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A B S T R A C T   

Nucleic acid detection is crucial for monitoring diseases for which rapid, sensitive, and easy-to-deploy diagnostic 
tools are needed. CRISPR-based technologies can potentially fulfill this need for nucleic acid detection. However, 
their widespread use has been restricted by the requirement of a protospacer adjacent motif in the target and 
extensive guide RNA optimization. In this study, we developed FELICX, a technique that can overcome these 
limitations and provide a useful alternative to existing technologies. FELICX comprises flap endonuclease, Taq 
ligase and CRISPR-Cas for diagnostics (X) and can be used for detecting nucleic acids and single-nucleotide 
polymorphisms. This method can be deployed as a point-of-care test, as only two temperatures are needed 
without thermocycling for its functionality, with the result generated on lateral flow strips. As a proof-of-concept, 
we showed that up to 0.6 copies/μL of DNA and RNA could be detected by FELICX in 60 min and 90 min, 
respectively, using simulated samples. Additionally, FELICX could be used to probe any base pair, unlike other 
CRISPR-based technologies. Finally, we demonstrated the versatility of FELICX by employing it for virus 
detection in infected human cells, the identification of antibiotic-resistant bacteria, and cancer diagnostics using 
simulated samples. Based on its unique advantages, we envision the use of FELICX as a next-generation CRISPR- 
based technology in nucleic acid diagnostics.   

1. Introduction 

Nucleic acids such as DNA and RNA are important biomarkers, with 
their detection enabling the diagnosis of a wide range of acute and 
chronic diseases—particularly infections and, more recently, cancer 
(Bronkhorst et al., 2019). Therefore, accurate, rapid, and cost-effective 
methods for nucleic acid detection can play a vital role in disease con
trol and management. This was exemplified during the coronavirus 
disease 2019 (COVID-19) pandemic, wherein detecting the SARS-CoV-2 
viral genome was critical for identifying COVID-19-positive cases and 
shaping control measures to reduce widespread viral transmission 
(Drain, 2022). 

There are many methods of nucleic acid detection currently avail
able, with varying specificity, sensitivity, simplicity, and speed. Among 
these methods, PCR-based technologies are the gold standard for nucleic 
acid diagnostics (Gootenberg et al., 2017; Kaminski et al., 2021). 
However, the need for sophisticated equipment, expensive reagents, and 

trained personnel hinders their use as point-of-care diagnostic tests 
(Yang and Rothman, 2004). To address these limitations, clustered 
regularly interspaced short palindromic repeat (CRISPR)-Cas systems 
have been repurposed to develop rapid (less than 1 h), highly sensitive 
(subattomolar range), and programmable nucleic acid-based diagnostic 
tests requiring minimal equipment (reviewed in Kaminski et al., 2021). 
Many of these tests utilize the trans cleavage activity of Cas12 or Cas13, 
wherein a fluorescent reporter DNA or RNA is cleaved off in the presence 
of the target DNA or RNA, respectively (Chen et al., 2018; Kellner et al., 
2019). CRISPR-based diagnostic tests have since been used to detect the 
SARS-CoV-2 (Broughton et al., 2020), Zika, and dengue viruses (Goo
tenberg et al., 2017), as well as Mycobacterium tuberculosis (Ai et al., 
2019), Plasmodium falciparum (Cunningham et al., 2021), Epstein‒Barr 
virus (EBV) (Wu et al., 2019), and Salmonella enterica (Shen et al., 2020). 

Despite the advantages of CRISPR-based diagnostics, there are key 
limitations that restrict its widespread use. For instance, the Cas pro
tein’s ability to successfully detect nucleic acids requires the presence of 
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a protospacer adjacent motif (PAM) flanking the target sequence—e.g., 
TTTN for Cas12a. This can prevent the detection of single-nucleotide 
polymorphisms (SNPs) not flanked by a PAM and shorter targets 
without the PAM sequence (Li et al., 2019). The off-target binding and 
mismatch tolerance of the single guide RNA (sgRNA) may also cause 
false signals, leading to misinterpretation(Vangah et al., 2020), thus 
requiring the use of software packages for sgRNA design (Kaminski 
et al., 2021). 

In this study, we developed FELICX, comprising flap endonu
clease, Taq ligase and CRISPR-Cas for diagnostics (X). This system 
can detect any region of DNA or RNA with single-base pair resolution 
without being constrained by the presence of a PAM in the target and 
sgRNA activity. FELICX is a novel nucleic acid detection method that 
can overcome the limitations of existing CRISPR-based technologies 
by using a flap endonuclease (FEN) instead of CRISPR-Cas12 to probe 
the amplified target. To develop FELICX, we first characterized a FEN 
mutant and optimized its cleavage activity. Second, we incorporated 
the FEN and Taq ligase into a one-pot reaction to form the substrate 
for CRISPR-Cas12 and showed the functionality of FELICX using 
purified SARS-CoV-2 nucleic acids as the target. Third, we improved 
the sensitivity and usability of FELICX by including isothermal 
amplification and detecting the final result on lateral flow strips. 
Finally, we demonstrated the versatility of FELICX by reprogram
ming it to detect a SARS-CoV-2 variant in simulated samples, EBV in 
human cells, an antibiotic resistance gene in pathogenic Klebsiella 
pneumoniae, and a cancer biomarker in serum with high specificity 
and sensitivity. 

2. Results 

2.1. Working principle and advantages of nucleic acid detection by 
FELICX 

Nucleic acid detection using FELICX involves sample lysis to release 
genetic material followed by target amplification using an isothermal 
amplification technique (Fig. 1a). The amplified product is then detected 
using FELICX, with the output signal measured by a fluorescence reader 
or lateral flow strips (Fig. 1b and c). FELICX comprises three enzymes, 
namely: FEN, Taq ligase, and Cas12—all working in tandem to detect 
DNA or RNA. First, a pair of oligos, known as the invading and flap 
primers, bind to the target DNA/RNA such that the flap primer creates a 
noncomplementary 5′-flap (Fig. 1b). This flap structure is recognized by 
FEN in a sequence-independent manner and is then cleaved off. The flap 
primer is designed such that its melting temperature is similar to the 
temperature at which cleavage occurs. This causes cyclic annealing and 
denaturing of the flap primer, resulting in multiple cleaved flaps being 
generated from a single target. Second, the cleaved flap is ligated to a 
unique double-stranded DNA adaptor by Taq ligase. This creates the 
target sequence recognized by the Cas12-sgRNA complex in the final 
step. Upon target recognition, Cas12 cleaves a DNA reporter via its trans 
activity, which results in either the production of a fluorescence signal or 
the disappearance of a specific band on the lateral flow strip. 

