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A B S T R A C T   

CRISPR/Cas systems have displayed remarkable potential in developing novel biosensing applications for nucleic 
acid detection owing to the collateral cleavage activity of Cas effector proteins (Cas12, Cas13, etc.). Despite 
tremendous progress in recent years, the existing CRISPR/Cas based biosensing platforms have several limita
tions, including reliance on proper amplification methods, expensive fluorescence detection equipment, or lateral 
flow biosensor (LFB). Herein, we report a simple, inexpensive, and ultrasensitive DNA probe based LFB with 
CRISPR/Cas and loop-mediated Isothermal Amplification (namely CIA). The concept behind this approach is a 
non-detectable test line on the LFB when the Cas effector protein collaterally cleaves the cognate target and an 
ssDNA reporter sequence. The CIA based LFB can detect as low as a single copy cloned Pseudomonas aeruginosa 
acyltransferase gene, 1 cfu/ml plasmid containing E. coli DH5α pure cultures, as well as clinical samples without 
DNA extraction/purification or advanced apparatuses. No cross-reactivity with other non-target bacteria was 
observed. The naked eye result readout was obtained in 15 min of LAMP amplification, 30 min of Cas12 reaction, 
and 5 min of LFB readout. This platform is robust and of low cost for on-site testing.   

1. Introduction 

Clustered Regularly Interspaced Short Palindromic Repeats 
(CRISPR)/CRISPR-associated (CRISPR/Cas) systems endow bacteria and 
archaea the adaptive immunity against invading nucleic acids (Barran
gou et al., 2007; Jinek et al., 2012). These systems mainly work under 
the guidance of a guide-RNA (gRNA) that navigates Cas effector proteins 
to target and cleave an invader DNA sequence (Jinek et al., 2014). Over 
the last few years, CRISPR/Cas systems such as Type II CRISPR/Cas9 
have become a prominent tool in transcription regulation, genome 
editing, and in situ DNA/RNA detection. Similar to CRISPR/Cas9, Type 
V CRISPR-Cas effectors such as Cas12 and Cas13 have also been used for 
genome editing (Tang and Fu, 2018). 

Beyond genome editing ability, Cas12 and Cas13 effectors have 
recently demonstrated remarkable potentials in developing novel bio
sensing technologies for nucleic acid detection based on their unique 
property of collateral cleavage of target nucleic acids and non-specific 
single stranded nucleic acids (used as reporters) to provide fluores
cence signal readout. For example, a Cas13-based RNA targeting method 
called SHERLOCK (Specific High Enzymatic Reporter UnLOCKing) has 
been used for the detection of pathogens and SNPs (Gootenberg et al., 
2018; Myhrvold et al., 2018). Similarly, LbCas12a-based DETECTR 
(DNA Endonuclease Targeted CRISPR Trans Reporter) and HOLMES 
(One-Hour-Low cost Multipurpose highly Efficient System) have been 
reported for the diagnosis of human papillomavirus and SNPs, respec
tively (Chen et al., 2018; Li et al., 2018). In general, these biosensing 
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platforms require several critical reaction components, including ssDNA 
activators, crRNAs, buffer, DNA amplification mixture, reverse tran
scription system (for SHERLOCK), and the single stranded nucleic acids. 
Besides, SHERLOCK approach requires dual nucleases (Csm6 and Lwa
Cas13), reverse transcriptase RPA, lateral flow assay with an anti-FAM 
(6-carboxyfluorescein) antibody, streptavidin (SA), protein A, and 
fluorescence readout of bi-labeled reporters (Gootenberg et al., 2018). 
Although sensitive, all these CRISPR biosensing methods rely on target 
nucleic acid amplification through recombinase polymerase amplifica
tion (RPA) and PCR pre-amplification, and fluorescence readers to 
improve sensitivity (Gootenberg et al., 2018; Myhrvold et al., 2018). 
Therefore, they require sophisticated systems and tedious sample/re
agent treatment steps, which further rely on expensive fluorescence 
reader instruments and well-trained technicians. This can cause prac
tical inconvenience and make the system less robust. 

LAMP (Huang et al., 2014; Notomi et al., 2000) has improved this 
drawback and allows the entire amplification at a single temperature 
(~65 �C), sensitive to amplify few copies to ~1010 copies in less than an 
hour. Given its 4 primers targeting 6 regions of the target sequence, high 
specificity can be achieved (Notomi et al., 2000). The LAMP amplicons 
can be detected using naked eye, dyes, lateral flow biosensors, obviating 
the need for expensive apparatuses but with susceptibility to false pos
itives due to cross-contamination, non-specific amplification or primer 
dimerization. The use of various compounds such as DMSO (Watts et al., 
2014), pullulan (Gao et al., 2019), betaine (Notomi et al., 2000) 
increased LAMP sensitivity and specificity. Recently, Li et al. employed 
LAMP with thermophilic Cas12b to develop a fluorescence based nucleic 
acid diagnostic termed HOLMESv2 (Li et al., 2019). 

