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TUBERCULOSIS

Rapid tuberculosis diagnosis from respiratory or blood
samples by a low cost, portable lab-in-tube assay

Brady M. Youngquist1’2, Julian Saliba?, Yelim Kim', Thomas J. Cutro®, Christopher J. Lyon1’2,
Juan Olivo?*, Ngan Ha’, Janelle Fine®, Rebecca Colman®, Carlos Vergara", James Robinson’,
Sylvia LaCourse®°'?, Richard S. Garfein®, Donald G. Catanzaro'", Christoph Lange12’13'14’15,
Eddy Perez-Then*, Edward A. Graviss’, Charles D. Mitchell'é, Timothy Rodwell®,

Bo Ning"? Tony Y. Hu""**

Copyright © 2025 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works

Rapid portable assays are needed to improve diagnosis, treatment, and reduce transmission of tuberculosis (TB),
but current tests are not suitable for patients in resource-limited settings with high TB burden. Here we report a
low complexity, lab-in-tube system that is read by an integrated handheld device that detects Mycobacterium
tuberculosis (Mtb) DNA in blood and respiratory samples from a variety of clinical settings. This microprocessor-
controlled device uses an LCD user interface to control assay performance, automate assay analysis, and provide
results in a simple readout. This point-of-care single-tube assay uses a DNA enrichment membrane and a low-cost
cellulose disc containing lyophilized recombinase polymerase amplification and CRISPR-Cas12a reagents to at-
tain single-nucleotide specificity and high sensitivity within 1 hour of sample application, without a conventional
DNA isolation procedure. Assay results obtained with serum cell-free DNA isolated from a cohort of children aged
1 to 16 years detected pulmonary and extrapulmonary TB with high sensitivity versus culture and GeneXpert
MTB/RIF results (81% versus 55% and 68%) and good specificity (94%), meeting the World Health Organization
target product profile criteria for new nonsputum TB diagnostics. Changes in assay results for serum isolated dur-
ing treatment were also highly predictive of clinical response. Results obtained with noninvasive sputum and
saliva specimens from adults with bacteriologically confirmed pulmonary TB were also comparable to those re-
ported for reference methods. This rapid and inexpensive lab-in-tube assay approach thus represents one means

to address the need for point-of-care TB diagnostics useable in low-resource settings.

INTRODUCTION

More than 90% of new tuberculosis (TB) cases occur in low- and
middle-income countries that have limited health care infrastruc-
ture (1). Point-of-care (POC) testing suitable for use in resource-
limited settings is necessary to improve TB diagnosis and treatment
and stop TB transmission (2, 3). An estimated 4.2 million TB cases
were undiagnosed or unreported in 2021 (2), largely because of lim-
itations and costs of microbiological and molecular-based TB test-
ing in areas with high disease burden given that these tests require
expertise, equipment, and infrastructure that are not available in
most resource-limited settings (4-7). Neither approach is suitable
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for adaptation to POC testing because culture-based tests require
weeks to obtain valid final results, and polymerase chain reaction
(PCR)-based tests use multistep workflows and expensive and
bulky equipment (8, 9). Affordable and portable POC assays are
needed to improve TB diagnosis and treatment in resource-limited
settings according to the target product profile (TPP) for TB diag-
nostics set by the World Health Organization (WHO) (10, 11).

New diagnostic approaches are also needed to improve the scope
and scale of TB screening efforts (12). Sputum specimens, the refer-
ence standard, are useful for diagnosis of pulmonary TB (PTB), but
not extrapulmonary TB (EPTB) disease (13, 14). Sputum-based tests
have limited diagnostic utility in some at-risk populations with pauc-
ibacillary disease (such as young children and people living with
HIV) who often have difficulty producing sputum or who produce
specimens with low bacterial burden, resulting in low diagnostic sen-
sitivity (15-17). This is a substantial problem because these patient
populations are at increased risk for rapid disease progression and
increased mortality (18-20). The sampling requirements for diag-
nosing EPTB are also highly invasive, and alternate approaches are
needed to permit EPTB diagnosis using minimally invasive speci-
mens that can be collected and analyzed in resource-limited settings
(21, 22). New diagnostic tests that can analyze nonsputum specimens
are thus needed to improve TB diagnosis in these patient popula-
tions (23).

Laboratory-based assay systems have been used to diagnose
TB using saliva and serum specimens, but no true POC test that
uses minimal equipment without DNA extraction is now available
(24-28). Here, we report the design and validation of an inexpen-
sive (approximately $2.70 per sample), handheld, battery-powered
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lab-in-tube (LIT)-TB assay that detects Mycobacterium tuberculosis
(Mtb) DNA in patient serum, saliva, and sputum samples with a
sample-to-answer time of less than 1 hour and that could be de-
ployed as a POC TB test for multiple TB manifestations. This assay
integrates sputum or saliva specimen liquification, Mtb bacilli lysis,
recombinase polymerase amplification (RPA), and CRISPR detec-
tion steps into a single consumable tube that is processed and ana-
lyzed by the portable assay device. The assay device can also be used
to detect Mtb DNA in serum to substantially increase sensitivity
in children and patients with EPTB. These consumable assay tubes
contain lyophilized solubilization material and a separate matrix
embedded with lyophilized RPA and CRISPR reagents to allow se-
quential specimen solubilization and RPA-CRISPR detection, using
two protospacer-associated motif (PAM)-free guide RNAs (gRNAs)
for optimized target detection. Our results indicate that this ap-
proach can detect adult and pediatric TB, including PTB and EPTB
cases, with high sensitivity and specificity when using serum, saliva,
or sputum as the diagnostic specimen, suggesting that this approach
has strong potential as a POC test for TB diagnosis in resource-
limited settings underserved by current methods.

