations and the number of positive
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partitions (Fig. 4C). The measured concentrations are highly
consistent with the input concentrations in the dynamic range
from 10" to 10* copies/pl (R* > 0.99) (Fig. 4D). Digital CATCH
is well suitable for detecting rare mutant alleles in a large back-
ground of wild-type DNA. Our experiments demonstrated that
digital CATCH can detect mutations as low as 0.01% variant
allele frequency (VAF; Fig. S6A). Moreover, digital CATCH
exhibits greater stability in detecting 0.01% VAF compared to
digital PCR (Fig. S6B), highlighting its robustness and accuracy
for quantification. Moreover, to validate the specificity of digital
CATCH, we identified 4 different mutant DNAs (Table S3) with
2,000 copies/pl concentration and observed that digital CATCH
allows signal output only when a specific mutant DNA is present
(Fig. 4E). Besides, to assess the capability of digital CATCH for
different DNA mutation detections in parallel (i.e., multiplex
detection), we modified digital CATCH with 3 different sgRNAs
for recognizing target DNA and outputting different restriction
enzymes by corresponding gene circuits (Fig. 4F). Three MBs
labeled with FAM, Cy5, and AMCA were prepared to produce
green, red, and blue fluorescence on the digital chip after cleaving
by corresponding output restriction enzymes, respectively (Table
§4). The orthogonal testing result shows successful discrimina-
tion and ultralow cross-reactivity (Fig. S7). When there exist 3
target DNAs, 3 kinds of fluorescence can be clearly identified on
the same chip (Fig. 4G). Next, we evaluated the potential of such
multiplex digital CATCH to suppress cross-reactivity among
different targets in one pot. For this, we spiked 2,000 copies/pl
of different DNAs into one tube and observed that the multi-
plex assay retains no disturbance for their cognate target (Fig.
S8). The results demonstrate that digital CATCH can achieve
multiplex ctDNA mutation detection in one pot, which signifi-
cantly reduces the detection cost and provides more detection
information.

Digital CATCH enables clinical detection of drug

resistance gene mutations in NSCLC patient

Most cancer patients inevitably become drug resistant to first-
line therapy [39], where drug resistance gene mutation detec-
tion is urgently needed for the patients with poor efficacy of
targeted drugs for executing follow-up treatment [40]. Lately,
ctDNA-assisted liquid biopsy has emerged as a promising
alternative to traditional tissue biopsy for guiding medication
due to its easy sampling and minimal invasion. Meanwhile,
liquid biopsy brings the challenge in detection sensitivity due
to the ultralow-abundance ctDNA in biological fluids. With
the advantages of high sensitivity, high specificity, and wide
dynamic range, digital CATCH holds great potential for moni-
toring drug resistance-related gene mutations. Here, we assessed
the clinical capability of digital CATCH by detecting ctDNA
from NSCLC patients' plasma.

Epidermal growth factor receptor (EGFR) mutations are
frequently observed in NSCLC patients [41], and acquired
drug resistance can be target dependent. The L858R mutation
and the exon 19 deletion account for approximately 85% of
the EGFR mutations [42]. After treatment with the EGFR-
tyrosine kinase inhibitors (TKIs), 55% of patients were resist-
ant to EGFR-TKIs due to the T790M mutation [43]. While
the third-generation EGFR-TKIs have shown positive effects
in patients with the T790M mutation, drug resistance still
occurs in patients with C797S mutation [44]. Moreover, human
EGER type 2 (HER2) amplification occurs in 8% to 13% of
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all cases. The proportion of patients with drug resistance due
to N-methyl-N'"-nitroso-guanidine human osteosarcoma trans-
forming gene (MET) amplification is 5% to 9% [45]. These
mutations are available as biomarkers of drug resistance [41]. The
complexity of resistance mechanisms highlights the importance
of repeated tumor biopsy for patients during disease pro-
gression [46]. Here, we applied our digital CATCH to testing
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these 5 clinically relevant gene mutations (i.e., EGFR L858R,
EGFR T790M, EGFR C797S, HER2 amplification, and MET
amplification). To verify that digital CATCH can directly obtain
the mutation rate of the target gene, we first tested the reac-
tion time of digital CATCH at different target concentrations
and found that the time to reach the plateau phase is con-
sistent for different target concentrations (Fig. S9). Thus, we
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can simultaneously detect mutant and wild-type ctDNA (Fig.
5A) and the ratio of amplified mutations (Fig. 5B) on one
single chip.