The hallmark of the CRISPR-Cas systems is that crRNA-mediated Cas 
effectors cleavage of reporter doesn’t initiate in the absence of amplified 
target, overcoming previous limitations but with expensive fluorescence 
machinery. Herein, we integrated Lachnospiraceae bacterium Cas12a 
(LbaCas12a) and Alicyclobacillus acidoterrestris Cas12b (AaCas12b) ef
fectors with LAMP to develop an ultrasensitive and specific lateral flow 
biosensor (LFB) for the detection of Pseudomonas aeruginosa 
(P. aeruginosa), characterized with CRISPR/Cas and loop-mediated 
Isothermal Amplification (termed CIA). P. aeruginosa is an opportu
nistic human pathogen with a multidrug-resistance, large and complex 
genome and critically infectious (Tacconelli et al., 2018). It is widely 
used as a model for CRISPR/Cas system studies (Gootenberg et al., 2018; 
Pawluk et al., 2016; van Belkum et al., 2015; Xu et al., 2018). Moreover, 
LFB is one of the foremost commonly exploited method for the detection 
of pathogens, small molecules, cancer and genotyping; owing to its 
rapidity, simplicity, stability, low cost, visual readout, and user-friendly 
characteristics (Bahadır and Sezgintürk, 2016; Gervais et al., 2011; Xu 
et al., 2014). 

The principle of CIA method is based on the LFB detection of a bio
tinylated ssDNA reporter. By targeting the P. aeruginosa acyltransferase 
specific gene, we leveraged the CRISPR-Cas12 reaction conditions 
(buffer, crRNA, biotinylated ssDNA reporter, and activator) to enhance 
the collateral cleavage of the target gene and the reporter. The reporter 
cleavage was monitored on the DNA probe based LFB. A DNA probe 
sequence complementary to the reporter was fixed on the test line of the 
LFB to capture the reporter; while an inexpensive biotinylated rabbit 
polyclonal anti-IgG antibody (the antibody was used to fix biotin on the 
control line) was immobilized on the control line to capture the exces
sive gold nanoparticle-streptavidin (AuNP-SA) complex that was previ
ously sprayed and dried on the conjugate pad. The AuNP-SA conjugate 
reacts with biotinylated ssDNA reporters and forms an AuNP-SA-biotin 
ssDNA reporter complex, which is captured by the capture probe at 
the test line. The excess complex subsequently reacts with the bio
tinylated rabbit polyclonal anti-IgG antibody on the control line to spot 
the biosensor performance. With LAMP amplification of the target at 65 
�C for 15 min followed by Cas12 reaction, the LAMP products and the 
reporter were collaterally cleaved, resulting to trans-cleaved reporters 
that are undetectable at the LFB test line (Fig. 1). This provide a novel 

approach for visual detection of target gene on LFB with CRISPR/Cas 
mediated trans-cleavage. The CRISPR/Cas based fluorescence assay 
using a FAM fluorophore at one end and a fluorescence quencher 
TAMRA (tetramethylrhodamine) at the other end of the ssDNA reporter 
confirmed the single copy sensitivity. Moreover, our CIA based LFB 
discriminated P. aeruginosa from non-target bacteria (Escherichia coli 
O157:H7, Staphylococcus aureus, Campylobacter jejuni, Salmonella typhi
murium, and Shigella dysenteriae), both in pure and complex samples. 
This technique is fast, accurate, robust, and inexpensive for clinical 
diagnosis of infectious diseases. 

2. Material and methods 

2.1. Reagents, chemicals and machines 

All oligonucleotides, including P. aeruginosa specific target sequence, 
primers, crRNAs (designed using benchling), reporters, and lateral flow 
capture probes were synthesized by Sangon Biotech (Shanghai, China) 
(Table s1). Purified LbaCas12a, Bst 2.0 WarmStart polymerase was 
purchased from New England Biolabs (New England, USA). Deoxy
nucleoside triphosphates (dNTPs) and Taq DNA polymerase premix was 
purchased from Takara (Takara China). Betaine was purchased from 
Sigma–Aldrich (MO, USA). pET28a-AaCas12b plasmids gifted from Tolo 
Biotech (Shanghai, China) was expressed in BLD21 and purified 
accordingly using Ni column and gel filtration (Li et al., 2019). 

HAuCl4.3H2O, trisodium citrate, and SA were purchased from Sig
ma–Aldrich (Steinheim, Germany). Nitrocellulose membranes CN140 
(1UN14ER100025NT) were purchased from Sartorius (G€ottingen, Ger
many). A dispenser HM3030, strip cutter ZQ2002, fiber glass for sam
ple/conjugate pad SB-08 and absorbent pad CH37 (ABP-S370) were 

Fig. 1. A schematic illustration of the principle of CIA based LFB. (A) Samples 
are heat-treated, LAMP-amplified (65 �C, 15 min), and then subjected to 
Cas12a/b collateral cleavage reaction. (B) The reaction product mixture is 
directly loaded on the CIA based LFB. (C) In the absence of the target gene, 
AuNP-SA-biotin-ssDNA reporter complex is captured by a single strand capture 
probe that is complementary to the ssDNA reporter, and the test line becomes 
detectable. The excess of AuNP-SA is then captured at the control line by the 
biotinylated polyclonal antibody. The amount of uncleaved ssDNA reporter can 
be detected by naked eye or a portable strip reader. 
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purchased from Shanghai Kinbio (Shanghai, China). A portable strip 
reader is from Goldbio Technology Co. (Shanghai, China). Eppendorf 
centrifuge 5415R was from Eppendorf AG (Hamburg, Germany). 
Genome and plasmid extraction kits were purchased from Qiagen (Hil
den, Germany) and Tiangen Biotech (Beijing, China), respectively. Other 
solutions and buffer used in this study were prepared in our laboratory. 

