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• A general fluorescent signal system, 
Hybridization chain reaction- 
Fluorescence resonance energy transfer 
(HCR-FRET) is proposed and optimized 
for sensitive assay of ctDNA. 

• Theindependent of target HCR-FRET 
system, could be simply transplanted to 
the assay of other targets in parallel, and 
explanted into other assay protocols. 

• This assay strategy is a post- 
amplification mode.  
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A B S T R A C T   

Circulating tumor DNA (ctDNA) is a noninvasive biomarker which offer valuable information for cancer diag
nosis and prognosis. In this study, a target-independent fluorescent signal system, Hybridization chain reaction- 
Fluorescence resonance energy transfer (HCR-FRET) system, is designed and optimized. Combined with CRISPR/ 
Cas12a system, a fluorescent biosensing protocol was developed for sensing assay of T790 M. When the target is 
absent, the initiator remains intact, opens the fuel hairpins and triggers the following HCR-FRET. At presence of 
the target, the Cas12a/crRNA binary complex specifically recognizes the target, and the Cas12a trans-cleavage 
activity is activated. As a result, the initiator is cleaved and subsequent HCR responses and FRET processes are 
attenuated. This method showed detection range from 1 pM to 400 pM with a detection limit of 316 fM. The 
target independent property of the HCR-FRET system endows this protocol a promising potential to transplant to 
the assay of other DNA target in parallel.   

1. Introduction 

Statistics reveal that in 2020, lung cancer has the second highest 
incidence rate and the highest mortality among of all malignancies in 
China and worldwide [1,2]. Non–small cell lung cancer (NSCLC), one 

main type of lung cancer, accounts for the majority (approximately 
80%) of the cases and has proven difficulty to treat due to its high 
incidence of postoperative recurrence and metastasis [3]. Studies have 
shown that patients harboring Epidermal growth factor receptor (EGFR) 
mutations, one of the most common driver gene in NSCLC, benefit from 
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targeted therapy with EGFR-tyrosine kinase inhibitor (TKIs), such as 
gefitinib and erlotinib. However, acquired resistance develops usually 
after 10–14 months of TKI treatment for NSCLC patients. Among them, 
patients with the EGFR T790 M mutation (Thr790Met), a gatekeeper 
mutation, contribute about half of the resistant cases [4–6]. With the 
recent availability of the third-generation of EGFR inhibitor, such as 
osimertinib, the presence of EGFR T790 M identifies a clinical subset 
with a good prognosis and indolent progression [6]. 

In 1977, Leon first reported the correlations of cell free DNAs in 
serum and therapy effect against cancers [7]. Since then, more re
searches revealed that the levels of circulating tumor DNA (ctDNA), free 
DNA fragments released from primary tumors cells, are closely related to 
disease progression, metastasis and clinical outcome [8,9]. With the 
development of assay technologies, several methods, ddPCR [10], flow 
cytometry [11], electrochemistry [12], fluorescence [13], have been 
developed for selective analysis of ctDNAs. However, considering the 
low abundance of ctDNAs, sensitive, robust and cost/time effective 
recognition methods of ctDNAs, especially T790 M, are still in need [14, 
15]. 

Clustered regularly interspaced short palindromic repeats (CRISPR) 
and associated protein (Cas)-based diagnostics have the potential to 
fulfil these unmet needs. CRSIPR systems are an essential part of mi
crobial adaptive immune system against virus invasion [16]. To date, 
CRISPR-Cas systems including Cas9、Cas12a、Cas13a etc, have been 
repurposed for a wide range of applications, including diagnosis 
[17–20], cell imaging [21,22], transcription modulation [23] and gene 
therapy [24]. Its ability to accurately identify and slice specific nucleic 
acid sequences has endowed CRISPR-based detection and diagnostics 
one of the promising disruptive technologies of 2022 [25]. 

Also, various amplification systems, such as RCA [26], LAMP [27], 
NASBA [28], were employed to furtherly improve the sensitivity of the 
CRISPR/Cas system in bio-assay application. These new technologies 
based on CRISPR/Cas systems have demonstrated their potential to 
provide low-cost and practical diagnostic tools for the detection of 
pathogens and diseases [29–32], and have been widely used in 
biomedical detection [33]. However, most of them are pre-amplification 
mode, amplifications before the enzymatic digestion of probes via Cas 
proteins. The pre-amplification mode mainly depends on the duplication 
of target sequence, so that the design of the amplification unit has to 
modulate according the target. 