The main difference between FELICX and other CRISPR-based 
technologies is that the amplified product is recognized by FEN 
instead of Cas12. This is advantageous, as the activity of FEN is inde
pendent of the target sequence, unlike Cas12, which requires the PAM to 
be adjacent to the target (Fig. 1d). Essentially, any region in the nucleic 
acid can be probed by FEN as long as the invading and flap primers bind 

Fig. 1. Illustration of the workflow and advantages of FELICX for nucleic acid detection. (a)-(c) Outline of nucleic acid detection from clinical samples to the 
final output using isothermal amplification and FELICX. In the first step, (a) genetic material is extracted from clinical samples and amplified isothermally. This 
amplified product is subjected to (b) FELICX comprising FEN activity, adaptor ligation, and the Cas12-sgRNA reactions occurring sequentially. The output of FEN 
activity on the target is an oligo (green) that is ligated to an adaptor to form the substrate for Cas12-sgRNA, which cleaves a ssDNA reporter. (c) The output can be 
either a fluorescence signal or a readout on lateral flow strips. (d) Advantages of FELICX compared to other CRISPR-Cas12 techniques for nucleic acid diagnostics. 
These include 1) PAM independence, as the nucleic acid target is probed by FEN in a sequence-independent manner; 2) high specificity, as two regions are recognized 
by FEN compared to only one by Cas12; 3) high sensitivity, as both FEN and Cas12 amplify the signal compared to only Cas12 signal amplification in current 
methods; and 4) no requirement for gRNA optimization, as the same product is formed after FEN and adaptor ligation irrespective of the target sequence enabling 
detection using the same gRNA. 
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to the target and create a 5′-flap structure. As a pair of oligos must bind 
to the target, detection by FEN has a higher specificity than that by 
Cas12, which requires only the region complementary to its sgRNA for 
activity (Fig. 1d). In addition, FELICX comprises two signal amplifica
tion components: FEN and CRISPR-Cas12, resulting in a higher sensi
tivity compared to that of CRISPR-based technologies where CRISPR- 
Cas12 is the sole signal amplifier (Fig. 1d). Finally, since FEN activity 
is sequence-independent, the same dsDNA product is formed after the 
FEN and Taq ligase reaction for every target (Fig. 1d). This product can 
then be detected by the Cas12-sgRNA complex without changing the 
gRNA sequence. Thus, new targets can be detected without optimizing 
the gRNA activity, unlike current CRISPR-based technologies that 
require gRNA optimization for the detection of every new target 
(Fig. 1d). 

2.2. Characterization and optimization of FEN 

To develop FELICX, we first characterized and optimized the cleav
age activity of FEN. FENs are a class of enzymes ubiquitous in both 

prokaryotes and eukaryotes. The main role of FEN is in DNA replication, 
where it removes the RNA primer from the 5′-end of the Okazaki frag
ments that are subsequently joined together to form the lagging strand 
(Balakrishnan and Bambara, 2013). In bacteria, DNA polymerase 
I—which consists of an N-terminal 5′ nuclease and a C-terminal poly
merase—plays the role of FEN via its N-terminal domain (Xu et al., 
1997). In archaea and mammalian cells, there is a dedicated FEN 
enzyme similar to the N-terminal domain of bacterial DNA polymerase I 
(Balakrishnan and Bambara, 2013). 

FEN has been used to detect both DNA (Lyamichev et al., 1999b) and 
RNA (Eis et al., 2001), although it has several limitations, such as its 
slow speed, need for initial denaturation to assemble the oligos on the 
target, and reliance on a fluorescence reader for signal detection. DNA 
polymerase I from Thermus thermophilus (Tth pol) is a well-characterized 
FEN that can recognize the flap structure on both DNA and RNA targets 
(Eis et al., 2001). To determine if Tth pol is the best candidate for 
FELICX, we expressed and purified a panel of Tth pol variants, the 
N-terminal domain of Tth pol (TthN), human FEN1 (hFEN), archaeal 
Methanococcus jannaschii FEN1 (MjaFEN), bacteriophage T5 

Fig. 2. Comparison of FEN activity of different enzymes and its optimization. (a) Schematic of the fluorescence assay for quantifying FEN activity. (b) The 
activity of different FEN enzymes on 1 nM orf1ab DNA/RNA substrate with different configurations of the flap and invading primers, including the configuration 
shown in (a), a double flap configuration with flaps on both invading and flap primers as shown in Fig. S1d, a configuration without the invading primer, and a 
configuration with the flap primer only. No FEN refers to the reaction without the enzyme. The data (blue for DNA substrate and red for RNA substrate) represent the 
mean (n = 3 biological repeats). Thermo FEN was obtained from NEB (Catalog No. M0645S). (c) FEN activity of Tth pol v2 on the probe (flap primer only), DNA (1 
nM) and RNA (1 nM) substrates at different enzyme concentrations after 60 min of incubation at 65 ◦C. The horizontal black bars represent the mean (n = 3 biological 
repeats). The p value < 0.05 are provided, calculated using a two-sample t-test. (d) and (e) Detection limits of orf1ab DNA and RNA, respectively, after incubation 
with 10 nM Tth pol v2 for 30 min at 65 ◦C. The data represents the mean ± SD (n = 3 biological repeats). The p value < 0.05 compared to NTC are provided, 
calculated using a two-sample t-test. NTC - no target control. 

N. Aggarwal et al.                                                                                                                                                                                                                              



Biosensors and Bioelectronics 222 (2023) 115002

4

exonuclease (T5 exo) (Figs. S1a and c) and compared their activities 
with a commercially available thermostable FEN (thermo FEN) 
(Fig. 2b). Previously, wild-type Tth pol was mutated (G506K, Q509K, 
H786A) to enable RNA recognition and inactivate the polymerase 
domain (Eis et al., 2001). This mutant is named Tth pol v1 in this study. 
Mutations in Taq polymerase have also been reported to expand its 
substrate spectrum, although their effect on the FEN activity of the 
enzyme was not studied (Ong et al., 2006; Xia et al., 2002). These mu
tations lie in the polymerase domain of the enzyme and may affect its 
substrate binding and, consequently, FEN activity. Due to the high 
similarity between the Taq and Tth polymerases, we hypothesized that 
corresponding mutations in Tth pol might have a similar effect on the 
enzyme activity. Therefore, we further mutated Tth pol v1 to include the 
A604V, A610V, I616M, and E617GA mutations, creating Tth pol v2. 
Similarly, Tth pol v1 was mutated to include the A599T, W606R, 
A607Q, and I616T mutations to create Tth pol v3 (Fig. S1b). We also 
created TthN, comprised only of the N-terminal domain (amino acids 
1–307) of full-length Tth pol, and tested its FEN activity based on a 
previous report showing that the N-terminal domain of Taq polymerase 
alone exhibits FEN activity (Lyamichev et al., 1999a). 

To quantify FEN activity, we used a flap primer with a 5′ fluorophore 
and two attached quenchers—3′ and internal—which would generate a 
fluorescence signal upon cleavage by FEN (Fig. 2a). For all the FEN 
enzymes, we tested the enzyme activity on different configurations of 
the flap and invading primers: the 5′-flap of the flap primer and an 
invading primer (Fig. 2a), the double flap wherein both the flap and 
invading primers have flaps (Fig. S1d), as well as in the absence of the 
target-specific invading primer. We also measured the nonspecific ac
tivity of FEN on the fluorophore-quencher flap primer alone. For the 
target, we used a partial orf1ab DNA of SARS-CoV-2 with low similarity 
to the SARS viral genome (Fig. S2). The reaction was performed at 65 ◦C, 
which is the melting temperature of the flap primer used in this study. 

As seen in the left panel of Fig. 2b, the activity of Tth pol v1, v2, and 
v3 was greatly reduced when the double flap substrate was used 
(Fig. S1d) and when the invading primer was missing, suggesting that 
the configuration shown in Fig. 2a is the best for these enzymes. Among 
these variants of Tth pol, Tth pol v2 showed the highest activity, fol
lowed by Tth pol v3 and v1 (Fig. 2b), on the DNA substrate to which the 
flap primer and an invading primer without the flap were bound, vali
dating our hypothesis that mutations introduced in the enzyme affect 
the enzyme activity. Fluorescence signals were also observed in the case 
of the flap primer alone (Fig. 2b), indicating that the enzymes had low 
nonspecific activity along with high specific FEN activity. Surprisingly, 
TthN did not show any activity for any of the substrates tested, contrary 
to a previous study performed using the highly similar N-terminal 
domain of Taq polymerase(Lyamichev et al., 1999a). hFEN did not show 
any activity, likely due to the high reaction temperature, while the 
thermophilic MjaFEN displayed poor activity for the substrate with the 
5′-flap of the flap primer and an invading primer (Fig. 2b). For T5 exo, 
strong fluorescence signals were observed for all substrates, including 
the flap primer alone, almost immediately after initiating the reaction. 
This indicates that the enzyme has very high exonuclease activity that 
masks its FEN activity. To abolish its exonuclease activity, we mutated 
the K83 residue, which has been shown to be essential for exonuclease 
but not endonuclease activity (Garforth et al., 1999). However, in our 
study, the K83A mutation completely inactivated the enzyme, abolish
ing both endo- and exonuclease activities (Fig. 2b). Meanwhile, thermo 
FEN showed a similar trend of activity with the various DNA substrates 
as Tth pol. However, compared to Tth pol and its variants, it had lower 
activity. These results indicate that Tth pol v2 is the best candidate with 
high specific FEN activity and that the ideal substrate for the enzyme is 
the DNA target bound to a flap primer and an invading primer without a 
flap. 