2.2. Bacteria culture and crude genomic DNA extraction 

P. aeruginosa acyltransferase DNA target was cloned into pUC57 
vector and transformed into E. coli DH5α. Bacteria strains used in this 
study were P. aeruginosa and negative controls such as S. aureus, E. coli, 
C. jejuni, S. typhimurium, S. dysenteriae (ATCC, Manassas, VA). Bacteria 
were cultured in Luria-Bertani medium at 37 �C to >2 OD. Then, the 
culture was collected, washed and adjusted to 2, 1, 0.8, 0.6, 0.4, 0.2, 0.1 
OD. Serial dilutions were made from the culture plate with 0.1 OD for 
the preparation of 108, 107, 106, 105, 102, 10, 1 colony forming units 
(cfu/ml). 

To obtain a crude genomic DNA for subsequent amplification, bac
terial cultures were heat-treated (95 �C, 5 min), centrifuged (6500 rpm, 
10 min), followed by 10-fold serial dilutions, and measuring using 
nanodrop at A260/280. 

2.3. LAMP/PCR amplification 

LAMP amplification was performed according to NEB instruction. 
Primers were designed using Premier Biosoft LAMP designer and NCBI- 
BLAST for template sequence specificity check. Briefly, 25 μl LAMP re
action mixture was composed of primers F3, B3 (0.2 μM) and FIB, FIP 
(1.6 μM), 1.4 mM dNTP, 1.0 M betaine, 6 mM MgSO4, 1 � isothermal 
amplification buffer, various target DNA template concentrations, and 
320 U/ml Bst 2.0 WarmStart DNA polymerase, which allows the reaction 
mixture set up at room temperature. The mixture was then LAMP 
amplified at 65 �C for 15–30 min and then terminated at 80 �C for 10 
min. 

For PCR amplification, 25 μl PCR reaction mixture was composed of 
1 μl forward and reverse primers (0.3 μM), 12.5 μl 1 � rTaq premix, 1–2 
μl template (200 ng) and ddH2O to final reaction volume. The reaction 
mixture was incubated in a thermocycler using 3 steps PCR protocol: 95 
�C, 10 min for denaturation; 95 �C, 10 s for denaturation; 62 �C, 10 s for 
annealing; 72 �C, 30 s for elongation; 35 cycles. 

2.4. Target cleavage assays 

For CIA based LFB analysis of trans-cleaved reporters, the cleavage 
assay (Chen et al., 2018) was carried out with slight modifications. A 25 
μl set up of Cas12a/b cleavage assay consisted of 6 μl of cleavage buffer 
(150 mM KCl, 10 mM MgCl2, 1% glycerol, 0.5 mM DTT, 20 mM HEPES 
(pH 7.5)), 3 μl crRNA (300 nM), 1 μl Cas12a/b (1 μM), 3 μl activator 
(400 nM) and 2 μl reporter (250 nM). Unless indicated otherwise, 1–2 μl 
target DNA and nuclease free water were added up to the final volume 
prior to incubation at 37 �C at different time intervals. For one-pot re
action, a 50 μl reaction was made of Cas12a/b premix as described 
above and double concentration of the LAMP amplification components. 
Then, the mixture was incubated at different temperature and time in
tervals prior to analyzing using LFB after adding ddH2O up to 60 μl final 
volume. 

For fluorescence analysis of trans-cleavage reaction, 25 μl set up was 
prepared as mentioned above with 50FAM and 30TAMRA labeled ssDNA 
reporter instead of biotinylated ssDNA reporter. The reaction was 
incubated at 37 �C in 96-well microplate and then read using the 
Mithras2 LB 943 plate reader (Berthold Tech, Germany). The fluores
cence from the cleavage reaction was measured at different time course 
with excitation at 495 nm and emission at 520 nm. 

2.5. Preparation of AuNPs and conjugates 

AuNPs of 15 nm average diameter were prepared by citrate reduc
tion method (Zeng et al., 2013). To prepare AuNP–SA conjugate, 1 ml of 
prepared AuNP solution was collected by centrifugation (12,000 rpm, 
25 min), concentrated 4 times, mixed with 100 μl of suspension buffer 
(20 mM Na3PO4, 5% BSA, 0.25% Tween-20, 10% sucrose, and 0.1% 
NaN3) and subsequently added to 0.5 mg/ml of SA. The solution was 
gently shaken for 3 h at 4 �C, centrifuged (12,000 rpm, 25 min) and 
rinsed three times with suspension buffer to remove unbound SA. The 
red pellet was resuspended in 100 μl of suspension buffer before 
dispensing on the conjugate pad. 