Before testing with clinical samples, we synthesized artificial
targets that precisely matched the sequence of 5 clinically rele-
vant gene mutations. This allowed us to investigate the accuracy
of CATCH at low abundances (Fig. S10). The results clearly
demonstrated the capability of CATCH to detect mutations with
VAF as low as 0.01% and target concentrations as low as 10
copies/pl. These findings highlight the suitability of digital
CATCH for accurate quantification of these specific mutations
in ctDNA.

To validate that digital CATCH is capable of detecting drug
resistance gene mutations, we tested 76 plasma samples from 76
NSCLC patients treated with first-line EGFR-TKI, and compared

the results from digital CATCH with gold-standard deep sequenc-
ing (CAPP-Seq) technique (Fig. 5C). The patients who were
treated with EGFR-TKI have a proven EGFR mutation deter-
mined by deep sequencing. Among 67 patients with EGFR L858R
mutation, 66 patients can be detected by our digital CATCH,
showing a high sensitivity of 98.5%. Similarly, digital CATCH
provides high sensitivity for the detection of T790M mutation
(93.5%, 29 of 31), EGFR C797S mutation (91.7%, 11 of 12), MET
amplification (88.9%, 8 of 9), and HER2 amplification (100%,
5 of 5). Notably, the consistency between digital CATCH and
CAPP-Seq is very high with a k value of 0.87.

To assess the clinical specificity of digital CATCH for disease
monitoring, we compared different platforms for detecting
ctDNA mutations. The detection capability of digital RPA-based
assay is limited to some extent with low specificity (48.9%). In
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Fig. 5. Digital CATCH enables clinical detection of drug resistance gene mutations in NSCLC patients. (A) Digital CATCH could detect single-nucleotide mutation in clinical
samples. The plot shows the consistency between digital CATCH and expected value for EGFR T790M detection. (B) Digital CATCH could detect copy number variation (CNV) in
clinical samples. The plot shows the consistency between digital CATCH and the expected value for MET amplification detection. (C) Digital CATCH achieves parallel detection
from 76 clinical NSCLC patients' plasma samples. The heat maps show the comutation plot based on digital CATCH. Each column represents one patient. HER2/EIF2C1 > 2.0

was defined as HER2 amplification. MET/RPP30 > 2.2 was defined as MET amplification.
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comparison, digital CATCH exhibits better detection capability
with a sensitivity of 94.5% and a specificity of 98.8% (Table 1).
In summary, CATCH enables highly sensitive and specific detec-
tion of drug resistance gene mutations in NSCLC patients.

Discussion

In this study, we developed a detection assay termed CATCH
for background-free and absolute quantification of ctDNA. A
multilevel switch based on the combination of STAR and THS
was designed and used in gene circuit to successfully eliminate
background noise in ctDNA detection. Benefiting from such
background-free and one-pot reaction features, CATCH was
integrated with a digital microfluidic chip to form digital
CATCH, enabling absolute quantification of ctDNA. Besides,
modification of CATCH with multiple recognizers and reporters
shows the potential for multiplex ctDNA detection. Finally, the
clinical applicability of digital CATCH was verified by detecting
5 drug resistance-related gene mutations in 76 NSCLC patients,
showing satisfying consistency with clinical standard methods.