Next, we selected the best FEN candidate, Tth pol v2, and compared 
its activity with the other Tth pol variants, v1 and v3, on an RNA sub
strate to which the flap primer and the invading primer with the flap 

were bound. Similar to the previous experiment, we used the partial 
orf1ab RNA of SARS-CoV-2 for the assay. As seen in the right panel of 
Fig. 2b, Tth pol v1 and v2 performed better than Tth pol v3, although 
weaker signals were observed for all three enzymes compared to the 
DNA substrate. Based on the FEN activity observed on both DNA and 
RNA substrates, we selected Tth pol v2 as the FEN for FELICX. Further 
mutagenesis of Tth pol v2 did not significantly improve the FEN activity 
of the enzyme (Supplementary result: Mutagenesis of Tth pol v2). 

We further characterized Tth pol v2 by evaluating the effect of 
enzyme concentration on FEN activity on both DNA and RNA substrates 
and the nonspecific activity on the flap primer alone (labeled as probe). 
We observed that with increasing enzyme concentrations, there was a 
concomitant increase in nonspecific activity, as indicated by the 
increasing fluorescence with the probe alone (Fig. 2c). At 10 nM, 
nonspecific activity was minimal, with high FEN activity observed for 
both DNA and RNA substrates. Beyond this concentration, nonspecific 
activity significantly increased, subsequently becoming indistinguish
able from FEN activity at 220 nM. This suggests that an optimal con
centration (10 nM) of the enzyme is needed for specific FEN activity. 

Although FEN can amplify signals through the cyclic annealing and 
denaturing of the flap primer, we hypothesized that it is unlikely to be 
robust enough for the highly sensitive detection of the target in a short 
time due to the linear amplification of the signal (one flap product 
formed every cycle per target). To confirm this, we ascertained the 
detection limit for both DNA and RNA by using 10 nM Tth pol v2. Within 
30 min of incubation, we only detected up to 100 pM of both DNA and 
RNA, although the fluorescence signal for 100 pM was slightly higher 
than that for the no target control (NTC) (Fig. 2d and e). Increasing the 
Tth pol v2 concentration to 50 nM worsened the detection limit to 1 nM, 
as expected, due to higher nonspecific activity resulting in greater 
background fluorescence (Fig. S4). This demonstrates the need for 
further signal amplification to enable highly sensitive target detection 
by FEN. 

2.3. Development and optimization of FELICX 

CRISPR-Cas12 acts as an excellent signal amplifier through its rapid 
trans cleavage activity on ssDNA upon recognition of the DNA substrate 
(Qiu et al., 2022). Thus, we combined FEN with CRISPR-Cas12 by 
converting the flap oligo generated by FEN to the substrate for Cas12 
through ligation to an adaptor. For FELICX, we used Cas12 from Lach
nospiraceae bacterium ND2006, which has previously been used for 
nucleic acid detection (Broughton et al., 2020). As Cas12 has a prefer
ence for a dsDNA substrate over ssDNA (Fig. S5), we created a dsDNA 
adaptor with a 3′ overhang by annealing two oligos: 5′p-adaptor and 
ds-convertor. The 5′p-adaptor has a 5′-phosphate that is ligated to the 
3′-OH of the flap oligo by a ligase enzyme, while the ds-convertor carries 
the PAM adjacent to the binding site of sgRNA (Fig. 3a). The comple
mentary target of the sgRNA is split between the flap and the adaptor, 
which ensures that neither the adaptor alone nor the uncleaved flap 
primer produces a signal. 

For every new target in FELICX, only the invading primer and the 
part of the flap primer complementary to the target must be changed 
(Fig. 2a). The 5′ flap of the flap primer remains constant, as FEN can 
cleave the flap primer in a sequence-independent manner. However, the 
cleavage site for FEN is one base pair into the complementary part of the 
flap primer with the target. Thus, every target can produce a flap with 
either of the four nucleotides at the 3′ end of the flap, depending on the 
target sequence. To account for this, the complementary nucleotide in 
the ds convertor must be changed (see nucleotides N and N′ in Fig. 3a). 
As this base pair falls within the region recognized by the sgRNA, we 
tested whether the Cas12-sgRNA complex could recognize the dsDNA 
adaptor with either of the four nucleotides at position N without 
changing the sgRNA sequence. This would simplify the use of Cas12- 
sgRNA, eliminating the need for changes in the sgRNA sequence for 
every new target. For this, we used the Cas12-sgRNA complex with the 
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sgRNA complementary to the dsDNA adaptor with thymine at position N 
(Fig. S6a). As shown in Fig. S6c, Cas12-sgRNA detected all possible 
targets with similar efficiency, irrespective of the nucleotide at the end 
of the flap. This is expected, as previous reports have shown that 
LbCas12a can tolerate mismatches in nucleotides 8–18 from the PAM (Li 

et al., 2018), which is the region where the fickle base pair (N–N′) lies. 
Therefore, for any nucleic acid target, the remaining part of the dsDNA 
adaptor apart from one base pair and the sgRNA remain unchanged, 
irrespective of the target sequence, enabling easier reprogramming of 
FELICX to detect different targets. 

(caption on next page) 
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For the ligation of the flap to the adaptor, Taq ligase is the ideal 
option, as its optimal temperature (65 ◦C) is the same as that of FEN. 
This would enable a one-pot reaction with both the flap primer cleavage 
by FEN and adaptor ligation occurring simultaneously. To validate our 
choice of ligase, we measured the ligation efficiency of Taq ligase at 
65 ◦C and compared it to that of other ligases, with the reaction per
formed at the reported optimal temperature of the enzyme: T4 DNA 
ligase at 21 ◦C and T4 RNA ligase at 37 ◦C. We used a synthetic flap oligo 
and the dsDNA adaptor as the substrate and performed ligation for 30 
min. The ligated product was detected by the Cas12-sgRNA complex, 
with fluorescence signals measured after 10 min or 30 min of incubation 
at 37 ◦C (Fig. 3b). Among the three ligases tested, Taq DNA ligase 
exhibited the highest fluorescence signal within 10 min of incubation 
with Cas12-sgRNA, which was comparable to the signal of the preligated 
product (Fig. 3c). This result demonstrates the superiority of Taq ligase 
over other ligases. Thus, Taq ligase was used as the ligase of choice for 
FELICX. 