Hybridization chain reaction (HCR), first developed by Dirks and 
Piece [34] is a kinetics-controlled process involving a series of repeated 
hybridization events between metastable DNA probes. The final product 
is usually a long double-stranded DNA (dsDNA), which provides excel
lent signal amplification efficiency. With advantages like great assembly 
kinetics, facile operation, and enzyme-free and isothermal reaction, HCR 
are integrated with mainstream methods, like fluorescence [35], elec
trochemistry [36], and colorimetry [37] for ultrasensitive detection of 
abundant targets [38]. 

Cas12a is an endonuclease of the Class II typeV type in the CRISPR/ 
Cas system. Once the target-binding crRNA integrated into the Cas12a, 
Cas12a/crRNA/target complex exhibits trans- and cis-cleavage activity 
and chops up any ssDNA present in the vicinity [39,40]. Herein, a 
post-amplification mode, a hybridization-chain-reaction fluo
rescence-resonance-energy-transfer Cas12a-based assay strategy 
(HCR-FRET CRISPR assay), is raised and verified. Generally, the targets 
(T790 M positive ctDNAs), hybridize with the crRNA and trigger the 
trans-cleavage activity of Cas12a. As a result, the initiator sequence will 
be digested and no FRET signal is detected. At the absence of target, the 
initiator survived and threshold the following HCR so that FRET hap
pens. Fluorescence resonance energy transfer (FRET) are employed as 
signals to monitor and characterize the target concentrations. The FRET 
system employs the ratio of fluorescent signal between acceptor and 
donor moiety as illustrator, so that the false positive could be avoided. 
The developed signal-amplification unit HCR-FRET system is indepen
dent of the target sequence and can be extend to the assay of other DNA 

targets. 

2. Materials and method 

2.1. Material and instruments 

Materials: LbCas12a protein was purchased from Magigen Co., Ltd. 
(Guangzhou, China). QIAamp Circulating Nucleic Acid Kit (50) was 
ordered from QIAGEN Co., Ltd (Shanghai, China). Magnesium sulfate 
was obtained from Aladdin Biochemical Technology Co., Ltd. (Shanghai, 
China) and DEPC-Treated water were purchased from Thermo Fisher 
(Shanghai, China). Other chemicals were of analytical grade and used 
without further purification. All solutions were prepared with double 
distilled water (18 MΩ cm− 1) from a Milli-Q purification system (Mil
lipore Corp, Milford, MA) and stored at 4 ◦C. All the nucleic acid 
sequence synthesis was provided by Sangon Biotech (Shanghai, China). 
The nucleic acid sequences are shown in Table 1. 

2.2. Cas12a collateral cleavage activity 

To form annealed hairpins, crRNA was denatured at 76 ◦C for 5 min, 
and then slowly cooled to room temperature. Cas12a collateral activity 
was investigated by using 50 nM Cas12a, 50 nM crRNA, 125 nM re
porters, and varying concentrations of target in reaction buffer. The 
solutions were incubated at 37 ◦C for 30 min before fluorescent assay or 
gel electrophoresis. 

2.3. Gel electrophoresis 

To verify the Cas12a collateral cleavage activity and HCR, poly
acrylamide gel electrophoresis (PAGE) analysis were performed. A 15% 
polyacrylamide gel was prepared with 10 x TBE buffer. The reaction 
products were diluted by using 6 x loading buffer with a volume ratio of 
5:1 for gel electrophoresis. The electrophoresis was performed at 80 V 
for 100 min in 1 x TBE buffer. The gel was stained with Gel-Red Stain 
and imaged by the UV transilluminator (Bio-Tanon, Shanghai, China). 

Table 1 
Base sequences used in this work.  