2.6. Construction of LFB 

As shown in Fig. 1, the capture probe 30-16A-T-AA-5’ (50 μM) and 
biotinylated rabbit polyclonal anti-IgG antibody (0.7 mg/ml) were 
dispensed on the LFB nitrocellulose membrane strip (25 mm in width) at 
0.5 μl/cm flow rate to form a test and control zone, respectively. The 
membrane was dried at room temperature for 12 h and stored in low- 
humidity at 25 �C until use. To assemble the LFB, a fiberglass sample 
pad (16 mm in width) was immersed in sample pad buffer (1% Triton, 
1% BSA, 2% glucose, 50 mM boric acid, pH 8.0), dried and stored in a 
desiccant container. The conjugate and absorbent pads (6 mm and 17 
mm in width, respectively) were used without buffer treatment. Then, 
all pads were sequentially assembled along the adhesive part of the 
nitrocellulose membrane with an overlap of 2 mm and then cut into 0.4 
cm wide strips. 

2.7. LFB detection of reporter sequences 

Prior to sample analysis, biotinylated reporter bio-8T-A-2T 
(50–biotin-TTTTTTTTATT-30) was used to hybridize with its comple
mentary capture probe immobilized on the LFB test line. For the 
detection of cleaved reporter by LFB, 25 μl of the reaction was mixed 
with 35 μl of ddH2O then loaded to the sample pad. After 5 min, the 
biosensor was read using a portable LFB reader and generated peak areas 
of the lines were analyzed using ImageJ software (Toley et al., 2015). 
Results were considered positive when the reporter sequence was 
entirely cleaved (no test line signal), and the control line captured the 
excess of AuNP-SA complex, indicating that the LFB works properly. 
Reproducibility of the approach was confirmed by testing each sample 
three times and the biosensor can be used for real sample determination. 

2.8. Spiked and clinical isolates analysis 

Clinical human serum and milk samples were confirmed 
P. aeruginosa negative using PCR. Twenty-five μl of each sample was 10 
times diluted, spiked separately with different concentrations of 
P. aeruginosa crude genomic DNA or recombinant plasmid, and then 
subjected to CIA assay in a total volume of 50 μl. 

For clinical sample test, 40 clinical sputa from P. aeruginosa sus
pected patients were collected. The samples were heated at 56 �C for 30 
min for enzymatic inhibition. The heat-treated samples were either used 
for DNA extraction for PCR amplification or 10 times diluted and heated 
at 95 �C for 5 min and centrifuged (6500 rpm, 10 min) prior to LAMP 
amplification. Two μl of the heat extracted DNA was used in the CIA 
assay as mentioned above. 

3. Results 

3.1. Optimization of the length and concentration of the reporters and 
their complementary ssDNA capture probes on the LFB test line 

Reporters with a certain nucleotide composition and length are 
crucial to provide optimal signal readout upon Cas effector mediated 
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collateral cleavage (Chen et al., 2018; Gootenberg et al., 2018; Li et al., 
2018). Therefore, we adopted a 50-TTATT-30 ssDNA reporter (Chen et al., 
2018) with slight modifications. The reporter was extended at the 50-end 
with 1–9 thymines and biotinylated, and its complementary capture 
probes were immobilized on the LFB test line to achieve a detectable 
signal through hybridization (Table S1). The test lines were detected 
when the reporters and the capture probes were longer than 9 bases 
(Figs. S1A and B). As shown in Figs. S1C and D, strong hybridization was 
obtained with the combination of 11 bases reporter (50-Bio-
TTTTTTTTATT-30) and 38 bases capture probe (30-16ATAA-50): 
50-AATAAAAAAAAAA AAAAAAAATAAAAAAAAAAAAAAAA-30, respec 
tively. The highlighted sequence is repeated twice to increase the binding 
force with the reporter. 

We subsequently tested different concentrations of the 11 bases re
porter (5, 10, 15, 20, 25, 30, 50, 70, 100 nM) on the LFB (Fig. S1E). The 
test line was detected at a reporter concentration above 10 nM, which 
became prominent with a subsequent increase in concentration 
(Fig. S1E). However, 20 nM was found to be the optimum concentration 
to obtain a strong test line in the absence of the target, and non- 
detectable test line signal in the presence of the target (data not 
shown). The concentration of 20 nM and the reporter length 11 bases 
were then used for subsequent Cas12 cleavage experiments. 