Next, we optimized the one-pot FEN + Taq ligase reaction step by 
varying the concentration of FEN and the reaction incubation time at 
65 ◦C. As the reaction requires a FEN concentration with high specific 
and minimal nonspecific activity (Fig. 2c), we hypothesized that a 
similar trend would also be observed for the FEN + Taq ligase reaction. 
Fig. 3d shows that the optimal FEN concentration was 10 nM, as it 
produced the strongest fluorescence signal. Meanwhile, lower and 
higher FEN concentrations yielded weaker signals, validating our hy
pothesis. At low concentrations of FEN, fewer flap products are formed, 
resulting in weaker fluorescence signals. However, at high FEN con
centrations, the nonspecific activity of FEN may yield flap products of 
shorter length that do not anneal to the dsDNA adaptor due to the high 
reaction temperature or are not recognized by the Cas12-sgRNA com
plex after ligation due to incomplete hybridization of the sgRNA to the 
ligated product. Additionally, the fluorescence signal improved with 
increased incubation time, with 4 h of incubation yielding the strongest 
signal. To further strengthen the fluorescence signal, we increased the 
concentration of both the Cas12-sgRNA complex and the DNA reporter, 
which led to a significant increase in the specific signal (Fig. S6). We also 
evaluated a modified sgRNA, extended at the 3′ end with ssDNA, which 
has previously been reported to increase the trans-cleavage activity of 
LbCas12a (Nguyen et al., 2020). However, no improvement in activity 
was observed compared to that of the unmodified sgRNA (Fig. S7). Using 
these optimized conditions, we evaluated the detection limit of DNA and 
RNA by FELICX to determine whether signal amplification by FEN and 
Cas12 was sufficient for the sensitive detection of nucleic acids. For this, 
we used the partial orf1ab DNA or RNA substrates of SARS-CoV-2 spiked 
into purified total DNA or RNA from HEK293T cells, respectively, to 
simulate clinical samples. Despite a prolonged incubation of 4 h at 65 ◦C, 
only up to 100 pM target was detected by FELICX when both substrates 
were tested (Fig. 3e and f). This indicates the need for further im
provements in the sensitivity of FELICX. Although this detection limit is 
similar to that observed with FEN alone (Fig. 2d and e), the fluorescence 
signals observed with FELICX were significantly higher compared to 

FEN alone, indicating signal amplification by Cas12. 
Previously reported nucleic acid detection methods have incorpo

rated isothermal nucleic acid amplification techniques, such as loop- 
mediated isothermal amplification (LAMP) and recombinase polymer
ase amplification (RPA), to improve detection sensitivity (Broughton 
et al., 2020; Kellner et al., 2019). We attempted to amplify the target 
nucleic acids by LAMP, a commonly used nucleic acid amplification 
method performed at 65 ◦C, followed by FELICX to detect the partial 
orf1ab DNA of SARS-CoV-2 spiked into purified total DNA from 
HEK293T cells. However, orf1ab DNA was not detected despite exten
sive assay optimization (Supplementary result: Nucleic acid detection 
with LAMP + FELICX). 

As nonspecific amplification was observed by LAMP with the six 
primers used in the reaction, we hypothesized that using alternate 
amplification methods requiring fewer primers, such as RPA and 
helicase-dependent amplification (HDA), might eliminate the formation 
of nonspecific products, improving the sensitivity of target detection. 
Between these two methods, we chose HDA because its working tem
perature (65 ◦C) (An et al., 2005) is the same as the temperature of the 
FEN + Taq ligation step, simplifying the operation of HDA + FELICX. 
When FELICX was coupled with HDA, we detected six copies/μL (10 aM) 
of orf1ab and two copies/μL (3.5 aM) of the E. coli genome in two out of 
three biological samples (Fig. 3g and h), a significant improvement 
compared to LAMP, particularly for orf1ab detection. This validates our 
hypothesis that the presence of fewer primers in the nucleic acid 
amplification step can prevent nonspecific product formation and in
crease target yield, greatly improving its subsequent detection. 

2.4. Integration of a lateral flow detection system into FELICX 

Based on the finding that HDA + FELICX enabled nucleic acid 
detection, we next sought to integrate a lateral flow system into FELICX 
for signal detection to eliminate the need for a fluorescence reader. We 
used PCRD Flex lateral flow strips that can detect two different oligos 
with conjugated biotin and either FAM or digoxigenin (Fig. 4a). In the 
final step of FELICX, the Cas12-sgRNA complex cleaves the DNA re
porter in the presence of its substrate. To make use of this cleavage ac
tivity for the lateral flow strips, we replaced the DNA fluorescence 
reporter with probes for PCRD Flex. In the presence of the substrate, the 
Cas12-sgRNA complex should cleave the probe, resulting in the disap
pearance of the corresponding band on the lateral flow strip (Fig. 4b). 
Thus, a positive signal for the target nucleic acid is represented by the 
absence of the band on the lateral flow strip. 

We used the partial orf1ab DNA as the target to verify the function
ality of the lateral flow strips with FELICX. As the sensitivity of the 
lateral flow strips is poorer than that of the fluorescence reader, we 
scaled up the HDA reaction volume from 10 μL to 25 μL. Since high 
variability and weaker signals were observed when the unpurified HDA 
product was used for FELICX (Fig. 3g and h), we also included a nucleic 
acid purification step after HDA. For purification, we used the Char
geSwitch PCR Clean-Up Kit, which is based on functionalized magnetic 

Fig. 3. Optimization of the adaptor ligation and nucleic acid detection limits using FELICX. (a) Sequence of the flap product (green) ligated to the dsDNA 
adaptor (blue). The sgRNA bound to the adaptor is also shown in orange. The PAM is underlined and the fickle base pair is shaded in yellow. (b) Ligation of an oligo, 
similar to the flap product formed by FEN, to the dsDNA adaptor by a ligase. The ligated product forms the substrate for Cas12-sgRNA, which, upon activation, 
cleaves a ssDNA reporter, resulting in the production of a fluorescence signal. (c) Fluorescence signal observed after ligating the synthetic flap oligo with the dsDNA 
adaptor for 30 min using different ligases and subsequent detection by Cas12-sgRNA (10 min or 30 min of cleavage). The ligation volume was 15 μL, to which 5 μL of 
Cas12-sgRNA was subsequently added. The data represents the mean ± SD (n = 3 biological repeats). NTC - no target control. Ligated - preligated substrate. (d) 
Optimization of the FEN concentration and incubation time for the FEN + Taq ligase reaction (15 μL) using orf1ab DNA (1 nM). After ligation, the Cas12-sgRNA 
reaction (20 μL) was performed for 30 min. The data represents the mean ± SD (n = 2 biological repeats). NTC- no target control. (e) and (f) Detection limit of 
orf1ab DNA or RNA spiked into purified HEK293T total DNA or RNA, respectively, using FELICX. The FEN + Taq ligase reaction (20 μL) was performed for 4 h and 
the Cas12-sgRNA reaction (an additional 7 μL) was performed for 30 min. The data represents the mean ± SD (n = 3 biological repeats). The p value < 0.05 
compared to NTC are provided, calculated using a two-sample t-test. NTC - no target control. (g) and (h) Detection limit of HDA + FELICX for the orf1ab DNA and 
E. coli genome spiked into HEK293T total DNA. HDA was performed for 1 h in a 10 μL reaction, FEN + Taq ligase reaction for 1 h (total volume 20 μL), and Cas12- 
sgRNA reaction for 30 min (total volume 27 μL). The data represents the mean ± SD (n = 3 biological repeats). The p value < 0.05 compared to NTC are provided, 
calculated using a two-sample t-test. NTC - no target control. 
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beads that bind to either DNA/RNA. The kit requires only a magnet and 
can be used to rapidly purify nucleic acids (~5 min). When coupled with 
HDA and subsequent purification, we detected up to 0.6 copies/μL (1 
aM) orf1ab DNA spiked into purified HEK293T DNA using FELICX, as 
indicated by the disappearing T1 band in the lateral flow strip (Fig. 4c). 
The total time for detection was 2.5 h, including 1 h of HDA, 1 h of FEN 
+ Taq ligation, and 30 min of the Cas12-sgRNA reaction. We next 
checked if the time taken for HDA + FELICX could be reduced to enable 
the rapid detection of the target DNA. There was no loss of sensitivity 
when the time for HDA + FELICX was reduced to 60 min (20 min each of 
HDA, FEN + Taq ligation, and Cas12-sgRNA) (Fig. 4d), demonstrating 
the robustness of HDA + FELICX. 

