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ARTICLE INFO ABSTRACT

Keywords: Tuberculosis (TB) screening in clinical diagnosis is challenging due to issues such as sputum dependence, time-
Mycobacterium tuberculosis consuming procedures, and high costs. In this study, we introduce a CRAFT (CRISPR-Driven Aptamer Fluores-
Aptamer cence Testing), an aptamer-based CRISPR/Casl2a assay designed for the rapid and sensitive detection of
E;?;ZCFPN Mycobacterium tuberculosis (Mtb) antigens from peripheral blood. Aptamer 3 (Ap3) and the aptamer-mediated
Plasma probe (Aptamer-blocker 3-7) were selected through the Systematic Evolution of Ligands by Exponential

Enrichment (SELEX). Ap3 demonstrated a dissociation constant (Kd) of 8.3E-7 M with the

, which are produced during the replicative phase of Mtb. Upon labeling the EC proteins
with Aptamer-blocker 3-7 (Ap-blocker 3-7) probe, single-stranded DNA (ssDNA) blocker 3-7 was released,
thereby completing the process for RPA-based CRISPR/Cas12a fluorescence detection. After optimizing multiple
parameters, CRAFT achieved a detection limit of 0.1 ag/mL EC proteins (equivalent to 3 protein particles per mL)
within 120 min from plasma sample to result. The method was validated with 86 clinical plasma samples
confirmed the method’s high diagnostic accuracy for Mtb infection (sensitivity: 97.1 %, 95 % confidence interval
(CD) [0.849-0.998]); specificity: 98.0 %, 95 % CI [0.897-0.999]), supporting its utility in early therapeutic

evaluation of tuberculosis management.

1. Introduction

Tuberculosis (TB) remains a significant global health threat (Ehrt
et al., 2018), with an estimated 10.6 million new cases and 1.3 million
deaths reported in 2022 alone (Bagcchi, 2023). Timely and accurate
diagnosis of live Mycobacterium tuberculosis (Mtb), the causative agent of
TB, is crucial for effective disease management and control. However,
conventional methods for Mtb detection, such as culture or GeneXpert,
suffer from sputum dependence, time-consuming (Mtb culture taking
more than two weeks), and requiring large instruments (Boehme et al.,
2010, 2011). Furthermore, GeneXpert cannot differentiate between live
and dead bacteria, greatly limits its predictive role in front-line clinical
practice (Denkinger et al., 2014; MacLean et al., 2020). Therefore, there
is an urgent need for rapid and accurate diagnostic approaches that can
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effectively address the challenges of diagnosing live Mtb in
resource-limited conditions.

Aptamers are short, single-stranded nucleic acid molecules, either
DNA or RNA, that possess a unique three-dimensional structure and
exhibit high affinity and specificity for binding to target molecules,
including proteins, small molecules, and pathogens (Song et al., 2013;
Vinkenborg et al., 2011). In diagnostics, aptamers can serve as molec-
ular probes for the detection and quantification of biomarkers or path-
ogens (Shi et al., 2024). For example, Aptamer-based electrochemical
biosensors have shown considerable potential in the early-stage detec-
tion of Mtb antigens, specifically the MPT64 antigen, with a detection
range from 0.02 to 1000 pg/mL (Li et al., 2018). However, aptamer
exhibit limitations in relatively low binding affinities, ranging from
picomolar to micromolar (Acquah et al., 2020), and can only detect 600
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CFU/mL of Salmonella typhimurium even combined with gold
nanoparticle-modified screen-printed carbon electrodes and supporting
equipment (Labib et al., 2012). Enhancing aptamer sensitivity through
combination with other methods, such as PCR-free systems, can facili-
tate easier operation and cost-effectiveness, especially in
resource-limited areas or during public health emergencies (Yang et al.,
2023a).

The Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) technology has emerged as a powerful tool for nucleic acid
diagnostics in diseases such as TB and SARS-CoV-2, owing to its
simplicity, versatility, and high sensitivity (Joung et al., 2020; Tian
et al., 2024; Xiao et al., 2020; Yang et al., 2023b). Notably, CRISPR
achieves single-copy sensitivity for target genes when combined with
isothermal amplification (Ai et al., 2019; Broughton et al., 2020; Goo-
tenberg et al., 2017; Liu et al., 2021). However, the successful imple-
mentation of highly sensitive CRISPR diagnostic assays relies on the
optimal enrichment of target genes and the efficient performance of
guide RNAs (gRNAs), which must precisely recognize and bind to the
target sequences. In CRISPR/Cas12a detection, gRNAs selectively target
Mtb nucleic acid sequences that have been amplified using Recombinase
Polymerase Amplification (RPA) or Polymerase Chain Reaction (PCR).
Subsequently, the Casl2a enzyme is activated, resulting in the
cis-cleavage of target double-stranded DNA (dsDNA) or single-stranded
DNA (ssDNA) in clinical genome samples. Following cis-cleavage,
Cas12a exhibits trans-cleavage activity, which facilitates the cleavage of
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untargeted ssDNA fragments containing fluorophore-quencher
(FQ-ssDNA). This cleavage generates observable fluorescence that can
be detected visually (Liu et al., 2021; Xiao et al., 2020). Importantly,
extracting and detecting genomic samples of Mtb in clinical settings
poses challenges due to difficulties in obtaining sputum samples from
the lower respiratory tract, particularly in children, as well as the need
for specialized laboratories for nucleic acid extraction and detection
procedures. Given these challenges, it is crucial to focus on key virulence
factors, such as the 6-kDa early secreted antigen target (ESAT6) and
10-kDa culture filtrate protein (CFP10) proteins, which are critical to the
pathogenesis and immune evasion mechanisms of live Mtb, and have
been identified as molecular diagnostic biomarkers (Hamada et al.,
2021). Therefore, our aim is to develop a novel aptamer molecular probe
for CRISPR-based detection of live Mtb in a genome-free manner.