3.2. Sensitivity of CIA based LFB 

Cas12a exhibits a PAM-dependent collateral cleavage property and 
target pre-amplification increases its sensitivity (Chen et al., 2018; 
Gootenberg et al., 2018; Li et al., 2018). The sensitivity of the CIA based 
LFB was evaluated using a cloned P. aeruginosa acetyltransferase gene 
with a conserved PAM (TTT) region cloned in pUC57 plasmid (Fig. 2A, 
Table S1) and verified with LAMP and PCR amplification (Fig. 2B). The 
cloned plasmid DNA was serially diluted to different concentrations (1 
� 10� 10, 1 � 10� 11, 1 � 10� 14, 1 � 10� 17, 1 � 10� 18, 1 � 10� 21 M). Two 
μl of each diluted sample was LAMP amplified and 1 μl of the amplified 
product was applied to Cas12a cleavage reaction. The product of the 
LAMP-Cas12a (CIA) reaction was directly loaded to the LFB. As shown in 

Fig. 2C and D, samples with concentrations of 1 � 10� 18 M or higher 
target plasmid DNA showed no test line as a result of reporter 
trans-cleavage. However, samples with the concentration of 1 � 10� 21 M 
target plasmid DNA showed a test line indicating no cleavage of the 
reporter sequence. This sensitivity was achieved with 15 min of LAMP 
amplification, 15 min of Cas12a cleavage (Fig. 2E and F) and 5 min of 
LFB readout. One aM (1 � 10� 18 M) plasmid DNA in 2 μl contains 1.2 
copies, depicting that the sensitivity of the CIA system reached single 
copy level. The sensitivity of the CIA based LFB was also tested using 
different amounts of pre-heated E. coli DH5α containing target recom
binant plasmid DNA (1 � 108, 1 � 107, 1 � 106, 1 � 105, 1 � 102, 1 � 10, 
1, 0 cfu/ml). None of the samples, except the control (0 cfu/ml), showed 
a test line on the LFB (data not shown). A sensitivity of 1 cfu/ml was 
achieved within 30 min of the CIA reaction and 5 min LFB readout 
(Fig. S4A). The same set of samples was also tested using FAM-TAMRA 
labeled reporters, and the same sensitivity was also achieved (Fig. S4B). 
The CIA based LFB reached single copy level sensitivity for plasmid DNA 
and 1 cfu/ml sensitivity for plasmid containing E. coli. 

We further validated the CIA based LFB detection of target DNA from 
P. aeruginosa culture. P. aeruginosa culture was heat-treated at 95 �C for 
5 min to release the genomic DNA for CIA reaction (Fig. 3). The genomic 
DNA was serially diluted to different concentrations (3.4 � 10� 12, 3.4 �
10� 13, 3.4 � 10� 14, 3.4 � 10� 15, 3.4 � 10� 18, 3.4 � 10� 19, 3.4 � 10� 20, 
3.4 � 10� 21, 3.4 � 10� 22 M) and then applied to CIA reaction. As shown 
in Fig. 3B and C, samples with crude genomic DNA of 3.4 � 10� 18 M or 
higher didn’t show any test line, the sample with 3.4 � 10� 19 M showed 
faint test line and samples with lower input target DNA showed strong 
test lines indicating that attomolar crude genomic DNA from cultured 
P. aeruginosa was detected with the CIA based LFB. Two μl of crude 
genomic DNA sample with the concentration of 3.4 � 10� 18 M contains 
4 copies. This sensitivity was also obtained in plasmid DNA detection 
assay (1.2 copies in 2 μl) and Cas12a/b-based one-pot reaction 
(Figs. S5A–F). However, Cas12a could not withstand the LAMP reaction 
temperature higher than 55 �C and thus resulted in reduced reporter 
shearing (Fig. S6). This sensitivity is comparable to previously reported 
CRISPR/Cas based diagnostics (Chen et al., 2018; Gootenberg et al., 

Fig. 2. Condition optimization and 
sensitivity of CIA assay using recombi
nant plasmid. (A) Design of 
P. aeruginosa cognate template and 
crRNA sequence. (B) Amplification of 2 
μl P. aeruginosa acyltransferase gene 
(40 ng/μl). Lanes 1–3 correspond to 
LAMP amplification at 55, 60, and 65 
�C; lanes 4 and M correspond to nega
tive control and 1-kb marker, respec
tively; lanes 5 and 6 correspond to PCR 
amplification of the gene, its negative 
control, respectively; M is 1-kb marker. 
(C) CIA based LFB Sensitivity using 
different concentrations of recombinant 
plasmid DNA and (D) corresponding 
peak areas. (C) The CIA based LFB re
sults for the detection of 1 cfu/ml 
plasmid containing E. Coli for different 
Cas12a trans-cleavage reaction time and 
corresponding peak areas (F).   
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2018; Li et al. 2018, 2019). 