Having confirmed the applicability of this method for rapid and 
sensitive detection of DNA, we next attempted to use HDA + FELICX to 
detect RNA targets. As the HDA reaction mixture lacks a dedicated 
reverse transcriptase, we used the WarmStart RTx reverse transcriptase 
due to its optimal temperature of 65 ◦C and similar buffer requirements 
as HDA. As RTx has not been used previously with HDA, we evaluated 
the functioning of RTx + HDA in a one-step (one-pot RTx + HDA) or 
two-step (sequential RTx and HDA) reaction to determine whether RTx 
interferes with the HDA reaction. There was no difference observed 
between the reactions (Fig. S10), leading us to choose the one-step RTx 
+ HDA due to its lower complexity. We performed RTx + HDA followed 

by FELICX to detect orf1ab RNA spiked into purified HEK293T RNA, 
detecting 0.6 copies/μL RNA (Fig. 4e) in the process. It took ~90 min in 
total to detect the RNA (45 min for RTx + HDA, 20 min for FEN + Taq 
ligation, and 20 min for Cas12-sgRNA). These results demonstrate that 
HDA + FELICX can detect both DNA and RNA using lateral flow strips 
with similar sensitivities in 60 min and 90 min, respectively. 

2.5. Demonstration of the versatility of FELICX 

In the previous section, we showed that FELICX in combination with 
HDA can be used to detect nucleic acids rapidly with high sensitivity. We 
next attempted to broaden the range of potential applications of FELICX 
by using it to detect SNPs. Detecting SNPs is important for disease 
diagnosis and treatment, as well as for identifying pathogen variants. 
FEN can be used to distinguish between SNPs by designing the flap and 
invading primers such that the one base-pair overlap between the 
primers falls at the SNP position (Fig. 5a). If there is an SNP in the target, 
the absence of overlap between the flap and the invading primers will 
abolish the activity of FEN. Thus, the absence or presence of the SNP in 
the target sample can be confirmed by probing the sample with flap 
primers specific to the wild type and the variant target sequence 
(Fig. 5b). As a proof-of-concept, we used FELICX to distinguish between 
the receptor-binding domain in the spike protein of wild-type SARS- 

Fig. 4. Combining FELICX with lateral flow strips for nucleic acid detection. (a) Schematic of the lateral flow strip used in this study. Test line T1 corresponds to 
the reporter with FAM and biotin, while T2 corresponds to the reporter with digoxigenin (DIG) and biotin. C is the lateral flow control. (b) Schematic of nucleic acid 
detection using HDA + FELICX along with lateral flow strips. Lateral flow output in the presence and absence of the target in the sample is depicted. (c) Lateral flow 
for the detection of orf1ab DNA spiked into HEK293T total DNA. HDA was performed for 1 h in a 25 μL reaction followed by rapid purification, FEN + Taq reaction 
for 1 h (total volume 20 μL), and Cas12-sgRNA reaction for 30 min (total volume 27 μL). In this experiment, only T1 was used. The numbers below the strips show the 
fold change in the T1 band intensity compared to NTC. (d) Same as (c) with the HDA, FEN + Taq, and Cas12-sgRNA reactions performed for 20 min each. The 
numbers below the strips show the fold change in the T1 band intensity compared to NTC. (e) Lateral flow for the detection of orf1ab RNA spiked into HEK293T total 
RNA. HDA was performed for 45 min in a 25 μL reaction followed by rapid purification, FEN + Taq reaction for 20 min (total volume 20 μL), and Cas12-sgRNA 
reaction for 20 min (total volume 27 μL). Only T1 was used in the experiment. The numbers below the strips show the fold change in the T1 band intensity 
compared to NTC. 

N. Aggarwal et al.                                                                                                                                                                                                                              



Biosensors and Bioelectronics 222 (2023) 115002

8

CoV-2 and its variant carrying the T478K mutation, which is found in 
the Delta and Omicron variants of the virus (Kumar et al., 2022). Flap 
primers, namely, the WT and mut probes, specific to the wild-type (WT) 
sequence and the variant, respectively, were designed and used to probe 
both targets. In the case of the WT target, after FELICX, there was an 
~2.5-fold higher fluorescence signal with the WT probe compared to the 
mut probe (Fig. 5c). In contrast, the variant target with the T478K 
mutation showed an ~2.5-fold higher fluorescence signal with the mut 
probe than with the WT probe. Although the difference between the WT 
and T478K variants was only a single base pair (with the ACG codon 
changed to AAG), FELICX easily detected the SNP, as indicated by the 
opposite trend in the fluorescence signal observed for the WT and the 
variant sequence. 

Furthermore, we made use of the PCRD Flex strips that can detect 
two different oligos for SNP detection, with each test line corresponding 
to either the WT or mut probes. For this, we replaced the fluorescent 
DNA reporter with a FAM-biotin reporter for the WT probe and a DIG- 
biotin reporter for the mut probe (Fig. 5b). Similar to the result shown 
in Fig. 5c, the WT sample showed a positive signal with the WT probe, as 
indicated by the disappearance of the band corresponding to this probe 
(Fig. 5d and e). For the T478K variant, the band corresponding to the 
mut probe disappeared, indicating that a positive signal was obtained 
with this probe. This demonstrates that FELICX can be used to identify 
SNPs in the target with ease by carefully designing the flap primer and 
using the PCRD Flex strips to detect the multiple signals generated. 

Beyond SARS-CoV-2, we determined whether FELICX can be used to 
detect other pathogens of interest in more complex samples. First, we 
used FELICX to detect EBV, which causes infectious mononucleosis and 
is associated with autoimmune diseases, nasopharyngeal carcinoma 
(NPC), and other neoplasms (AbuSalah et al., 2020). We used C666-1, an 
NPC cell line and a natural host of the virus (Cheung et al., 1999). The 
EBV-negative HK-1 NPC cell line (Daker et al., 2016) was also included 
in the analysis, with the housekeeping gene gapdh used as the internal 
control for assay functionality. To lyse the mammalian cells and release 
genetic material, a 10 min incubation at 65 ◦C in an SDS-based lysis 
buffer and purification with a ChargeSwitch PCR Clean-Up kit were 
included before HDA. Following this, RTx + HDA and FELICX were 
performed to detect EBV and gapdh in the samples. Using these condi
tions, we detected both EBV and gapdh at levels as low as 0.6 cells/μL of 
C666-1 (Fig. 6a and S11, top panel), demonstrating highly sensitive EBV 
detection by HDA + FELICX. The detection of only the gapdh signal in 
HK-1 cells suggests that the assay was functional and that HK-1 was truly 
negative for the virus. Moreover, the sensitive detection of the target in 
whole cells using HDA + FELICX further validated the robustness of our 
method. 