In this study, we employed the Magnetic bead Systematic Evolution
of Ligands by Exponential Enrichment (SELEX) technique to isolate and
optimize a novel 59 bp Aptamer 3 with high affinity for ESAT6 and
CFP10 fusion proteins (EC). Furthermore, we designed a short comple-
mentary DNA blocker (21 bp) to create an Aptamer-blocker 3-7 (Ap-
blocker 3-7) probe with Ap3 in vitro, which was subsequently inte-
grated into the RPA process. The Ap-blocker 3-7 probe selectively binds
to the EC protein in plasma samples, releasing a portion of the blockers.
These released blockers subsequently hybridize with the remaining
Aptamer-blockers and the residual Ap3, thereby enriching the complex
into a fully double-stranded Aptamer (ds-Aptamer) through isothermal

C 1h, CRAFT reaction at 38°C
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Fig. 1. Schematic of the workflow for detecting Live Mtb from Samples to Results. (A) Plasma samples were directly collected from clinical patients for immediate
analysis. (B) The blocker single-stranded DNA (ssDNA) was released from the Aptamer-blocker probe in the presence of EC proteins secreted by live Mtb. In contrast,
the blocker was not released in the presence of non-tuberculous mycobacteria (NTM) or in infections caused by dead Mtb. (C) The ssDNA blocker bound to the
Aptamer-blocker probe and/or Aptamer, serving as a primer for isothermal amplification (RPA), which led to the amplification of double-stranded Aptamer (ds-
Aptamer). Subsequently, the ds-Aptamer formed a ternary complex with Casl2a/gRNA, resulting in the cleavage of ssDNA fragments containing fluorophore-
quencher (FQ-ssDNA). (D) This cleavage generated a fluorescent signal that could be read by a smartphone and analyzed using ImageJ software. The Aptamer-
blocker probe exhibited limited capability in triggering the trans-cleavage of FQ-ssDNA by Casl2a, resulting in a negligible fluorescent signal as observed in the
negative control (NTC). However, in the presence of EC protein, the Aptamer-blocker probe facilitated strong fluorescent signals through fragmentation amplification

and Casl2a cleavage.
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amplification. Subsequently, the ds-Aptamer forms a ternary complex
with Casl2a/gRNA, resulting in the cleavage of FQ-ssDNA and the
generation of a strong fluorescent signal.

2. Results

2.1. Aptamer-based CRISPR protocol for rapid detection of Live Mtb in
plasma

An aptamer-based CRISPR protocol was developed and optimized to
detect live Mtb directly from raw plasma samples within 120 min
without nucleic acid extraction (Fig. 1A). Initially, aptamer-blocker
probes were incubated with two plasma types at room temperature for

A
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60 min. The probes bound to extracellular (EC) proteins secreted by live
Mtb, triggering immediate blocker release (Fig. 1B). In contrast, no
release occurred in plasma with nontuberculous mycobacteria (NTM) or
dead Mtb due to absent EC protein secretion (Fig. 1B). Subsequently, A
portion of the mixture was then transferred to a 0.2 mL tube containing
the CRISPR/Cas12a system and recombinase polymerase amplification
(RPA) components, followed by incubation at 38 °C for 60 min (Fig. 1C).
Finally, fluorescence signals were captured using a smartphone camera,
and ImageJ software was used to quantify intensity and classify samples
as Mtb-positive or negative (Fig. 1D).
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Fig. 2. Analysis of Aptamer and EC protein Binding Interactions Using Mag-beads SELEX. (A) Workflow of Mag-beads SELEX. 1. Designed ssDNA Aptamers and
incomplete complementarity ssDNA blockers; 2. ssDNA Aptamer and ssDNA blockers hybridize individually to form Aptamer-blocker probes; 3. The Aptamer-blocker
probe pool is mixed with magnetic bead-conjugated target protein; 4. Unbound Aptamers and blockers are eluted, followed by initiation of the next SELEX round with
the existing mixture, continuing through the to fifteenth round; 5. The existing mixture and the eluents are identified by PCR after each round of Mag-beads SELEX; 6.
The existing mixture is identified by Sanger sequencing following the Mag-beads SELEX; 7. Candidate Aptamer analysis is conducted with EC protein using
Isothermal Titration Calorimetry (ITC). (B) Identification of Aptamer 1 to Aptamer 10 from the EC protein complex during the tenth and fifteenth rounds of EC
protein-based SELEX using PCR. M: DNA ladder; 10-Apl to 10-Ap10, and 15-Apl to 15-Apl0 represent distinct sets of aptamers identified from the EC protein
complex in the tenth and fifteenth rounds of SELEX, respectively. The amplified products of each aptamer were 144 bp in size, generated using Ap-F and Ap-R primers
(Table S4). 10 and 15: amplicons from the EC protein complex in the tenth and fifteenth rounds of SELEX using primer-free PCR. (C) Calorimetric titration isotherms
of the binding interactions between EC protein and Ap3. (D) Identify Aptamer 1 to Aptamer 10 and their corresponding blockers from the eluent of the EC protein in
the first round of SELEX using PCR. S1-Apl to S1-Ap10 represent the amplicons of Aptamers (Ap1 to Ap10) and Blockers (blocker 1 to blocker 10) derived from the
first round eluent in Mag-beads SELEX. The eluent S1 of SELEX was amplified using a single primer, as detailed in Table S4.
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2.2. Aptamer 3 exhibited high affinity binding to the EC protein