Name Sequence (5′-3′) 

Target CTCCACCGTGCAGCTCATCATGCAGCTCATGCCCTTCG 
Initiator AAGAGAGAACAAGCAGGAATT 
crRNA UAAUUUCUACUAAGUGUAGAUGCAUGAGCUGCAUGAUGAGCUG 
NTC TGTACTCACCGGTTCCGCAGACCACCTGATCCGGACTA 
H1 AATTCCTGCTTGTTCTCTCTTAAGAGAAAGAGAGAACAAGCA 
H2 AAGAGAGAACAAGCAGGAATTTGCTTGTTCTCTCTTTCTCTT 
H3 AATTCCTGCTTGTTCTCTCTT(FAM)AAGAGAAAGAGAGAACAAGCA 
H4 AAGAGAGAACAAGCAGGAATTTGCTTGTTCTCTCTTTCTCTT 

(TAMRA) 
H5 AAGAGAGAACAAGCAGGAATTTGCTTGTTCTCTCTTTCT(TAMRA) 

CTT 
H6 AAGAGAGAACAAGCAGGAATTTGCTTGTTCTCTCTT(TAMRA) 

TCTCTT 
H7 AAGAGAGAACAAGCAGGAATTTGCTTGTTCTCT(TAMRA) 

CTTTCTCTT 
H8 AAGAGAGAACAAGCAGGAATTTGCTT(TAMRA) 

GTTCTCTCTTTCTCTT 
MT1 (WT) CTCCACCGTGCAGCTCATCACGCAGCTCATGCCCTTCG 
MT2 CTCCACCGTGCAGCACATGATGCAGCTCATGCCCTTCG 
MT3 CTCCACCGTGCAGCACATGATGCAGGTCATGCCCTTCG 
probe 5′6-FAM-TTATT-3′BHQ1 

Instruments: Fluorescence spectrum was performed on a F97 fluorescence 
spectrometer (Shanghai, China). Tanon electrophoresis analyzer (Tanon 2500R, 
Shanghai, China) was used for electrophoresis analysis. 
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2.4. Detection of ctDNA in buffer/clinical specimen using the Cas-FRET 
biosensing technique 

Cas 12a cleavage reaction: To form annealed hairpins, crRNA was 
denatured at 76 ◦C for 5 min, and then slowly cooled to room temper
ature. Cas12a and crRNA, were mixed with different concentrations of 
target and initiator/probe sequences. The final concentration of Cas12a 
was 50 nM as instructed and the final concentration of crRNA was 50 nM 
for cleavage activity confirmation and 100 nM for other reactions. Then, 
the solutions were incubated at 37 ◦C for 30 min for Cas12a cleavage 
before HCR, fluorescent assay or gel electrophoresis. 

HCR reaction: All the H# (1–8) sequences were incubated at 95 ◦C 
for 5 min and slowly cooled to room temperature to form annealed 
hairpins before HCR. The incubation time and temperatures for HCR 
were detailed explored. All H1~H8 were diluted in 10 mM PBS buffer 
(pH = 7.4). Other were diluted in reaction buffer (1 x reaction buffer). 

Fluorescence assay: Fluorescence spectrum were employed to 
explore performance of the HCR-FRET-Cas12a system. The reaction 
products were excited with 480 nm laser and the emission spectrum 
were recorded from 500 nm to 650 nm. 

3. Results and discussion 

3.1. General mechanism 

Based on the nonspecific trans-cleavage activity, a HCR-FRET Cas12a 
assay strategy is proposed in Scheme 1 for the detection of ctDNA (T790 
M). Generally, an efficient and universal HCR-FRET sensing system is 
designed. When the target is absent, the Cas 12a protein remains 

inactive and the initiators survive to trigger the downstream HCR 
amplification. As a result, the donor and acceptor moieties are pulled 
close to each other so that the fluorescence energy transfers between 
them, and the fluorescence of acceptor moiety is recorded. At the 
presence of the target, the target/crRNA complex is formed and activates 
the trans-cleavage activity of Cas12a/crRNA. As a result, the initiator is 
digested, and the downstream HCR amplification could not be initiated 
and no fluorescence signal of acceptor moiety could be detected. 

3.2. CRISPR-Cas12a system verification 

Polyacrylamide gel electrophoresis (PAGE) and Fluorescence Spec
trum were employed to confirm the cleavage activity of CRISPR/Cas12a. 
As shown in Fig. 1A, strips in lane 1 to 3 represented initiator, crRNA and 
target respectively. The new strip around 60 bps indicates the formation 
of crRNA/target duplex (lane 4 and 7) and specifically recognized by 
Cas12a protein (lane 7). As no additional strip appears in Lane 7, this 
may ascribe to the activation of the nonspecific cis-cleavage ability of 
Cas12a and all the ssDNAs were digested. To further confirm the cis- 
cleavage activity of the Cas12a/crRNA complex, a fluorophore quencher 
(FQ)-labeled probes were designed and introduced into the system. As 
shown in Fig. 1B, the fluorescence signal was released significantly in 
the presence of target, while no signal appears without the target. The 
consistence of these results demonstrated that the target could effec
tively activate Cas12a trans- and cis-cleavage ability. 