Next, we used FELICX to detect K. pneumoniae, the most common 
nosocomial pathogen. Nosocomial infections are a major source of pa
tient complications worldwide (Low et al. 2021). K. pneumoniae is 
known to be a causative agent for neonatal sepsis, pneumonia, surgical 
wound infection, and cystitis (Navon-Venezia et al., 2017; Wyres et al., 
2020). In addition to its wide prevalence, K. pneumoniae is also a major 
source of antibiotic resistance genes, particularly those encoding car
bapenemases (Munoz-Price et al., 2013). Detecting the pathogen in 
clinical samples and definitively identifying its antibiotic resistance 
status is therefore essential for guiding infection treatment. Thus, we 
used HDA + FELICX to detect the carbapenemase resistance gene 
(blaKPC) in pathogenic K. pneumoniae DSM 2026 bacterial cells spiked 
into whole HK-1 cells. As an internal control, we used the hemolysin 
gene (khe), which is present in all K. pneumoniae isolates (Hartman et al., 
2009). RTx was omitted from the assay, as we aimed to detect only the 
genomic copies of target genes. Using similar conditions as those 
described for EBV detection, we detected blaKPC and khe in up to 0.6 c.f. 
u./μL K. pneumoniae DSM2026 (Fig. 6b and S11, bottom panel). No 
signal was observed for either gene in HK-1 cells alone. As RTx was not 
used in this assay, only the copies of the genes in the K. pneumoniae 
DSM2026 genome were detected, underscoring the assay’s high 

detection sensitivity. 
Finally, we tested FELICX for cell-free nucleic acid detection in serum 

as a potential cancer biomarker. Detecting extracellular DNA or RNA in 
bodily fluids has been proposed as a noninvasive and cost-effective 
method for early cancer diagnosis (Tzimagiorgis et al., 2011). 
SCGB2A2 (mammaglobin A) RNA was previously reported to be a 
biomarker for hormone receptor-positive (HR+) breast cancer, with 
transcripts in the blood samples observed only in cancer patients (Larson 
et al., 2021). To simulate patient samples, we spiked SCGB2A2 RNA into 
fetal bovine serum (FBS) at varying concentrations and used FELICX 
with RTx + HDA to detect the transcript. After purifying the RNA from 
FBS using the ChargeSwitch PCR Clean-Up kit, we detected the tran
script at up to 12 copies/μL (20 aM) (Fig. 6c). In summary, FELICX can 
be used to detect nucleic acids with high specificity and sensitivity in 
several clinical settings, including pathogen detection, antibiotic resis
tance identification, distinguishing between wild-type sequences and 
their variants with SNPs, and finally, cancer diagnostics. 

3. Discussion 

Rapid, sensitive, and accurate nucleic acid detection is the hallmark 
of CRISPR-based technologies, especially in point-of-care settings. 
Although promising, existing CRISPR-based diagnostic tools suffer from 
several drawbacks, such as PAM dependence, off-target activity, and 
extensive sgRNA optimization. Further improvements are needed before 
CRISPR-Cas systems can be leveraged to fulfill the increasing demand 
for robust diagnostics. 

In this report, we have described the development of FELICX, a 
highly sensitive and specific method for nucleic acid detection (Fig. 1). 
We showed that by using FELICX, comprising Tth pol v2, Taq ligase, and 
Cas12-sgRNA, up to 15 copies (0.6 copies/μL in a 25 μL reaction) of 
orf1ab DNA and RNA of SARS-CoV-2 could be detected in 60 min and 90 
min, respectively, using simulated samples (Fig. 4g and h). For com
parison, the sensitivity of previously reported CRISPR-Ca12-based 
technologies are as follows: 20 copies for DETECTR (Broughton et al., 
2020), 50 copies for VaNGuard (Ooi et al., 2021), and 100 copies for 
STOPCovid.v2 (Joung et al., 2020). 

In FELICX, the target nucleic acid is probed directly by FEN, which 
offers several advantages. First, it enables the single base-pair resolution 
of the substrate, which has wide-ranging applications, from disease 
diagnosis to pharmacogenomics, along with distinguishing between 
pathogen variants, as shown in the recent COVID-19 pandemic (Cyra
noski 2021; Kim and Misra, 2007). In previously reported CRISPR-based 
technologies, Cas12 was used to directly probe the target and, in some 
cases, detect SNPs (Huang et al. 2021; Teng et al., 2019). However, this 
often requires extensive optimization and synthesis of multiple sgRNAs 
due to the high mismatch tolerance of the CRISPR-Cas system. In com
parison, SNP detection by FEN is easier to achieve, with the only 
requirement being a pair of DNA oligos overlapping at the SNP position. 
Second, the use of FEN enables the probing of the target in a 
PAM-independent manner, unlike Cas12, which is constrained by the 
need for a PAM adjacent to the sgRNA-binding site. Although Cas12 
variants have been engineered to loosen the PAM constraint (Collias and 
Beisel, 2021; Tóth et al., 2020), complete independence has not yet been 
achieved. Third, FELICX does not require sgRNA activity optimization 
since the dsDNA adaptor and the flap sequence remain constant irre
spective of the target sequence, eliminating the need to design new 
sgRNAs for new targets. Thus, FELICX can overcome the shortcomings of 
CRISPR-based technologies, providing a useful alternative to existing 
methods. 

Moreover, the design of FELICX enables the method to be easily and 
rapidly repurposed for various applications. Reprogramming FELICX to 
detect novel targets only requires the optimization of oligos for 
isothermal application, as well as the flap and invading primers. This 
facilitates the deployment of FELICX for nucleic acid detection within 
24 h after the genetic sequence and material are made available, such as 

N. Aggarwal et al.                                                                                                                                                                                                                              



Biosensors and Bioelectronics 222 (2023) 115002

9

(caption on next page) 

N. Aggarwal et al.                                                                                                                                                                                                                              



Biosensors and Bioelectronics 222 (2023) 115002

10

for a new pathogen or variant (Fig. S12). This was exemplified when we 
used FELICX to detect EBV, an antibiotic resistant-K. pneumoniae strain, 
and a breast cancer biomarker (Fig. 6). 

Despite these advantages, applying FELICX in point-of-care testing 
may require further improvements. Currently, HDA + FELICX requires 
two temperatures: 65 ◦C for HDA, FEN, and Taq ligase, and 37 ◦C for the 
Cas12-sgRNA reaction. However, thermostable engineered Cas12 en
zymes that have an optimal temperature of 60–65 ◦C have been reported 
(Ooi et al., 2021). Incorporating this engineered Cas12 into FELICX will 
enable the isothermal detection of the desired target and simplify its 
operation, as seen in previous studies (Malcı et al., 2022; Woo et al., 
2020; Yoon et al., 2022). Eliminating the isothermal amplification step 
and directly detecting the nucleic acid by FELICX may also be made 
feasible by improving the FEN activity of Tth pol v2 through mutagen
esis. The release of the substrate after the cleavage of the flap primer has 
been reported to be the rate-limiting step for FEN (Tarantino et al., 
2015). Thus, mutating the substrate-binding region of Tth pol combined 
with high-throughput screening is likely to yield superior FEN variants, 
as seen for other proteins (D’Ambrosio et al., 2020). A previously 

reported strategy for detecting FEN activity using CRISPR-Cas12 (Song 
et al., 2022) may also aid in FEN mutant screening. Another potential 
method for enhancing the signal generated by FEN is to provide multiple 
sets of flap and invading primers that bind to different locations on the 
target DNA or RNA. By keeping the 5′-flap of the flap primers constant, 
the use of multiple flap primers at different loci will result in a higher 
number of cleaved flaps, subsequently increasing the speed and sensi
tivity of FELICX. In the future, an optimized FELICX will be used on a 
wide variety of clinical samples to validate its specificity and sensitivity, 
which would be vital to accurately assess its true potential as a 
point-of-care nucleic acid diagnostic method. 