To generate aptamers with high affinity for the EC protein, the Mag-
beads SELEX method (Fig. 2A) was employed utilizing purified EC
protein or Fetal Bovine plasma (FBS) as targets (Fig S1A, Fig S2A). The
binding affinity of the aptamer-blocker pool increased with each selec-
tion round, peaking at the 15th round. Aptamer 1 (Apl), Aptamer 3
(Ap3) and Aptamer 6 (Ap6), which demonstrated strong binding to the
EC protein from the 15th selection complex and confirmed through
Sanger sequencing (Fig. 2B, Fig. S1B). However, Apl and Ap6 also
exhibited non-specific binding to FBS (Fig S2B, Fig S2C), while only Ap3
was identified in the final round of EC protein-based SELEX. The
dissociation constant (Kd) of Ap3 was determined to be 8.30e10-7 M,
with a binding stoichiometry (N) of 3.02, as established by isothermal
titration calorimetry (ITC) one set of sites analysis model
(Fig. 2C-Tables S5-S6). As shown in Fig. 2D and Fig. S1C, Aptamer-
blocker 3-1 and Aptamer-blocker 7 released their blockers into the EC
solution after the first SELEX round. This finding support the hypothesis
that the Aptamer-blocker probe not only has the potential to bind to the
EC protein complex but can also release the ssDNA blocker upon
binding.

According to Fig. 3A and B, the truncation of the 5’ end by removing
21 nucleotides from the original sequence of Ap3 significantly impairs
its binding affinity for the EC protein during the SELEX process. Spe-
cifically, retaining only the core 21-nucleotide sequence at the 5’ end
results in a dramatic reduction of the Kd value to 1.81E-6 (Fig. S3). To
further analyze the tolerance of Ap3 to amino acid mutations in the EC

A
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protein, we introduced mutations at six amino acid residues connected
with Ap3 core sequence by hydrogen bonds (Fig. 3C), in addition to one
conserved amino acid residue A84 present in MTB but mutated in NTM
(Fig. 3D). Among these, the M1 and M2 proteins are located within the
Esta 6 protein sequence, while the M3 and M4 mutants are situated in
the CFP10 protein sequence (Tables S6-57). One set of sites analysis
model reveals that Ap3 did not exhibit a significant thermal response
when titrating four EC mutants (Table S9). Interestingly, EC-M2 (A84Q)
substituted only one conserved amino acid from MTB. It also exhibited
no binding reaction with Ap3. This indicates that Ap3 exhibits high
structural specificity for the EC protein and lacks affinity for mutations
resulting from critical amino acid substitutions. All mutants also shown
negative results in CRAFT (Fig. S5A).

2.3. CRISPR-driven aptamer fluorescence testing (CRAFT)

Double-stranded Ap3 (ds-Ap3) can be amplified using two primers
through either Recombinase Polymerase Amplification (RPA) or PCR,
which is subsequently visualized in a gel image (Fig. S4A). sgRNA tar-
geting the ds-Ap3 amplicons was then selected to direct the Casl2a
cleavage reaction. Three sgRNAs were designed, with Ap3-sg3 exhibit-
ing the highest activity, as evidenced by the significant fluorescence
signal (P < 0.0001) (Fig. 4A). In contrast, self-hybrid Ap3 (Ap3),
Aptamer-blocker 3-1 probe (probe 3-1), and ssDNA Ap3 showed no
positive signal in single Casl2a cleavage reaction (Fig. S4B-C). How-
ever, ssSDNA blocker can facilitate RPA amplification when combined
with Ap3 or probe 3-1 to form the ds-Ap3 (Fig. 4B). Surprisingly, the
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Fig. 3. Identification of the Interaction Motif Between Aptamer 3 and EC protein. (A) Truncated variants of Ap3 and Ap3 original sequence. The top panel shows the
original sequence (OS) and mutant sequences (Ap3-L1 ~ Ap3-L3), with PAMs marked in blue. (B) Identification of Ap3-L1 to Ap3-L3 from the EC complex of EC-
based SELEX using PCR and sanger sequencing. M: DNA ladder; 1-Ap3 to 15-Ap3-L3 represent distinct sets of aptamers identified from the EC protein complex in the
first to fifteen rounds of SELEX, respectively. (C) 3D structure of EC protein and locations of amino acid substitutions in EC mutants. Hydrogen bonds between EC
protein and Aptamer 3 interaction was marked as yellow dashed lines. Residues involved in hydrogen bond interactions are indicated in the zoomed-in diagram. (D)
Comparison of conserved EC sequences between Mtb and 10 different NTM strains. Mutant amino acids in EC-M2 variant are marked in blue. Full source data are