CATCH is versatile for detecting ctDNAs. Compared with
conventional NGS or PCR-based assays, CATCH can be imple-
mented under a constant low temperature (35 °C), decreasing
the requirements for peripheral devices (e.g., thermal cycler)
and assay cost. Different from template amplification in PCR,
CATCHs high sensitivity relies on the T7 polymerase-mediated
trigger RNA production and the highly efficient restriction
endonuclease reaction, eliminating potential contamination
and false-positive results in ctDNA detection [47]. Compared
with digital PCR, digital CATCH showed comparable sensitiv-
ity in detecting rare mutant alleles. But for ultralow mutation
rate detection (~0.01% VAF), digital CATCH shows superior
repeatability. Moreover, digital CATCH does not require expen-
sive and energy-consuming thermal cycler, thus being more
suitable for point-of-care testing. Compared with isothermal
amplification-based assays, CATCH efficiently eliminates back-
ground noise, resulting in superior detection sensitivity, spec-
ificity, and dynamic range. The detailed comparison of CATCH
to these assays is shown in Table S5, which indicates that
CATCH holds great potential as a promising alternative for
ctDNA detection.

Gene circuit-based assays have been customized for highly
portable and rapid nucleic acid detection [9,15,34,48-50]. Despite
the advances, most gene circuit-based assays fail to provide suf-
ficient nucleic acid detection specificity to reliably resolve the
high background noise when no input exists [13,35]. Therefore,
significant efforts have been carried out to address the back-
ground noise in the transcription [51], translation [52], and/or
posttranslation [15,53] processes, where most research is based
on single-level switch, leading to inevitable leaky expressions and
instable output [54]. One way to address the challenge is to use
multilevel switch to regulate gene expression in transcription and
translation processes. For instance, 2 distinct riboswitches (i.e.,
antisense RNAs and THS) were proposed to reduce intracellular
leakage expression in Escherichia coli [55] and cell-free expression
system [35]. Although these multilevel switches are effective for
regulating gene expression, the integration of multilevel switch
to gene circuit for nucleic acid detection has not been explored
yet. We demonstrate that the multilevel switch combining STAR
and THS enables strict regulation of both the transcription and
translation processes to minimize leakage, exhibiting ~4,000-fold
in background repression. Moreover, CATCH is easy to operate
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and does not require additional expensive equipment. To our
knowledge, this is the first report on using multilevel switch-
based gene circuit for background-free nucleic acid detection.

CATCH provides accurate quantitative measurements even
for low-concentration and low-frequency targets. The clear
binary distribution of positive/negative signal observed in
CATCH can be attributed to the effective functioning of the
CRISPR/Cas9n system. Additionally, the implementation of
a multilevel switch-based gene circuit ensures that the end
point is less affected by background noise. CATCH demon-
strates its suitability for detection of ctDNA in cancer patients,
offering several advantages such as high accuracy, sensitivity,
reproducibility, and the ability to perform absolute quantifi-
cation. As a result, CATCH holds great promise in monitoring
disease progression, assessing surgical outcomes, estimating
prognosis, and diagnosing recurrence.

We have demonstrated that the gene circuit using the designed
multilevel switch can effectively eliminate background noise,
enabling background-free ctDNA detection by CATCH. Such
multilevel switch design could be transplanted in other gene
circuits for constructing assays with enhanced positive signal
and reduced background signal. Although the multiplicity of
CATCH has been prototyped, further investigations are nec-
essary for extending CATCH for simultaneous detection of
multiplex targets. Due to the simple one-pot reaction, CATCH
could be further integrated with a portable device for imple-
menting nucleic acid testing at point of care.

Materials and Methods

General materials

Unless otherwise noted, RNA and DNA oligonucleotides, prim-
ers, sgRNAs, and fluorescently labeled MBs were purchased
from Tsingke Biotechnology Co. Ltd. (Xian, China) and used
without further purification unless modification was required.
Cell-free protein expression buffers were purchased from New
England Biolabs (E6820, NEB, MA, USA). Assembly was per-
formed using Golden Gate reaction with 4-base pair overhangs.
Cas9n was purchased from Novoprotein Scientific Inc. (E366,
Shanghai, China). Digital QuantStudio 3D chips were pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA).
HiScribe T7 Quick High Yield RNA Synthesis Kit was obtained
from NEB.