4. Conclusion 

In this work, we developed FELICX for the detection of nucleic acids 
and SNPs. FELICX significantly improves upon existing CRISPR-based 
diagnostic methods through its ability to rapidly detect nucleic acids 
with single base-pair resolution in a PAM-independent manner. This was 
achieved by using a mutated flap endonuclease to detect the target 

Fig. 5. SNP detection using FELICX. (a) Schematic showing the cleavage of the flap primer by the FEN in the case of the wild-type (WT) target, whereas no flap 
primer cleavage was observed for the target with the SNP. The cleavage site of the flap primer is marked by the red arrow. The SNP position is in orange. The last 
nucleotide of the invading primer is mismatched with the target, an essential feature for the FEN cleavage reaction. (b) Detection of the WT target, target with 
mutation or no target with FELICX and the corresponding lateral flow strip pattern observed in each case. (c)-(e) Detection of the WT receptor binding domain 
sequence of SARS-CoV-2 or its variant (T478K) by FELICX using WT and mut probes. (c) shows the fluorescence signals, whereas (d) shows the lateral flow result after 
FELICX was performed on pre-amplified substrates using both probes. Pre-amplification was performed through PCR, followed by DNA purification, to ensure that an 
equal mass of both WT and mutated DNA was used for accurate comparison. The FEN + Taq reaction was performed for 60 min (total volume 20 μL), and the Cas12- 
sgRNA reaction was performed for 30 min (total volume 27 μL). In (c), the data represents the mean ± SD (n = 3 biological repeats). The p value < 0.05 compared to 
NTC are provided, calculated using a two-sample t-test. (e) Percentage change in band intensity corresponding to WT and mut probes compared to NTC in (d). NTC - 
no target control. 

Fig. 6. Demonstration of the versatility of FELICX. FELICX was used to detect targets in more complex samples, such as whole bacterial and mammalian cells and 
serum. Fold change in the fluorescence signal for the detection of (a) EBV and gapdh in whole C666-1 and HK-1 cells, (b) blaKPC and khe in K. pneumoniae (Kp) cells 
spiked into HK-1 whole cells and (c) SCGB2A2 RNA spiked into FBS. Samples were lysed and rapidly purified as described in the Methods. HDA was performed for 1 h 
in a 10 μL reaction, FEN + Taq ligase reaction for 1 h (total volume 20 μL), and Cas12-sgRNA reaction for 30 min (total volume 27 μL). NTC - no target control. 
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followed by signal amplification using CRISPR-Cas12. Due to the 
sequence-independent activity of the flap endonuclease, FELICX also 
overcomes the need for extensive gRNA optimization for new targets. 
Thus, FELICX is a promising next-generation CRISPR-based technology 
that can easily be customized to enable nucleic acid detection for a wide 
range of applications. 

5. Methods 

5.1. Bacterial strains, plasmids and oligonucleotides used in the study 

E. coli TOP10 was used as the cloning host and E. coli BL21(DE3) was 
used for protein expression. Both bacterial strains were grown in Luria- 
Bertani (LB) broth at 37 ◦C with shaking at 220 rpm unless stated 
otherwise. 

pET28b was used as the cloning vector to express the proteins in 
E. coli BL21(DE3). Cas12 was obtained from pMBP-LbCas12a, which was 
a gift from Jennifer Doudna (Addgene plasmid # 113431). The Tth pol 
(GenBank accession no. WP_011228405), hFEN1 (GenBank accession 
no. NP_004102), MjaFEN (GenBank accession no. WP_010870964) and 
T5 exo (GenBank accession no. YP_006958) sequences were codon 
optimized for expression in E. coli and synthesized as gblocks from In
tegrated DNA Technologies (IDT). 

The sequence of the oligos and primers for LAMP, HDA and FEN (flap 
and invading primers) are provided in Tables S1–4. 

5.2. Protein purification 

All proteins were purified by using the His tag attached at their C- 
termini. For Cas12 purification, E. coli BL21(DE3) (pET28b-Cas12) was 
grown overnight in Luria-Bertani (LB) broth supplemented with kana
mycin (50 μg/mL). After overnight growth, the culture was diluted 10- 
fold in Terrific Broth supplemented with kanamycin and grown at 37 ◦C 
until the OD600 reached ~0.3–0.4. Following this, 100 mM IPTG was 
added to the cultures and grown further for 24 h at 23 ◦C. The cells were 
collected by centrifugation and resuspended in lysis buffer (50 mM Tris- 
Cl (pH 8), 300 mM NaCl, EDTA-free protease inhibitor tablets). The cells 
were lysed using a homogenizer by passing the cells at 23,000 bar 5–10 
times. The lysate was centrifuged, and the supernatant was subjected to 
protein purification using a HisTrap HP column connected to an FPLC 
instrument. Elution was performed with lysis buffer supplemented with 
1 M imidazole, following a gradient run over 2 h. Different fractions 
were collected and run on an SDS-PAGE gel to confirm protein purifi
cation. The purified protein was washed with lysis buffer without pro
tease inhibitor tablets to remove imidazole and then concentrated and 
flash frozen for storage. 

FEN enzyme purification was performed in the same manner with 
slight modifications. The growth medium for protein expression was 
changed to LB, and the protein was expressed at 37 ◦C for 4–5 h. Cell 
lysis was performed using Y-PER (Thermo Fisher), and the soluble 
proteins were purified using Ni-NTA resin in a PD-10 column. Elution 
was performed using lysis buffer supplemented with 50 mM, 100 mM, 
200 mM, and 500 mM imidazole. Purified proteins (final concentration 
1 μM) were stored in a buffer comprising 50% glycerol, 0.1 mM EDTA, 1 
mM DTT, and 0.1% Triton-X-100 at − 20 ◦C. 

5.3. FEN activity assay 

The activity of various FEN enzymes was evaluated in an isothermal 
reaction comprising reaction buffer RB (50 mM Tris-Cl (pH 8), 100 mM 
NaCl, 10 mM MgCl2), 100 nM flap primer, 20 nM invading primer, 0.2% 
Triton-X-100, 50 nM purified FEN enzyme (unless otherwise stated), and 
1 nM target template (unless otherwise stated) in a 20 μL reaction 
incubated at 65 ◦C for the appropriate time. When using the flap primer 
with a conjugated fluorophore and quencher, the fluorescence (ex: 485 
nm, em: 535 nm) was measured every 5 min. 

5.4. Ligation assay 

To ligate the synthesized flap oligo to the dsDNA adaptor, the latter 
was formed by annealing the 5’ p adaptor and ds convertor (final con
centration 200 nM) in 1X RB. For this, the reaction mixture was heated 
to 98 ◦C and cooled to room temperature at 0.1 ◦C/s in a thermocycler. 
The ligation was carried out by adding 1X RB, 5 nM dsDNA adaptor, 5 
nM flap oligo, and the appropriate additive and co-factor depending 
upon the ligase used. For T4 DNA ligase and T4 RNA ligase (NEB), 1 mM 
DTT and 1 mM ATP (NEB) were added to the reaction. For Taq DNA 
ligase (NEB), 1 mM NAD (Sigma Aldrich) and 10 mM DTT were added to 
the reaction. The amounts of ligase used were 5 U of T4 DNA ligase, 10 U 
of T4 RNA ligase, and 80 U of Taq DNA ligase. The incubation tem
peratures were 22 ◦C for T4 DNA ligase, 37 ◦C for T4 RNA ligase, and 
65 ◦C for Taq ligase. 

5.5. Cas12-sgRNA reaction 

The Cas12-sgRNA complex was formed by incubating 3.75 μL of 
purified Cas12 (100 μM) and 0.3125 μL of 1 mM sgRNA in 2 μL of 1X RB 
with 20 mM DTT (RB-DTT) made up to a final volume of 20 μL with 
nuclease-free water. The incubation was performed at 37 ◦C for 30 min. 
Following this, the Cas12-sgRNA complex was diluted to 375 μL with 
water to achieve a final Cas12:sgRNA concentration ratio of 1 μM:0.833 
μM. 

For the reaction with the Cas12-sgRNA complex, 3 μL of the complex 
formed as above, 4 μL of the fluorophore-quencher reporter (1 μM), and 
0.7 μL of 1X RB were added to the reaction and incubated at 37 ◦C, with 
fluorescent measurements taken every 3 min (ex: 485 nm, em: 535 nm). 
For the data in Figures S5, S7 and S8, 1.5μL of Cas12-sgRNA complex 
and 2 μL of the fluorophore-quencher reporter were used. 