provided in Table S7 and TableS8.
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Fig. 4. Aptamer-blocker Probe Selection for Aptamer 3 via RPA-based CRISPR/Cas12a Fluorescence Detection. (A) Selection of sgRNA for the Casl2a system system
using 10 pmol Ap3 PCR products as a template, reacting for 30 min at 37 °C. For the Signal group, the PCR products of Aptamer 3, amplified using Ap3-F and Ap3-R,
were utilized as a template. For the Noise group, ddH20 was used as the template. The best sgRNA for ds-Ap3 identification is indicated by an orange triangle. (B) Gel
image analysis of the amplicons from Self-Hybridized Aptamer 3, Aptamer-blocker 3-1 probe, and blocker 3-1 via RPA amplification. (C) Identification of self-hybrid
Aptamer 3, Aptamer-blocker 3-1 and ssDNA blocker 3-1 using RPA-based CRISPR/Cas12a fluorescence detection in one pot, incubated for 30 min at 37 °C. (D)
Comparison of Casl2a protein working efficiency between laboratory prepared and commercially proteins in Ap3 PCR products based fluorescence detection. (E-N)
Comparative performance analysis of Aptamer-blocker 3-1 through Aptamer-blocker 3-10, with and without blocker 3-1 to blocker 3-10, over a duration of from 30
to 150 min. For the Signal group, 10 pmol Hybrid Ap-blocker probes plus 10 pmol ssDNA blockers was used as the template, and for the Noise group, Ap-blocker
probes was used as the template. Error bars indicate standard errors of the mean (SEM) from three technical repetitions per group. Statistical significance is denoted
as follows: ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, while non-marked values indicate no significant difference compare with the NTC.

primer-free RPA reaction can be integrated with the CRISPR reaction,
allowing for the identification of Ap3 fluorescence in a single tube
within 30 min (Fig. 4C). The results from the Western Blot (WB) indicate
that the Cas12a protein, eluted from the prokaryotic expression system,
exhibits exceptionally high purity (Fig. S4D). Following purification and
collection, the protein concentration reaches 60 pg/mL. In subsequent
co-reactions with RPA, the purified Casl2a protein demonstrated a
significantly higher fluorescence value compared to the commercial
control (Fig. 4D). To assess the stability of ssDNA within the co-reaction
detection system utilizing the Aptamer-blocker probe as a template, we
selected hybrid aptamer-blocker 3-7 (probe 3-7) from ten probes as the
optimal one, which exhibited the greatest tolerance in RPA-based
CRISPR/Casl2a fluorescence detection without EC protein
(Fig. 4E-N). Crucially, probe 3-7 exhibited no false positive noise from

self-detection, contrasting significantly with the interference observed
from probe 3-1 during the detection process, spanning from 30 to 150
min (Fig.s. 4E and 5K).

Subsequently, we confirmed that probe 3-7 released bloker 3-7 upon
interaction with the EC protein. Furthermore, bloker 3-7 was effectively
employed as a primer to amplify Ap3 from the rest probe 3-7 or the EC
pellet (Fig. 5A). Subsequent assessments revealed the release of blocker
3-7 into the EC solubleP™® 37, as evidenced by RPA-based CRISPR/
Cas12a fluorescence detection (Fig. 5B). Notably, no positive signal was
detected in the EC pelletP™® 37 and EC*P3, indicated the complete
release of blocker 3-7 by probe 3-7 in the presence of EC (Fig. S5B).
Thus, we named the program CRISPR-Driven Aptamer Fluorescence
Testing (CRAFT).
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different reaction temperature for the CRAFT system using 5 pmol probe 3-7 plus 100 ng purified EC protein as a template, reacting for 30 min. NTC means none
purified LbaCas12a added in the negative control, and 38%ntrol yaans commercial LbaCas12a reaction result at 38 °C. (H) Comparison between CRAFT systems
before and after optimizations for detecting EC protein. (I) EC protein-based LoD assay of the CRAFT system, reacting from 30 min to 150 min at 38 °C. Purified EC
protein was diluted from 1 pg/mL to 0.01 ag/mL, equivalent to 3E10 EC protein particles per mL down to 0.3 EC protein particles per mL, with ddH20 utilized as the
negative control (NTC). Error bars represent standard errors of the mean (SEM), three technical repetitions per group, ****P < 0.0001, ***P < 0.001, **P < 0.01, *P
< 0.05, while non-marked values indicate no significant difference compare with the NTC.