3.3. Design and optimization of the HCR-FRET system 

Firstly, the feasibility of HCR was explored via 15% PAGE. As shown 

Scheme 1. Schematic illustrated the principle of the HCR-FRET CRISPR assay strategy.  

Fig. 1. (A) 15% PAGE analysis of the Cas12a- 
mediated trans-cleavage activities. Lane 1: initiator 
(1 μM), Lan 2: crRNA (1 μM), Lane 3: Target (1 μM), 
Lane 4: crRNA (200 nM) + Target (500 nM) + initi
ator (200 nM), Lane 5: Cas12a (100 nM) + Target 
(500 nM) + initiator (200 nM), Lane 6: Cas12a (100 
nM) + crRNA (200 nM) + initiator (200 nM), Lane 7: 
Cas12a (100 nM) + crRNA (200 nM) + Target (500 
nM) + initiator (200 nM); (B) Fluorescence spectra of 
Cas12a-mediated FQ probe cleavage (λex = 480 nm, 
λem = 520 nm).   
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in Fig. 2A, the deep strips in lan5 showed a serial of DNA sequence 
appears. Also, only slightly light strips between 10–30 bps illustrated 
few initiator and fuel sequences remain. This result indicated the hairpin 
sequences hybridized with each other and the HCR reaction worked 
well. As the distance between the fluorescence donor (FAM) and 
acceptor (TAMRA) is the key factor that affect the energy transfer effi
ciency, five different ssDNA sequences (H4~H8, TAMRA moiety marked 
in different position in H2) were specially designed to select the most 
effective distance for fluorescent signal transmission (Fig. 2B). The 
distance between FAM and TAMRA were 0, 3, 6, 9, 16 nucleotides 
respectively when the H# sequence (# = 4–8) hybridized with H3 
sequence (H1 modified with FAM moiety). In the fluorescence spectrum 
(Fig. 2C and D), all these groups showed a signal decrease in the emis
sion of the donor (520 nm) and an enhancement in the emission in
tensity of the acceptor (580 nm) in different levels. The ratios of the two 
fluorescence intensities were calculated as the energy transferring effi
ciency index (ε = IF(580)/IF(520)) [41]. The results in Fig. 2E illustrated 

that the H3/H5 sequence pair had the highest energy transfer efficiency. 
The HCR-FRET system worked efficiently when the donor and acceptor 
were separated by 3 bases, this might contribute to the formation of DNA 
double helix in the HCR product, which turned the two fluorescent 
probes into appropriate space distance. The performance of the H3/H5 
sequence pair is even better than the previously reported HCR-FRET 
design [42,43]. As a result, the H3/H5 hairpin-pairs were taken for 
further experiments. The fluorescence spectrum data (Fig. 2C) also 
furtherly stand up for the feasibility of HCR-FRET. 

The detailed reaction conditions, including the ratio of two kinds of 
hairpins, concentration of initiator, reaction time and temperature, were 
furtherly explored and optimized, as shown in Fig. 3. 

Concentration of H5: Previous studies have concluded that the HCR 
reacts most effectively when the two hairpins had the same concentra
tion. However, the ratio of the two hairpins’ concentration has a certain 
relationship with the efficiency of HCR-mediated FRET. We set the 
concentration of H3 as a constant (400 nM) and compare the final FRET 

Fig. 2. Confirmation and optimation of HCR-FRET. (A) PAGE result of HCR, Lane 1–5 represents: initiator (100 nM), H1 (1 μM), H2 (1 μM), H1 + H2 (1 μM), initiator 
(100 nM) + H1 (1 μM) + H2 (1 μM) respectively; (B) Design of five different ssDNA sequences H4~H8 (TAMRA moiety marked in different position); (C) The 
fluorescence spectrum of HCR; (D) The fluorescence spectrums of products of HCR with H4~H8 respectively; (E) The energy transferring efficiency index of H4~H8. 
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effect with different concentrations of H5. As shown in Fig. 3A, the ε 
value rises with the increase in H5’ concentration, when it up to 600 nM 
the FRET efficiency reaches the maximum. 