Restriction enzyme expression for output

The restriction enzymes were designed and expressed in the
cell-free gene expression system. Here, a 1.5-concentrated cell-
free reaction increased the reaction kinetics [29]. Briefly, 20 pl
of reactions was prepared using 10 pl of an optimized E. coli S30
lysate, 5 pl of NEB buffer 3.1 (pH 8.6), 0.5 pl of amino acid mix,
0.5 pl of methionine, 0.2 U of T7 RNA polymerase, and 1 pg of
expression plasmids (Table S6). The reactions were incubated
in a heating device. NEB buffer 3.1 remarkably enhanced the
enzymatic activities as well as its detection sensitivities [56]. A
fluorescence-based assay using MBs has been adapted from
literature [57]. A fluorescence spectrophotometer was used to
measure the fluorescence intensity. The excitation and emission
wavelength of each channel were set to 346 nm and 442 nm
(blue channel), 494 nm and 522 nm (green channel), as well as
646 nm and 664 nm (red channel), respectively. The bandwidth
for all was set to 10 nm.
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CATCH

For bulk experiments, CATCH was performed in PCR strips
at a final volume of 20 pl, consisting of different concentrations
of target DNA, 100 nM T7 primer, 5 pM restriction enzyme
expression plasmid with multilevel switch (Table S7), 160 nM
sgRNA (Table S8), 40 nM Cas9n, 0.2 U of DNA polymerase, 0.2 U
of T7 RNA polymerase, 0.1 U of ribonuclease inhibitor, 10 pl of
optimized E. coli S30 lysate, 1.5 mM each amino acid, 0.2 mg/
ml of tRNA, and 10 nM MBs. All bulk reactions were incubated
at 35 °C for 90 min, and the fluorescence signals were continu-
ously recorded with 1-min time interval.

To facilitate digital CATCH, the mixed CATCH reagent
including 200 nM sgRNA and 0.1% Tween 20 was loaded into a
commercial QuantStudio 3D Digital Chip. Excessive amounts of
sgRNA could promote the formation of the Cas9n ternary com-
plex, while Tween 20 could adjust the viscosity of the CATCH
reaction mix compatible with the chip [58]. The chip was then
heated at 35 °C for 90 min and transferred to a fluorescence
microscope to acquire fluorescence micrograph. The subsequent
data analysis was performed using GraphPad software, including
statistical analysis, plotting, and data fitting.

Clinical sample preparation

We obtained serum samples from 76 NSCLC patients at the First
Affiliated Hospital, Xi’an Jiaotong University (Xi'an, Shaanxi,
China). All patients were confirmed by histopathology. The
cfDNA samples were extracted using the QIAamp circulating
nucleic acid kit. Ten milliliters of plasma was mixed with 300 pl
of magnetic bead suspension, 550 pl of proteinase K, and 1,500 pl
of bead binding buffer in a 15-ml tube. The mixture was incubated
for 10 min at room temperature with end-over-end shaking. Next,
the tube was placed into a magnetic rack and left for at least 1 min
until the solution became clear. After elution from the beads, the
supernatant was pipetted into a QIAamp UCP MinElute column
and centrifuged for 1 min at 1,400 rpm. Finally, 30 pl of water was
pipetted into the center of the membrane. To elute the nucleic
acids, the sample was centrifuged at 20,000 rpm for 1 min. All
plasma samples were analyzed by CAPP-Seq by commercial
sequencing institutions, the manufacturer as described previously
[59]. The presence of ctDNA is identifiable in all patients selected
in this work. This clinical study was approved by the Ethics
Committee at the First Affiliated Hospital of Xian Jiaotong
University.

Digital PCR

A total 15 pl of PCR was prepared and added to the digital chip,
which includes 2 droplet digital PCR supermix, 100 nM prim-
ers, and 1 pM fluorescent probes. The thermal cycling program
is as follows: 95 °C for 10 min, 35 cycles of 95 °C for 30 s and
60 °C for 1 min, 95 °C for 15 min, and hold at 4 °C. The heating
and cooling rates are 2 °C/s for all steps.

RPA

The TwistAmp Liquid Basic Kit was used according to the instruc-
tions. In brief, the total reaction volume was 20 pl, including
120 nM primer, 10 mM deoxynucleotide triphosphates, and

8 mM magnesium acetate. RPA reactions were incubated at 37 °C
for 1 h.