2.4. Performance of CRAFT in sensitivity and specificity for Mtb
diagnostic markers

The optimization of the CRAFT revealed that the most significant
positive reaction occurred at a Cas12a concentration of 20 pmol, FQ-
ssDNA concentration of 10 pmol, sgRNA concentration of 300 pmol,
and probe 3-7 concentration of 5 pmol, and reaction temperature at
38 °C, as illustrated in Fig. 5C-G. After optimization of the above pa-
rameters, the final CRAFT system exhibited a 29 x increase in fluores-
cence intensity for the detection of the EC protein (Fig. 5H). To further

determine the LoD of the optimized CRAFT system, we used it to detect
1 pg/mL of EC templates with dilute ranging from 1 pg/mL to 0.01 ag/
mL. The result shown the sensitivity of CRAFT in detecting EC protein is
0.1 ag per mL, enabling the detection of as few as three EC protein
particles in 1 mL of sample after just 60 min of incubation at 38 °C
(Fig. 5I). This high sensitivity underscores the potential of CRAFT as a
rapid and efficient diagnostic tool for identifying live Mtb biomarkers.
Additionally, CRAFT demonstrated specificity in distinguishing between
MTB (H37Ra) filtrate soluble, Escherichia coli (E. coli) filtrate, and
human lung carcinoma cell line (A549) culture filtrate (Fig. 6A).
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Fig. 6. Evaluation of the Sensitivity and Specificity of CRAFT. (A) Evaluation of the specificity of CRAFT using filtrates form H37Ra, E. coli and A549 cells. 1 mL
filtrate were incubation with 5 uM Ap-blocker 3-7 probe for 1 h before CRAFT while negative control incubation with ddH,0. Both bacterial strains were cultivated
to an optical density (OD) of 0.62, while the proliferation of A549 cells reached a fusion degree of 80 %. Error bars represent standard errors of the mean (SEM), three
technical repetitions per group, ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, while non-marked values indicate no significant difference compare with the
NTC. (B) Evaluation of CRAFT on clinical samples. Error bars indicate the standard errors of the mean (SEM), with three technical replicates per sample. The
fluorescence threshold for negative results is set at 10. (C) Fluorescence readouts of the CRAFT assay for the EC proteins performed on clinical samples. Plasma
extracts from 35 positive patients (TB), 28 pulmonary or NTM infected patients (non-TB) and 23 healthy volunteers (HC) peripheral blood, determined by chest X-ray
signs, molecular detection and clinical symptoms as described previously (2000; Rautman et al., 2024). Positive/Negative test interpretation is indicated by +/—.

2.5. Assessment of CRAFT for MTB diagnostic in clinical samples

To evaluate the performance of CRAFT using on human plasma
samples from healthy individuals (HC), non-tuberculous Mycobacteria
(NTM) plus pneumonia (PN) patients (none-TB), and tuberculosis pa-
tients (TB), a total of 86 plasma samples were analyzed. This included 35
samples that were confirmed as positive for tuberculosis via clinical
laboratory tests and GeneXpert, while the remaining samples consisted
of 5 NTM, 23 PN and 23 from chest X-ray negative plus IGRA negative
individuals, as indicated in the assessment report (Table 1). Notably, no
false positives were identified among the 5 NTM and 23 PN patients,
which included 2 samples infected with Mycobacterium abscessus, 1 with
Mycobacterium intracellulare, 1 with Mycobacterium avium, and 1 with

Mycobacterium kansasii (Fig. 6B). A significant difference was observed
between the healthy control (HC) group and the tuberculosis (TB) group
(P = 0.0008), as well as between the non-TB group and the TB group (P
= 0.0003) (Fig. 6B). However, no significant difference was noted be-
tween the HC group and the non-TB group. Nonetheless, three samples
identified as Mtb positive by GeneXpert showed negative results in this
study, while two samples classified as healthy exhibited positive Mtb
signals in the CRAFT (Fig. 6C). The CRAFT results identified a sensitivity
of 91.4 % (32 of 35) for chest X-ray positive TB cases and 96.4 % (27 of
28) for culture-positive TB cases. Additionally, the sensitivity for Gen-
eXpert positive TB cases was 94.1 % (32 of 34). The sensitivity for smear
microscopy positive and negative TB cases was 92.3 % (12 of 13) and 91
% (20 of 22), respectively. The CRAFT analyses also demonstrated a
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Table 1
Sensitivity and specificity of CRAFT for TB diagnosis in clinical samples.
Clinical sample groups Positive results/ Sensitivity, Specificity,
total % %
HC (n = 23)
Negative chest X-ray (23/ 2/23 91.3 %
23)
Negative IGRA (23/23) 2/23 91.3 %
non-TB (n = 28)
PN (23/28) 0/23 100 %
NTM (5/28) 0/5 100 %
TB (n = 35)
Positive chest X-ray (35/ 32/35 91.4 %
35)
Positive culture (28/35) 27/28 96.4 %
Positive GeneXpert (34/35)  32/34 94.1 %
Positive smear microscopy 12/13 92.3 %
(13/35)

specificity of 91.3 % (2 of 23) for the HC group and 100 % (0 of 28) for
non-TB subjects (Table 1).

3. Discussion

TB remains a major global health threat, claiming millions of lives
annually. Despite ongoing efforts, the lack of rapid, accurate, and
affordable diagnostic tools for live Mtb hampers effective treatment and
control (Banoo et al., 2024). Distinguishing between live and dead Mtb
presents substantial challenges for treatment monitoring, drug efficacy
evaluation, and infections risk assessment, highlighting the urgent need
for improved diagnostic methods (Ma et al., 2020; Tang et al., 2014).