Concentration of initiator: The initiator, another key element 
which starts the following HCR responses, will be cleaved nonspecifi
cally by the activated Cas12a. As shown in Fig. 3B, the energy trans
ferring efficiency index (ε) raised with the initiator concentration and 
achieved the highest value when the initiator concentration reached 
200 nM, this means more initiator molecules starts more HCR reactions. 
The ε value slightly decrease when more initiators were added. For this 
stage, too much initiators and more HCR will relatively dilute the FRET 
signals in the final products and impact the final energy transfer 
efficiency. 

Reaction time and Temperature: Different reaction time points 
and temperatures were also taken into considerations, the results are 
shown in Fig. 3C and D. The most efficient reaction time is 2 h and 
optimal reaction temperature is 37 ◦C, both of which are consistent with 
previous research [34,41]. 

3.4. Sensitivity of DNA detection 

To evaluate the performance of Cas12a-HCR-FRET biosensor, targets 
with different concentrations were measured under optimized condi
tions, and the fluorescence signal of reaction products was record via 
fluorospectro-photometer. As shown in Fig. 4, the energy transferring 
efficiency index showed a good linear correlation with the ctDNA con
centration, in the range from 1 pM to 400 pM. The linear equation is Y =
- 0.0117 X + 1.9625, with a correlation coefficient (R2) of 0.9939, where 

Fig. 3. Optimization of concentration of H5 (A), initiator (B), reaction time (C) and reaction temperature (D). Error bars show standard deviations of three repetitive 
measurements. 

Fig. 4. (A) Fluorescence spectra of different target concentrations; (B)The relationship between fluorescence energy transferring efficiency and different ctDNA 
concentrations. Error bars mean SD and every experiment was adopted three times. 

Table 2 
Comparison between this work and other reported methods for ctDNA detection.  

Method Detection range LOD Ref. 

Fluorescence 1–200 nM 0.12 nM [44] 
Fluorescence 1–100 nM 0.63 nM [45] 
Colorimetry 1%–10% in WT DNA 67 pmol/L (1%) [46] 
Electrochemical 5 pM-500 nM 3 pM [47] 
Fluorescence 1 pM–400 pM 0.316 pM This work  
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X represents the target concentrations and Y represents the energy 
transferring efficiency index. The limit of the detection (LOD) was 
calculated to be 0.316 pM according to the 3 σ rule, which was superior 
to those of reported biosensors for ctDNA detection (Table 2). 

3.5. Selectivity and specificity 

A random sequence that could not hybridize with crRNA (NCT), and 
three mutation sequence were employed to explore the selectivity and 
specificity of this method. MT1, MT2 and MT3 represented sequences 
with 1, 2 and 3 nucleotides (nt) mutations respectively. Under the 
optimal experimental conditions, MT1, MT2, MT3 and NCT at the same 
concentration (120 pM) produced significantly lower FRET efficiency 
compared with the target. Taken the difference between the DNA 
groups’ FRET efficiency and blank group (Δε = IF(580)/IF(520)) as the 
vertical axis (Fig. 5A), the results demonstrate that this Cas12a-HCR- 
FRET assay system could discriminate the 1–3 nt mutations. The abil
ity to distinguish mutations of this protocol ascribed to the specific 
recognition of the CRISPR/Cas12a system. 

To furtherly verify the performance of this protocol in real sample, 
standard ctDNA solution were added in the total cfDNA extracts from the 
authors’ plasma. The final concentrations were 40, 80 and 100 pM 
respectively. The comparison between the setting samples from plasma 
extraction and standard samples in water demonstrate no significant 
differences under the same experimental conditions (Fig. 5B) indicating 
the feasibility of this protocol for target DNA detection in real samples. 

4. Conclusion 

In summary, a general CRISPR-HCR-FRET assay protocol has been 
proposed and validated targeting ctDNA (T790 M). In this protocol, a 
HCR-FRET signaling system is specially designed. Combined with the 
CRISPR/Cas12a system, sensitive recognition of T790 M is realized. As 
the signal amplification unit (HCR-FRET system) is independent of the 
target recognition, the sequences design in this protocol is more general 
than the previously reported pre-amplification design and might be 
extended to other DNA targets, such as virus DNAs, cell free DNAs etc. As 
this reported protocol is a signal-off model, which limits its detection 
range and LOD, we expect a more effective and wider applications of this 
HCR-FRET when employed in other assay strategies. 
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