Chip image analysis

The 3-color intensity vectors for each microwell were projected
onto the 2-dimensional image unit, and the density of each
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color was identified by Image]. The mapping of the fluorescence
of each color was determined by graphics integration.

Statistics

Statistical analysis, plotting, and data fitting were performed
with Excel and GraphPad Prism 8. Two-tailed ¢ tests and
2-sided Fisher’s exact tests were used for the significance test.
One-way analysis of variance and post hoc Tukey's multiple
comparison test were performed. The data were presented as
mean + SD. Statistical significance was assumed at P < 0.05
(*P < 0.05, ¥*P < 0.01).

For the background signal and SNR calculation, the end-
point fluorescence intensity at 90 min (R,) was divided by the
initial fluorescence intensity at 1 min (R;). The quantitative
curve was determined by the ratio (R, — R,)/c. ¢, the analyte
concentration or its logarithm, log c. The SNR (dB) was calcu-
lated using the following equation:

log,o (R, /Ry)

SNR =20 logio = o)

where o is the geometric SD of the distribution for R,

Acknowledgments

We thank L. Cao and M. You (Xi’an Jiaotong University) for
providing technical support. Funding: This work was supported
by the National Natural Science Foundation of China (21904104),
the Shaanxi Sanqin Scholars Innovation Team Support Plan
(xtr062021001), and the General Financial Grant from the China
Postdoctoral Science Foundation (2020M673418). Author con-
tributions: C.Z., Z.L.,C.Y., H.G., and EX. conceived the project.
C.Z., ZL., H.G, and EX. wrote the manuscript. C.Z., ].L., and
C.L. carried out most of the experiments and analyzed the data.
H.Z., W.G.L, C.Y,, H.G,, and EX. provided technical support
and materials support as well as helpful comments. H.G. pro-
vided clinical samples and information. Competing interests:
The authors declare that they have no competing interests.

Data Availability

Data are available from the corresponding authors upon request.

Supplementary Materials

Figs. S1 to §10
Tables S1 to S8

References

1. Cheng ML, Pectasides E, Hanna GJ, Parsons HA,
Choudhury AD, Oxnard GR. Circulating tumor DNA
in advanced solid tumors: Clinical relevance and future
directions. CA Cancer J Clin. 2021;71(2):176-190.

2. Janne PA, Yang JC, Kim DW, Planchard D, Ohe Y,
Ramalingam SS, Ahn M]J, Kim SW, Su WC, Horn L, et al.
AZD9291 in EGFR inhibitor-resistant non-small-cell lung
cancer. N Engl ] Med. 2015;372(18):1689-1699.

3. Corcoran RB, Chabner BA. Application of cell-free DNA analysis
to cancer treatment. N Engl ] Med. 2018;379(18):1754-1765.

10


https://doi.org/10.34133/research.0217

Research

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Maia MC, Salgia M, Pal SK. Harnessing cell-free DNA: Plasma
circulating tumour DNA for liquid biopsy in genitourinary
cancers. Nat Rev Urol. 2020;17(5):271-291.

Alix-Panabiéres C, Pantel K. Liquid biopsy: From discovery to
clinical application. Cancer Discov. 2021;11(4):858-873.
Kuderer NM, Burton KA, Blau S, Rose AL, Parker S,

Lyman GH, Blau CA. Comparison of 2 commercially available
next-generation sequencing platforms in oncology. JAMA
Oncol. 2017;3(7):996-998.

Deveson IW, Gong B, Lai K, LoCoco JS, Richmond TA,
Schageman J, Zhang Z, Novoradovskaya N, Willey JC,

Jones W, et al. Evaluating the analytical validity of circulating
tumor DNA sequencing assays for precision oncology. Nat
Biotechnol. 2021;39(9):1115-1128.

Stetson D, Ahmed A, Xu X, Nuttall BR, Lubinski T7J,

Johnson JH, Barrett JC, Dougherty BA. Orthogonal
comparison of four plasma NGS tests with tumor suggests
technical factors are a major source of assay discordance. JCO
Precis Oncol. 2019;3:1-9.