Prominent diagnostic markers of Mtb, such as CFP10 and ESAT®6, are
abundantly present in fresh samples (Yang et al., 2015). Notably, these
early secreted antigens are components of the EC protein complex, and
play a crucial role during mycobacterial infection (Anes et al., 2023;
Ramalingam et al., 2023), exhibiting high diagnostic value. Current
diagnostic methods primarily rely on host immune responses, such as
the Enzyme-linked Immunospot Assay (ELISpot) assay and
Interferon-gamma Release Assays (IGRA), rather than directly detecting
live Mtb, which leads to delays in diagnosis and treatment initiation (Pai
et al., 2014). Traditional techniques, including ELISA and the Tuber-
culin Skin Test (TST), detect these proteins but require improvements in
sensitivity and specificity, along with complex sample processing
(Chandramuki et al., 2002). The low concentrations of EC proteins in
plasma further complicate their detection (Laurentius et al., 2016).
Recent advancements, such as a prototype bioelectronic TB antigen
assay, show promise in rapid and conveniently detecting CFP10 in
plasma and urine samples (Seifert et al., 2021; Wei et al., 2022), indi-
cating the necessity for highly sensitive methods that efficiently capture
and detect EC proteins in clinical settings.

In this study, the EC protein served as a standard biomarker for live
Mtb(Chen et al., 2022), facilitating the development of an innovative
detection method that integrates an aptamer-blocker probe and
RPA-based CRISPR technologies. This method, named CRAFT (CRISP-
R-Driven Aptamer Fluorescence Testing), offers significant advantages
in the detection of live Mtb. Furthermore, the Ap3 exhibited high
specificity and affinity for the EC protein, while showing no significant
affinity for EC mutants (as shown in Table S9), even with a single amino
acid mutation (M2, Table S9). This approach is non-sputum based, re-
quires no extraction, and allows for rapid and highly specific detection
of EC proteins in plasma, thereby streamlining the diagnostic process
and reducing costs in clinical settings. In the evaluation of CRAFT for
Mtb diagnostics, using health clinical samples (Fig. 6C), two individuals
showed positive results for live Mtb infection, potentially indicating
early-stage tuberculosis. Conversely, among three individuals who
tested negative for Mtb in CRAFT but positive in GeneXpert detection
(Table 1), the possibility of dead Mtb infection exists, given GeneXpert’s
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high sensitivity to Mtb nucleic acid but lack of specificity for dis-
tinguishing between live and dead Mtb(Park et al., 2024; Singh et al.,
2024). Due to the source of health clinical samples from
population-wide physical examinations, tracking and detecting the
infection status for these individuals presents challenging. Further
studies will continue to expand the time dimension.

Overall, the development of the CRAFT platform utilizing blood-
based detection for live Mtb, holds significant promise for improving
TB diagnostics, particularly in resource-limited settings. The integration
of aptamers with CRISPR technology represents a novel approach for the
sensitive and rapid detection of Mtb, which could substantially
contribute to global TB control efforts. Future research will focus on
exploring the application of CRAFT in point-of-care testing and its po-
tential for detecting other pathogens, thereby increasing its clinical
utility.

4. Materials and method
4.1. Clinical sample collection

From January 2024 to October 2024, participants were recruited
from the Shenzhen Third Hospital (Shenzhen, China) (Table S1). The
healthy control (HC) group consisted of 23 healthy adult participants
who tested negative for Mtb using the IGRA and exhibited negative chest
radiological signs. Additionally, 28 patients diagnosed with NTM or PN
constituted the non-TB group. The non-TB group included 2 patients
with Mycobacterium abscessus, 1 with Mycobacterium intracellulare, 1
with Mycobacterium avium, and 1 with Mycobacterium kansasii. The
remaining PN patients were diagnosed based on clinical symptoms and
radiological findings, as previously described (Rautman et al., 2024),
and all had negative Mtb detection in sputum samples, indicated by
culture and the GeneXpert method. Furthermore, 35 adults diagnosed
with TB tested positive for Mtb using the GeneXpert or sputum culture or
smear microscopy, along with the positive chest radiological signs and
comorbidity assessment. All participants were confirmed to be
HIV-negative. Demographic, microbiological, and diagnostic data are
summarized in Table S2.

In total, 86 participants provided peripheral blood samples for our
study. Each individual had 5 mL of peripheral blood drawn using a
vacuum collection device (BD Vacutainer, USA). The plasma was then
separated using centrifugation at 500xg for 5 min and transported at
4 °C. All fresh plasma samples were processed immediately upon
collection. The study received approval from the Institutional Review
Board of Shenzhen Third People’s Hospital, and written informed con-
sent was obtained from all participants.

4.2. Bacterial and cell culture conditions

The Mtb H37Rv strain was obtained from Shenzhen Third People’s
Hospital and cultured in Middlebrook 7H9 broth (Difco, USA) supple-
mented with 0.05 % Tween 80 and 10 % oleic acid, albumin, dextrose,
and catalase (OADC), as previously describe (Guo et al., 2022). Escher-
ichia coli (E. coli) was cultured in Luria-Bertani (LB) liquid medium at
37 °C with shaking at 180 rpm. Subsequently, the bacterial supernatants
were collected by centrifugation at 3000 rpm for 3 min and filtered
through a 0.22 pm membrane prior to analysis. The A549 cell line
(Procell, China) was maintained in Dulbecco’s Minimum Essential Me-
dium (Gibco, China) supplemented with 10 % fetal bovine plasma
(ExCell BIO, Uruguay) at 37 °C containing 5 % CO».