3.3. Detection of P. aeruginosa in spiked and clinical samples with CIA 
based LFB 

Milk and serum were spiked with serially diluted P. aeruginosa crude 
genomic DNA (3.4 � 10� 12, 3.4 � 10� 13, 3.4 � 10� 14, 3.4 � 10� 15, 3.4 
� 10� 18, 3.4 � 10� 19, 3.4 � 10� 20, 3.4 � 10� 21, 3.4 � 10� 22 M) and then 
subjected to CIA reaction. As shown in Fig. 4A–C, the LFB for the spiked 
samples with 3.4 � 10� 18 M or higher crude genomic DNA showed 
invisible test lines as a result of cleavage of the reporter, samples with 
lower concentrations exhibited visible bands and high signal intensities 
on the test lines as a result of uncleaved reporters. Although the spiked 
sample with the concentration of 3.4 � 10� 18 showed weak signal when 

a strip reader was used (Fig. 4C), the sensitivity results obtained here for 
complex samples (milk and serum) is similar as that for heat released 
crude genomic DNA from bacteria culture (Fig. 3). This sensitivity for 
target cleavage in complex samples (milk and serum) was also 
confirmed using the fluorescence assay (data not shown). 

Moreover, we tested our CIA based LFB on 40 clinical samples that 
were previously confirmed P. aeruginosa sputa positive or negative by 
conventional culture and PCR (Fig. S4C). All samples were tested using 
CIA based LFB. The biosensor corroborated 100% with the conventional 
PCR method and conventional culture (Fig. 4D). The assay showed a fast 
response in 30 min and required no expensive materials such as elec
trophoretic, fluorescence apparatus, or monoclonal antibodies as in 
previous platforms (Chen et al., 2018; Gootenberg et al., 2018; Li et al. 
2018, 2019; Myhrvold et al., 2018). Furthermore, apart from the 

Fig. 3. Detection of P. aeruginosa crude genomic DNA. (A) Scheme illustration of LAMP coupled with Cas12 detection (CIA). (B) CIA based LFB detection of different 
concentrations of P. aeruginosa crude genomic DNA, corresponding signal intensities of the LFB (C) and calculated peak areas (D). 

Fig. 4. Sensitivity of the CIA based LFB for the detection of P. aeruginosa from spiked and clinical samples. (A) CIA based LFB results for different concentrations of 
spiked genomic DNA and the corresponding signal intensities (B) and calculated peak areas (C). (D) Heatmap validating the detection of P. aeruginosa in 40 clinical 
sputa samples that were separated into two groups. The calculated peak areas of the LFB test line intensity is represented by red color (red cells: negative, gray cells: 
positive). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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fluorescent dyes, the usage of AuNPs based LFB enabled the visualiza
tion of results with naked eye. Thus, our method is applicable for on-site 
detection of nucleic acids in clinical samples. 

3.4. Specificity of the CIA based LFB assay 

The specificity of the CIA based LFB assay was tested with non-target 
bacteria species such as E. coli O157:H7, S. aureus, C. jejuni, 
S. typhimurium, S. dysenteriae. Two μl of heat-treated non-target bacteria 
(104 cfu/ml) and target bacteria (1 cfu/ml) were separately applied to 
CIA reaction. For the non-target bacteria samples, a strong signal was 
observed at the LFB test lines indicating no cleavage of the reporter, 
whereas in the presence of as low as 1 cfu/ml P. aeruginosa, the test line 
was not detected indicating complete cleavage of the reporter (Fig. 5A 
and B). The specificity of the assay was also tested using a mixture of 
different number of non-target bacteria species (104 cfu/ml) in the 
presence or absence of P. aeruginosa (1 cfu/ml). As shown in Fig. 5C, a 
detectable test line was observed only in the absence of the target bac
teria, the test line was not observed as long as the target bacteria is 
present, even though the target bacteria were at a very low concentra
tion (1 cfu/ml). These results were confirmed by signal intensities 
(Fig. 5D) and peak areas (Fig. 5E) of the test lines. The high specificity 
could also be attributed to the crRNA targeting since target sequences 
without PAM or 15 bases truncation near the PAM region exhibited no 
trans-cleavage or reduced trans-cleavage, respectively (Table S1, 
Fig. S7). 

4. Conclusion 

This work demonstrated a novel CRISPR/Cas12 based LFB for the 
detection of P. aeruginosa. The concept of this approach is a non- 
detectable test line on the LFB when Cas12 collaterally cleaves 
cognate target and ssDNA reporter sequences. By integrating LAMP 
amplification of target DNA to the CRISPR/Cas system, we developed a 
CRISPR/Cas and loop-mediated Isothermal Amplification (CIA) based 
LFB, which achieved a single copy sensitivity and high specificity both in 
pure and complex samples. Our system is robust because it doesn’t 
require traditional DNA/RNA extraction, post product analysis like gel 
electrophoresis/instruments analysis, difficulty in multi-looped band 
analysis, use of toxic dyes, and longer amplification time. Moreover, our 
CIA based LFB is simple, portable, cheaper, and background-free. 