Kaminski MM, Abudayyeh OO, Gootenberg JS, Zhang E,
Collins JJ. CRISPR-based diagnostics. Nat Biomed Eng.
2021;5(7):643-656.

LiZ, Bai Y, You M, Hu J, Yao C, Cao L, Xu E. Fully integrated
microfluidic devices for qualitative, quantitative and digital
nucleic acids testing at point of care. Biosens Bioelectron.
2021;177:112952.

Varona M, Eitzmann DR, Pagariya D, Anand RK, Anderson JL.
Solid-phase microextraction enables isolation of BRAF V600E
circulating tumor DNA from human plasma for detection with
a molecular Beacon loop-mediated isothermal amplification
assay. Anal Chem. 2020;92(4):3346-3353.

Mukama O, Nie C, Habimana JD, Meng X, Ting Y, Songwe F,
Al Farga A, Mugisha S, Rwibasira P, Zhang Y, et al. Synergetic
performance of isothermal amplification techniques and lateral
flow approach for nucleic acid diagnostics. Anal Biochem.
2020;600:113762.

Hong E, Ma D, Wu K, Mina LA, Luiten RC, Liu Y, Yan H,
Green AA. Precise and programmable detection of mutations
using ultraspecific riboregulators. Cell. 2020;180(5):
1018-1032.e1016.

Reid MS, Paliwoda RE, Zhang H, Le XC. Reduction of
background generated from template-template hybridizations
in the exponential amplification reaction. Anal Chem.
2018;90(18):11033-11039.

Wan X, Volpetti E, Petrova E, French C, Maerkl SJ, Wang B.
Cascaded amplifying circuits enable ultrasensitive cellular
sensors for toxic metals. Nat Chem Biol. 2019;15(5):540-548.
Gines G, Menezes R, Nara K, Kirstetter AS, Taly V, Rondelez Y.
Isothermal digital detection of microRNAs using background-
free molecular circuit. Sci Adv. 2020;6(4):eaay5952.
Vandekerkhove G, Lavoie J-M, Annala M, Murtha AJ,
Sundahl N, Walz S, Sano T, Taavitsainen S, Ritch E, Fazli L,

et al. Plasma ctDNA is a tumor tissue surrogate and enables
clinical-genomic stratification of metastatic bladder cancer.
Nat Commun. 2021;12(1):184.

Rondelez Y, Gines G. Multiplex digital MicroRNA

detection using cross-inhibitory DNA circuits. ACS sensors.
2020;5(8):2430-2437.

Kim ], Kwon JH, Jang J, Lee H, Kim S, Hahn YK, Kim SK,

Lee KH, Lee S, Pyo H, et al. Rapid and background-free
detection of avian influenza virus in opaque sample using
NIR-to-NIR upconversion nanoparticle-based lateral flow

Zhang et al. 2023 | https://doi.org/10.34133/research.0217

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

immunoassay platform. Biosens Bioelectron. 2018;
112:209-215.

Liu X, Liu X, Rong P, Liu D. Recent advances in background-
free Raman scattering for bioanalysis. TrAC Trends Anal Chem.
2020;123:115765.

Liu FX, Cui JQ, Park H, Chan KW, Leung T, Tang BZ, Yao S.
Isothermal background-free nucleic acid quantification by a
one-pot Casl3a assay using droplet microfluidics. Anal Chem.
2022;94(15):5883-5892.

Ji T, Xu X, Wang X, Cao N, Han X, Wang M, Chen B, Lin Z,
Jia H, Deng M, et al. Background-free chromatographic
detection of sepsis biomarker in clinical human serum through
near-infrared to near-infrared upconversion immunolabeling.
ACS Nano. 2020;14(12):16864-16874.

Zhang P, Gong Y, Zhang Q, Guo X, Ding C. In situ generated
chromophore as the indicator for background-free sensing
strategy of hydrazine with high sensitivity with in vitro and

in vivo applications. ] Mater Chem B. 2019;7(34):5182-5189.
Zeng Y, Koo KM, Shen AG, Hu JM, Trau M. Nucleic acid
hybridization-based noise suppression for ultraselective
multiplexed amplification of mutant variants. Small.
2021;17(2):€2006370.