4.3. Aptamer probe

Ten ssDNA sequences were selected from a pool of 1000 ssDNA se-
quences, each containing a (5-NNNNNNTTTNNNNNN-3') PAM site at
the 5' or 3' ends (Yamano et al., 2016) for sgRNA targeting, with each
ssDNA being 59 nucleotides in length. These ssDNA aptamer sequences
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were generated randomly online (https://www.detaibio.com/sms2/ra
ndom_dna.html), and exhibited a folding conformation similar to that
of the EC aptamer previously reported (Tang et al., 2014). Ten short
ssDNA blockers, each complementary to 21 nucleotides of the corre-
sponding aptamers, were designed and synthesized. All blocker and
aptamer oligonucleotides (Table S3) were synthesized by Sangon
Biotech and dissolved in sterile buffer before analysis. The 10 pM
aptamer and 10 pM blocker hybridization reaction were incubated at
95 °C for 5 min and then allowed to anneal to room temperature over-
night to form the respective aptamer-blocker probes. Self-hybridization
of 10 pM Aptamer 3 was performed for the subsequent analysis of
dissociation coefficients.

4.4. Magnetic bead SELEX

During the traditional SELEX process (Bock et al., 1992), a library of
random sequence oligonucleotides undergoes iterative binding, sepa-
ration, and amplification steps, resulting in the enrichment of aptamers
with the desired binding properties. In the Mag-beads SELEX (Fig. S1),
100 pg of EC proteins and 200 pL of Fetal Bovine plasma (ExCell, China)
were immobilized on the surface of magnetic-COOH beads (M2143,
Solarbio) to form a target protein-bead complex according to the pro-
tocol. Subsequently, the hybridization library (10 pM for each
aptamer-blocker dimer) was allowed to selectively interact with the
targeted protein, and the mixture was fully mixed for 1 h at room
temperature for each round, continuing up to the 15th round. Unbound
aptamers and blockers were removed through magnetic separation, with
the ssDNA blockers collected in the supernatant during rounds 1 to 15 of
the selection process. Meanwhile, the ssDNA aptamers bound to the EC
protein were recovered and amplified by PCR. Finally, the EC protein
complexes were analyzed using PCR and Sanger sequencing. The
candidate aptamers were subsequently verified for their dissociation
constants with the EC protein using MicroCal PEAQ Isothermal Titration
Calorimetry (ITC, Malvern, UK).

4.5. Isothermal titration analysis

To determine the dissociation constant (Kd) and binding stoichi-
ometry (N) of the interaction between the EC protein and Ap3, we
employed MicroCal PEAQ ITC (Malvern Panalytical, UK) and following
the previously reported method (Kamps et al., 2015). Both Ap3 and
purified EC fusion proteins were prepared in identical solutions to
eliminate heat changes arising from buffer mismatches. The ITC cell was
loaded with the self-hybridized Ap3 at a concentration of 10 uM, while
the syringe was filled with a 50 pM solution of EC protein. For the
control, ITC cell was loaded with the protein buffer, while the syringe
was filled with EC protein. During the titration, 2 pL of the syringe so-
lution was injected into the protein cell at 25 °C, with a 250 s interval
between each injection, and the heat changes from 19 injections were
recorded. Heats of dilution for EC proteins were determined in control
experiments, and were subtracted from the titration binding data before
curve fitting. Data analysis was performed using the MicroCal PEAQ ITC
software with one set of sites model, which generated a binding isotherm
that was fitted to a binding model.

4.6. Proteins and western blot

For the expression, purification, and characterization of LbaCas12a,
EC and its mutants (M1, M2, M3 and M4), plasmids encoding His-tagged
proteins were transformed into E. coli BL21 cells. Cells was induced with
0.9 mM IPTG at 16 °C for 18 h, and then centrifuged to isolate cells
pellet. Followed cells were lysed via sonication in lysis buffer (pH 8.0,
50 mM NaH2PO4, 300 mM NaCl and 10 mM imidazole) containing
protease inhibitors (leupeptin and 0.1 mM PMSF). Lysates were clarified
by centrifugation at 15,000xg for 15 min. Supernatants were loaded
onto a HisPur Ni-NTA column (Smart-Lifesciences, China), washed with
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wash buffer (pH 8.0, 50 mM NaH2PO4, 300 mM NaCl and 25 mM
imidazole), and eluted with elution buffer (pH 8.0, 50 mM NaH2PO4,
300 mM NaCl and 250 mM imidazole). Fractions were analyzed by SDS-
PAGE (10 % gel) to assess purity. LbaCasl2a and EC proteins were
concentrated using a 100 kDa or 10 kDa centrifugal filter unit (Millipore,
USA) respectively. Protein concentrations were determined using the
BeyoBCA assay. For Western blot analysis, 20 pL of protein lysate was
mixed with 5 x SDS (CWBIO, China), heated at 100 °C for 5 min,
separated by SDS-PAGE, and transferred to NC membranes (Millipore,
USA). Membranes were blocked in 5 % DifcoTM Skim milk (BD, USA) for
2 h at room temperature and then incubated with primary antibodies
His-tag antibody (abcam, ab18184; 1:5000) overnight at 4 °C, followed
by HRP-conjugated secondary antibodies (abcam, ab6728; 1:10000).
Western blot were visualized using ECL reagents (Yeasen, China).