Furthermore, CIA based LFB is highly reproducible, rapid, and inex
pensive. Notwithstanding that CRISPR-based techniques have shown 
some promiscuous or no trans-cleavage; thus, thorough buffer and 
activator optimization are of great importance. In the future, it could be 
programmable and multiplexed for point-of care detection of other 
pathogens, SNPs and genotyping by using specific crRNA(s) and neces
sary amplification reagents such as primers, and reverse transcriptase 
(for RNA detection). 
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Fig. 5. Specificity assay. (A) CIA based LFB tests of the target P. aeruginosa (1 cfu/ml) and non-target bacteria (104 cfu/ml). (B) Test line signal peak areas of the CIA 
based LFB. (C) LFB detection of P. aeruginosa samples mixed with different non-target bacteria. The first number is the number of different types of non-target 
bacteria, and the second number indicates the presence (1) or absence (0) of the target bacteria. (D and E) Test line signal intensity plot (D) and bar chart (E) of 
the LFB detection results of mixed samples with and without P. aeruginosa. 

O. Mukama et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.bios.2020.112143
https://doi.org/10.1016/j.bios.2020.112143


Biosensors and Bioelectronics 159 (2020) 112143

7

References 

Bahadır, E.B., Sezgintürk, M.K., 2016. Lateral flow assays: principles, designs and labels. 
Trac. Trends Anal. Chem. 82, 286–306. 

Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval, P., Moineau, S., 
Romero, D.A., Horvath, P., 2007. CRISPR provides acquired resistance against 
viruses in prokaryotes. Science 315 (5819), 1709–1712. 

Chen, J.S., Ma, E., Harrington, L.B., Da Costa, M., Tian, X., Palefsky, J.M., Doudna, J.A., 
2018. CRISPR-Cas12a target binding unleashes indiscriminate single-stranded DNase 
activity. Science 360 (6387), 436. 

Gao, X., Sun, B., Guan, Y., 2019. Pullulan reduces the non-specific amplification of loop- 
mediated isothermal amplification (LAMP). Anal. Bioanal. Chem. 411 (6), 
1211–1218. 

Gervais, L., de Rooij, N., Delamarche, E., 2011. Microfluidic chips for point-of-care 
immunodiagnostics. Adv. Mater. (Deerfield Beach, Fla 23 (24), H151–H176. 

Gootenberg, J.S., Abudayyeh, O.O., Kellner, M.J., Joung, J., Collins, J.J., Zhang, F., 
2018. Multiplexed and portable nucleic acid detection platform with Cas13, Cas12a, 
and Csm6. Science 360 (6387), 439–444. 

Huang, X.-Y., Hu, X.-N., Ma, H., Du, Y.-H., Ma, H.-X., Kang, K., You, A.-G., Wang, H.-F., 
Zhang, L., Chen, H.-M., Dumler, J.S., Xu, B.-L., 2014. Detection of new bunyavirus 
RNA by reverse transcription-loop-mediated isothermal amplification. J. Clin. 
Microbiol. 52 (2), 531–535. 

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J.A., Charpentier, E., 2012. 
A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial 
immunity. Science 337 (6096), 816–821. 

Jinek, M., Jiang, F., Taylor, D.W., Sternberg, S.H., Kaya, E., Ma, E., Anders, C., Hauer, M., 
Zhou, K., Lin, S., Kaplan, M., Iavarone, A.T., Charpentier, E., Nogales, E., Doudna, J. 
A., 2014. Structures of Cas9 endonucleases reveal RNA-mediated conformational 
activation. Science 343 (6176), 1247997. 

Li, L., Li, S., Wu, N., Wu, J., Wang, G., Zhao, G., Wang, J., 2019. HOLMESv2: a CRISPR- 
cas12b-assisted platform for nucleic acid detection and DNA methylation 
quantitation. ACS Synth. Biol. 8 (10), 2228–2237. 

Li, S.Y., Cheng, Q.X., Wang, J.M., Li, X.Y., Zhang, Z.L., Gao, S., Cao, R.B., Zhao, G.P., 
Wang, J., 2018. CRISPR-Cas12a-assisted nucleic acid detection. Cell Discov. 4, 20. 

Myhrvold, C., Freije, C.A., Gootenberg, J.S., Abudayyeh, O.O., Metsky, H.C., Durbin, A. 
F., Kellner, M.J., Tan, A.L., Paul, L.M., Parham, L.A., Garcia, K.F., Barnes, K.G., 
Chak, B., Mondini, A., Nogueira, M.L., Isern, S., Michael, S.F., Lorenzana, I., 
Yozwiak, N.L., MacInnis, B.L., Bosch, I., Gehrke, L., Zhang, F., Sabeti, P.C., 2018. 

Field-deployable viral diagnostics using CRISPR-Cas13. Science 360 (6387), 
444–448. 

Notomi, T., Okayama, H., Masubuchi, H., Yonekawa, T., Watanabe, K., Amino, N., 
Hase, T., 2000. Loop-mediated isothermal amplification of DNA. Nucleic Acids Res. 
28 (12). E63-E63.  

Pawluk, A., Staals, R.H.J., Taylor, C., Watson, B.N.J., Saha, S., Fineran, P.C., Maxwell, K. 
L., Davidson, A.R., 2016. Inactivation of CRISPR-Cas systems by anti-CRISPR 
proteins in diverse bacterial species. Nat. Microbiol. 1, 16085. 