Kim JH, Kim S, Hwang SH, Yoon TH, Park JS, Lee ES, Woo J,
Park KS. Three-way junction-induced isothermal amplification
with high signal-to-background ratio for detection of
pathogenic bacteria. Sensors. 2021;21(12):4132.

Jet T, Gines G, Rondelez Y, Taly V. Advances in multiplexed
techniques for the detection and quantification of microRNAs.
Chem Soc Rev. 2021;50(6):4141-4161.

Pardee K, Green AA, Takahashi MK, Braff D, Lambert G,

Lee JW, Ferrante T, Ma D, Donghia N, Fan M, et al. Rapid, low-
cost detection of Zika virus using programmable biomolecular
components. Cell. 2016;165(5):1255-1266.

Tabuchi T, Yokobayashi Y. Cell-free riboswitches. RSC Chem
Biol. 2021;2(5):1430-1440.

Nguyen PQ, Soenksen LR, Donghia NM, Angenent-Mari NM,
de Puig H, Huang A, Lee R, Slomovic S, Galbersanini T,
Lansberry G, et al. Wearable materials with embedded
synthetic biology sensors for biomolecule detection. Nat
Biotechnol. 2021;39(11):1366-1374.

Slezak T, Kossiakoff AA. Engineered ultra-high affinity
synthetic antibodies for SARS-CoV-2 neutralization and
detection. ] Mol Biol. 2021;433(10):166956.

Sedlmayer F, Aubel D, Fussenegger M. Synthetic gene circuits
for the detection, elimination and prevention of disease. Nat
Biomed Eng. 2018;2(6):399-415.

Dekker L, Polizzi KM. Sense and sensitivity in bioprocessing-
detecting cellular metabolites with biosensors. Curr Opin
Chem Biol. 2017;40:31-36.

Hicks M, Bachmann T'T, Wang B. Synthetic biology enables
programmable cell-based biosensors. Chemphyschem.
2020;21(2):132-144.

Brooks SM, Alper HS. Applications, challenges, and needs for
employing synthetic biology beyond the lab. Nat Commun.
2021;12(1):1390.

Greco FV, Pandi A, Erb TJ, Grierson CS, Gorochowski TE.
Harnessing the central dogma for stringent multi-level control
of gene expression. Nat Commun. 2021;12(1):1738.

Aggarwal C, Rolfo CD, Oxnard GR, Gray JE, Sholl LM,
Gandara DR. Strategies for the successful implementation of
plasma-based NSCLC genotyping in clinical practice. Nat Rev
Clin Oncol. 2021;18(1):56-62.

1


https://doi.org/10.34133/research.0217

Research

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Cao L, Cui X, HuJ, Li Z, Choi JR, Yang Q, Lin M, Ying Hui L,
Xu E. Advances in digital polymerase chain reaction (dPCR)
and its emerging biomedical applications. Biosens Bioelectron.
2017;90:459-474.

Cao L, Guo X, Mao P, Ren Y, Li Z, You M, Hu J, Tian M,

Yao C, Li E et al. A portable digital loop-mediated isothermal
amplification platform based on microgel array and hand-held
reader. ACS Sensors. 2021;6(10):3564-3574.

Vargas AJ, Harris CC. Biomarker development in the precision
medicine era: Lung cancer as a case study. Nat Rev Cancer.
2016;16(8):525-537.

Schmitt MW, Loeb LA, Salk JJ. The influence of subclonal
resistance mutations on targeted cancer therapy. Nat Rev Clin
Oncol. 2016;13(6):335-347.

Cooper AJ, Sequist LV, Lin JJ. Third-generation EGFR and
ALK inhibitors: Mechanisms of resistance and management.
Nat Rev Clin Oncol. 2022;19(8):499-514.

Ahsan A. Mechanisms of resistance to EGFR tyrosine kinase
inhibitors and therapeutic approaches: An update. Adv Exp
Med Biol. 2016;893:137-153.