5.6. LAMP assay 

To perform LAMP, a Warmstart LAMP kit (DNA and RNA) from NEB 
was used, and the assay was performed according to the manufacturer’s 
instructions. LAMP primers were designed using either PrimerExplorer 
v5 or the NEB LAMP primer design tool. To biotinylate the LAMP 
product for subsequent purification with streptavidin agarose beads, the 
primers FIP, BIP, LF, and LB were biotinylated at the 5′-end. After LAMP, 
10 μL of DNA product was purified by adding an equal volume of Pierce 
Streptavidin Agarose resin resuspended in B&W buffer (10 mM Tris-Cl 
(pH 7.5), 1 mM EDTA and 2 M NaCl). The sample was diluted further 
by adding 30 μL of 0.5X B&W buffer and incubating the mixture for 30 
min at room temperature for biotin-streptavidin conjugation. After 30 
min, the supernatant was removed after the beads settled. These beads 
were subsequently used for FELICX. 

5.7. HDA assay 

HDA was performed using the IsoAmp II Universal tHDA kit from 
NEB. The assay was performed according to the manufacturer’s in
structions, with primers designed using the PrimerQuest tool from IDT. 
For all HDA reactions, MgSO4 (4 mM), NaCl (40 mM) and the appro
priate primers (200 nM) were used. After assay completion, the DNA 
product was used directly for FELICX or purified using the ChargeSwitch 
PCR Clean-Up kit from Invitrogen followed by FELICX. When RNA was 
used as the template, 0.25 μL Warmstart RTx (NEB) was added to every 
10 μL of HDA assay mix. 

5.8. FELICX 

In the first step of FELICX, amplified DNA was added to the FEN +
Taq mix comprising of: 2 μL of flap primer (1 μM), 0.4 μL of invading 
primer (1 μM), 0.5 μL of dsDNA adaptor (200 nM, as described in the 
ligation assay), 2 μL of RB-DTT buffer, 1 μL of Triton-X-100 (2%), 1 μL of 
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NAD (20 mM), 0.5–1 μL of FEN, and 0.5 μL of Taq ligase, made up to a 
final volume of 20 μL with nuclease-free water. The reaction was carried 
out at 65 ◦C for the appropriate duration. Following this, the reaction 
mixture was added to the Cas12-sgRNA mix, comprising 3 μL of Cas12- 
sgRNA complex (as described for the Cas12-sgRNA reaction), 4 μL of 
FAM-IBFQ reporter probe (1 μM), and 0.7 μL of RB-DTT and incubated at 
37 ◦C with the fluorescence (ex: 485 nm, em: 535 nm) measured in a 
microplate reader every 3 min. 

For the lateral flow strips, the FAM-IBQF reporter was replaced with 
0.25 μL of FAM-Bio reporter (1 μM) or 0.1 μL of DIG-Bio reporter (1 μM). 
Following Cas12 cleavage, the reaction mix was run on PCRD Flex strips 
from Abingdon Health according to the manufacturer’s instructions. 
Band intensity was quantified using ImageJ. 

5.9. SNP detection 

To detect the T478K mutation in the receptor-binding domain (RBD) 
of SARS-CoV-2, the mutation was introduced in pCDNA3-SRARS-CoV-2- 
S-RBD-Fc, which carries the RBD region (~1.5 kB) of the virus, by 
overlap PCR using the primers spike-T478K–F/R. After confirming 
mutagenesis by sequencing, the wild-type and mutated RBD regions 
were PCR amplified using the primers spike-F/R and an equal amount of 
plasmid. Following amplification, 50–150 ng of purified PCR product 
was used as the template for FELICX, which was performed as previously 
described with slight modifications. The volume of the flap primers (WT 
and mut probes) was increased to 3 μL (final concentration 150 nM). 
Both templates were analyzed with the WT and mut probes. In the case 
of the lateral flow strips, the FAM-Bio reporter was used in the Cas12- 
sgRNA cleavage reaction for the WT probe samples and the DIG-Bio 
reporter was used for the mut probe samples. 

5.10. Detection of genes in mammalian cells 

The C666-1 cell line was kindly provided by Dr Joshua Tay from the 
Department of Otolaryngology, Yong Loo Lin School of Medicine, Na
tional University of Singapore, and the HK-1 cell line was a gift from A/ 
Prof Zhong Yong Liang from the Department of Microbiology & 
Immunology, Yong Loo Lin School of Medicine, National University of 
Singapore. Both cell lines were grown in Gibco BenchStable RPMI 1640 
(Life Technologies, Catalog # A4192301) supplemented with 10% FBS 
(Biowest, Catalog # S181H) and 1% penicillin-streptomycin (Gibco, 
Catalog # 15140122) at 37 ◦C in 5% CO2. After reaching 70–80% con
fluency, the cells were trypsinized and washed with RPMI, and cell 
numbers were counted using a Luna cell counter. A fixed number of 
C666-1 or HK-1 cells were lysed by incubation in lysis buffer (10 mM 
Tris-Cl (pH 7.5), 200 μg/mL proteinase K, 0.1% SDS, 2 mM CaCl2) at 
65 ◦C for 10 min. After lysis, the genetic material was purified using a 
ChargeSwitch PCR Clean-Up kit and subjected to FELICX as described 
above. The fluorescence measured after 30 min of the Cas12-sgRNA 
reaction was then reported. 

5.11. Detection of genes in K. pneumoniae 

An overnight culture of K. pneumoniae DSM 2026 grown in LB broth 
at 37 ◦C in shaking conditions was diluted to obtain the required c.f.u. 
based on the formula OD600 = ~108 c.f.u. HK-1 cells were grown in 
Gibco BenchStable RPMI 1640 (Life Technologies, Catalog # A4192301) 
supplemented with 10% FBS (Biowest, Catalog # S181H) and 1% 
penicillin-streptomycin (Gibco, Catalog # 15140122) at 37 ◦C in 5% 
CO2. After reaching 70–80% confluency, the cells were trypsinized and 
washed with RPMI, and cell numbers were counted using a Luna cell 
counter. Simulated clinical samples were prepared by mixing 
K. pneumoniae with HK-1 cells, as needed, and lysing the samples by 
incubation in lysis buffer (10 mM Tris-Cl (pH 7.5), 200 μg/mL proteinase 
K, 0.1% SDS, 2 mM CaCl2) at 65 ◦C for 10 min. After lysis, the genetic 
material was purified using a ChargeSwitch PCR Clean-Up kit and 

subjected to FELICX as previously described. The fluorescence after 30 
min of the Cas12-sgRNA reaction was then reported. 

5.12. Detection of cancer biomarkers 

To prepare the template, overlapping primers (scgb1-F, scgb2-R, 
scgb3-F and scgb4-R) were designed and PCR amplified with scgb2a2- 
T7-F and scgb2a2-R. The final construct incorporates a T7 promoter at 
the 5′-end of SCGB2A2, enabling in vitro transcription by the Hiscribe T7 
High Yield RNA Synthesis kit (NEB). The transcribed product was pu
rified by a Monarch RNA Clean-Up kit (NEB) and used for FELICX. To 
simulate clinical samples, RNA was quantified and spiked into Fetal 
Bovine Serum (FBS) South America, Heat Inactivated (Biowest, Catalog 
# S181H). The simulated samples were processed with a ChargeSwitch 
PCR Clean-Up kit to purify the spiked RNA followed by HDA with RTx 
and FELICX, as previously described. The fluorescence after 30 min of 
the Cas12-sgRNA reaction was then reported. 
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