Tacconelli, E., Carrara, E., Savoldi, A., Harbarth, S., Mendelson, M., Monnet, D.L., 
Pulcini, C., Kahlmeter, G., Kluytmans, J., Carmeli, Y., Ouellette, M., Outterson, K., 
Patel, J., Cavaleri, M., Cox, E.M., Houchens, C.R., Grayson, M.L., Hansen, P., 
Singh, N., Theuretzbacher, U., Magrini, N., 2018. Discovery, research, and 
development of new antibiotics: the WHO priority list of antibiotic-resistant bacteria 
and tuberculosis. Lancet Infect. Dis. 18 (3), 318–327. 

Tang, Y., Fu, Y., 2018. Class 2 CRISPR/Cas: an expanding biotechnology toolbox for and 
beyond genome editing. Cell Biosci. 8 (1), 59. 

Toley, B.J., Covelli, I., Belousov, Y., Ramachandran, S., Kline, E., Scarr, N., 
Vermeulen, N., Mahoney, W., Lutz, B.R., Yager, P., 2015. Isothermal strand 
displacement amplification (iSDA): a rapid and sensitive method of nucleic acid 
amplification for point-of-care diagnosis. Analyst 140 (22), 7540–7549. 

van Belkum, A., Soriaga, L.B., LaFave, M.C., Akella, S., Veyrieras, J.-B., Barbu, E.M., 
Shortridge, D., Blanc, B., Hannum, G., Zambardi, G., Miller, K., Enright, M.C., 
Mugnier, N., Brami, D., Schicklin, S., Felderman, M., Schwartz, A.S., Richardson, T. 
H., Peterson, T.C., Hubby, B., Cady, K.C., 2015. Phylogenetic distribution of CRISPR- 
cas systems in antibiotic-resistant Pseudomonas aeruginosa. mBio 6 (6), e01796. 

Watts, M.R., James, G., Sultana, Y., Ginn, A.N., Outhred, A.C., Kong, F., Verweij, J.J., 
Iredell, J.R., Chen, S.C.A., Lee, R., 2014. A loop-mediated isothermal amplification 
(LAMP) assay for Strongyloides stercoralis in stool that uses a visual detection 
method with SYTO-82 fluorescent dye. Am. J. Trop. Med. Hyg. 90 (2), 306–311. 

Xu, Y., Liu, Y., Wu, Y., Xia, X., Liao, Y., Li, Q., 2014. Fluorescent probe-based lateral flow 
assay for multiplex nucleic acid detection. Anal. Chem. 86 (12), 5611–5614. 

Xu, Z., Li, M., Li, Y., Cao, H., Xiang, H., Yan, A., 2018. Native CRISPR-Cas mediated in 
situ genome editing reveals extensive resistance synergy in the clinical multidrug 
resistant <em>Pseudomonas aeruginosa</em&gt. bioRxiv 496711. 

Zeng, L., Lie, P., Fang, Z., Xiao, Z., 2013. Lateral flow biosensors for the detection of 
nucleic acid. In: Kolpashchikov, D.M., Gerasimova, Y.V. (Eds.), Nucleic Acid 
Detection: Methods and Protocols. Humana Press, Totowa, NJ, pp. 161–167. 

O. Mukama et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S0956-5663(20)30141-X/sref1
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref1
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref2
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref2
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref2
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref3
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref3
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref3
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref4
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref4
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref4
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref5
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref5
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref6
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref6
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref6
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref7
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref7
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref7
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref7
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref8
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref8
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref8
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref9
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref9
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref9
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref9
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref10
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref10
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref10
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref11
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref11
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref12
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref12
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref12
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref12
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref12
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref12
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref13
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref13
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref13
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref14
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref14
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref14
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref15
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref15
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref15
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref15
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref15
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref15
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref16
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref16
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref17
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref17
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref17
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref17
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref18
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref18
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref18
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref18
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref18
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref19
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref19
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref19
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref19
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref20
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref20
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref21
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref21
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref21
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref22
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref22
http://refhub.elsevier.com/S0956-5663(20)30141-X/sref22

	An ultrasensitive and specific point-of-care CRISPR/Cas12 based lateral flow biosensor for the rapid detection of nucleic acids
	1 Introduction
	2 Material and methods
	2.1 Reagents, chemicals and machines
	2.2 Bacteria culture and crude genomic DNA extraction
	2.3 LAMP/PCR amplification
	2.4 Target cleavage assays
	2.5 Preparation of AuNPs and conjugates
	2.6 Construction of LFB
	2.7 LFB detection of reporter sequences
	2.8 Spiked and clinical isolates analysis

	3 Results
	3.1 Optimization of the length and concentration of the reporters and their complementary ssDNA capture probes on the LFB t ...
	3.2 Sensitivity of CIA based LFB
	3.3 Detection of P. aeruginosa in spiked and clinical samples with CIA based LFB
	3.4 Specificity of the CIA based LFB assay

	4 Conclusion
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgment
	Appendix A Supplementary data
	References