Yun CH, Mengwasser KE, Toms AV, Woo MS, Greulich H,
Wong KK, Meyerson M, Eck MJ. The T790M mutation in
EGFR kinase causes drug resistance by increasing the affinity
for ATP. Proc Natl Acad Sci U S A. 2008;105(6):2070-2075.
Herbst RS, Morgensztern D, Boshoff C. The biology

and management of non-small cell lung cancer. Nature.
2018;553(7689):446-454.

Pasquini G, Giaccone G. C-MET inhibitors for advanced
non-small cell lung cancer. Expert Opin Investig Drugs.
2018;27(4):363-375.

Mazza V, Cappuzzo F. Treating EGFR mutation resistance in
non-small cell lung cancer—Role of osimertinib. Appl Clin
Genet. 2017;10:49-56.

Heider K, Wan JC, Hall J, Belic ], Boyle S, Hudecova I, Gale D,
Cooper WN, Corrie PG, Brenton JD. Detection of ctDNA
from dried blood spots after DNA size selection. Clin Chem.
2020;66(5):697-705.

Tan X, Letendre JH, Collins JJ, Wong WW. Synthetic biology in
the clinic: Engineering vaccines, diagnostics, and therapeutics.
Cell. 2021;184(4):881-898.

Zhang et al. 2023 | https://doi.org/10.34133/research.0217

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Kwon S, Shin HY. Advanced CRISPR-Cas effector enzyme-
based diagnostics for infectious diseases, including COVID-19.
Life (Basel). 2021;11(12):1356.

Takahashi MK, Tan X, Dy A]J, Braff D, Akana RT, Furuta Y,
Donghia N, Ananthakrishnan A, Collins JJ. A low-cost paper-
based synthetic biology platform for analyzing gut microbiota
and host biomarkers. Nat Commun. 2018;9(1):3347.

Chen X, Li T, Wang X, Du Z, Liu R, Yang Y. Synthetic dual-
input mammalian genetic circuits enable tunable and stringent
transcription control by chemical and light. Nucleic Acids Res.
2015;44(6):2677-2690.

Kato Y. Tight translational control using site-specific unnatural
amino acid incorporation with positive feedback gene circuits.
ACS Synth Biol. 2018;7(8):1956-1963.

Fernandez-Rodriguez J, Voigt CA. Post-translational control
of genetic circuits using Potyvirus proteases. Nucleic Acids Res.
2016;44(13):6493-6502.

Kopniczky MB, Moore S]J, Freemont PS. Multilevel regulation
and translational switches in synthetic biology. IEEE
Transbiomed Circ Syst. 2015;9(4):485-496.

Liu CC, Qi L, Lucks JB, Segall-Shapiro TH, Wang D,

Mutalik VK, Arkin AP. An adaptor from translational to
transcriptional control enables predictable assembly of
complex regulation. Nat Methods. 2012;9(11):1088-1094.
Chen W, McKenna A, Schreiber J, Haeussler M, Yin Y,
Agarwal V, Noble WS, Shendure J. Massively parallel profiling
and predictive modeling of the outcomes of CRISPR/Cas9-
mediated double-strand break repair. Nucleic Acids Res.
2019;47(15):7989-8003.

Bidar N, Amini M, Oroojalian F, Baradaran B, Hosseini SS,
Shahbazi M-A, Hashemzaei M, Mokhtarzadeh A,

Hamblin MR, de la Guardia M. Molecular beacon strategies for
sensing purpose. TrAC Trends Anal Chem. 2021;134:116143.
Zhu Q, Qiu L, Yu B, Xu Y, Gao Y, Pan T, Tian Q, Song Q,

Jin W, Jin Q, et al. Digital PCR on an integrated self-priming
compartmentalization chip. Lab Chip. 2014;14(6):1176-1185.
Newman AM, Bratman SV, To J, Wynne JE Eclov NC,

Modlin LA, Liu CL, Neal JW, Wakelee HA, Merritt RE, et al. An
ultrasensitive method for quantitating circulating tumor DNA
with broad patient coverage. Nat Med. 2014;20(5):548-554.

12


https://doi.org/10.34133/research.0217