4.7. AlphaFold3 prediction and docking analysis

The Ap3 complex was first modeled using AlphaFold3 (https://alph
afoldserver.com). Ap3 and EC protein complex docking was performed
with AutoDOCK Vina (Ullah et al., 2024), using the core nucleic acid
structure of Aptamer 3 (in this study) and the EC fusion protein (PDB:
1WABS). The sequences 1-21 of the Aptamer 3 were defined as active as
they were involved in the interaction between Aptamer 3 and EC resi-
dues in both AlphaFold3 prediction model and mutation analysis
(Fig. 4C). As a representative structure of the Ap3-EC complex was
selected from the top six clusters based on AutoDOCK scoring. The
nucleic acid-protein interactions were analyzed and visualized using
PyMOL software.

4.8. In vitro transcription

For the preparation of gRNA, transcription templates Ap3-sgl, Ap3-
sg2, and Ap3-sg3 targeting ds-aptmer03 were designed using CRISPR-
offinder software as previously described (Liu et al., 2021). Subse-
quently, Ap3-sgl, Ap3-sg2, and Ap3-sg3 were amplified from a
T7-promoter plasmid using the primer pairs listed in Table S4, following
the LAmp Master Mix (P312—01, Vazyme) protocol. The purified PCR
amplicons served as the DNA template for in vitro transcription (IVT)
reactions utilizing the HiScribe T7 High Yield RNA Synthesis Kit
(E2040S, NEB) at 37 °C overnight. To eliminate any residual tran-
scription templates, 1 U of DNase I (EN0521, Thermo Fisher Scientific)
was included in each IVT reaction. Following the purification of the
gRNA fragments using the Monarch RNA Cleanup Kit (T2040L, NEB),
each gRNA was quantified for quality and concentration using gel
electrophoresis and a NanoDrop One spectrophotometer (Thermo Fisher
Scientific).

4.9. Recombinase polymerase amplification (RPA) and polymerase chain
reaction (PCR)

RPA reactions were conducted in a 96-well dry bath (TIANGEN) at
38 °C for 30 min, adhering to the protocol of the DNA Basis Kit
(WLRB8201KIT, AMP-Future Biotech). Subsequently, the RPA products
were purified using the DNA Clean-Up Kit (D4017, Zymo Research)
prior to gel imaging. All PCR reactions were performed in a 96-well
thermal cycler PCR system (Thermo Fisher Scientific) according to the
amplification protocols: an initial denaturation at 95 °C for 5 min, fol-
lowed by 35 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C
for 30 s, extension at 72 °C for 10 s, and a final extension at 72 °C for 5
min. The 2 x LAmp Master Mix (P312-01, Vazyme) was utilized in this
study, and all primer pairs employed in the PCR reactions are listed in
Table S4 of the supplementary information. The amplification of all
amplicons was confirmed by agarose gel electrophoresis using 8 pL of
each sample.
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4.10. CRISPR-driven aptamer fluorescence testing (CRAFT)

The EC protein was obtained from Gene Optimal and diluted from
100 pg/mL to 0.01 ag/mlL, corresponding to a range from 3 x 10%°
particles of EC protein to 0.3 particles. Concentrations of 1 pg/mL, 1 ng/
mL, 1 pg/mL, 1 fg/mL, 1 ag/mL, 0.1 ag/mL, and 0.01 ag/mL of the EC
protein were subsequently analyzed using RPA-based CRISPR/Casl2a
fluorescence detection. A 5 uM Ap-blocker 3-7 probe was thoroughly
mixed with 1 mL of EC protein at room temperature for 1 h, with self-
mixed Ap3 serving as the negative control. Following this, take 20 pl
of the Ap-blocker 3-7 probe and sample mixture was combined with the
RPA-based CRISPR/Casl2a systems (WLRB8201KIT, AMP-Future
Biotech), which included 300 nM gRNA, 20 pM Casl2a, and 30 pM
FQ-ssDNA, in a new reaction tube. All nucleic acid sequences and FQ-
ssDNA are listed in Table S4. Sterile water was added to achieve a
final reaction volume of 30 pL, and the mixture was incubated at 38 °C
for an additional hour. The reaction tubes were then placed under a blue
light illuminator to visualize the green fluorescence signals indicative of
Mtb detection. The fluorescence intensity of each reaction was captured
by a smartphone over a period of 30-150 min and quantified using
ImageJ software. Fresh plasma clinical samples were collected from non-
TB patients, TB patients, and healthy controls, with 500 pL of plasma
mixed with 10 pM Ap-blocker 3-7 probe for the detection of Mtb in this
study.

4.11. Statistical analysis

Data were analyzed using Graph-Pad Prism 8.0.1. Fluorescent in-
tensity analysis employed a one-way ANOVA for comparisons involving
three or more groups, while an unpaired t-test was utilized for com-
parisons between two groups, with SEM representing the standard error
of the mean. Significant differences were determined by comparison to
the negative control group, with significance levels indicated as follows:
**%%P yalue < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. P value
greater than 0.05 were considered non-significant.
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