RESULTS

Design and optimization of a LIT assay for

detecting active TB

An inexpensive LIT and portable device was developed to detect TB
DNA in multiple sample types, including blood, saliva, and sputum.
In this approach, a respiratory sample is collected in the assay tube,
and the tube is then transferred to the incubator port of the portable
device for solubilization (lysis buffer) and inactivation (high tem-
perature). The LIT plunger is then depressed to load the lysate onto

the DNA capture membrane and initiate the RPA-CRISPR reaction
in this device port, and upon its completion, the tube is transferred
to the readout port to detect and analyze the resulting fluorescent
assay signal (Fig. 1A). The consumable LIT insert for this device
holds lyophilized sample liquification chemicals (lysis buffer), a
DNA binding membrane necessary for sample processing, and the
lyophilized RPA and CRISPR-Cas12a reagents needed for Mtb DNA
detection (Fig. 1B). The portable rechargeable battery-powered as-
say device is controlled by a touch screen user interface and contains
a laser, fluorescent imaging filters, a camera to read the assay, and a
Raspberry Pi microprocessor to integrate fluorescent imaging and
automated analysis (Fig. 1, C and D). This assay requires 1 hour
to perform the thermal sample lysis, RPA-CRISPR incubation, and
fluorescent imaging steps required to return assay results.

Development and optimization of the single-reaction Mtb
DNA detection assay

POC tests minimize user interventions to eliminate the need for
skilled operators and reduce user error and assay variation accord-
ing to WHO TPP for nonsputum diagnostic tests (table S1) (11, 29).
POC tests often use matrices that fluoresce at the excitation wave-
length of fluorescein amidite (FAM)-labeled oligonucleotide probes
used in CRISPR assays, which can mask assay signal; however,
the signal-to-noise ratio can be greatly improved by using cyanine5
(Cy5)-labeled probes (fig. S1).

Single-tube RPA and CRISPR assay conditions were optimized
by adjusting the RPA-to-CRISPR activity ratio to avoid premature
target cleavage, which can reduce amplicon accumulation required
for RPA efficiency and CRISPR cleavage kinetics required for sen-
sitive target detection. Because nonconsensus PAM sequences re-
duced CRISPR cleavage activity, we examined assay signal produced
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Fig. 1. Schematic of a CRISPR-based POC TB diagnostic device that detects Mtb DNA in multiple specimen types. (A) LIT-TB assay workflow indicating the time re-
quired for its sample lysis, lysate loading, assay incubation, and analysis steps. (B) Design and components of the LIT-TB assay tube. (C) Overview of sample inputs and
assay functions of the handheld device to process the diagnostic specimen and capture and analyze the assay results. (D) A 3D rendering of the components of the POC

LIT assay device.
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in reactions using gRNAs targeting amplicon sequences with (gRNA1)
and without (gRNA2 and gRNA3) consensus PAM sites (Fig. 2A,
table S2, and fig. S2). Reactions that used gRNAs that did not target
consensus PAMs (gRNA2 and gRNA3) yielded higher signal com-
pared with gRNA1 alone, although gRNA1 (consensus PAM)
and gRNA2 differed only by a 1-base pair shift. CRISPR signal
can also be enhanced by using multiple gRNAs that recognize
non-overlapping sites on a target amplicon. The signal did not
differ between reactions performed with equal total amounts of
gRNAI + gRNA2 or gRNAL, likely because of recognition site com-
petition and gRNA1-mediated amplicon depletion. Reactions per-
formed with gRNA1 + gRNA3 also did not exhibit greater signal
than those that used gRNA3 alone, and such increases were detected
only in reactions using gRNA2 + gRNA3. Subsequent assays were
thus performed with gRNA2 + gRNA3. CRISPR reaction efficiency
was also adjusted by selecting the best reaction temperature and the
best Casl2a enzyme, reaction buffer, and gRNA concentration for
the assay (Fig. 2B and fig. S3, A to C). These analyses found that the
maximum signal was detected at 37°C in reactions performed with-
out added CRISPR buffer and containing a 42 nM concentration of
a Cas12a/gRNA2 + 3 complexes, and these conditions were used for
all further analyses.

Several matrices were next evaluated for their ability to preserve
the activity of the lyophilized assay reagents, because POC TPP
tests should permit transportation and storage under ambient
conditions. RPA-CRISPR reagents were absorbed on these matrices,
flash-frozen in liquid nitrogen, lyophilized to dryness, stored under
vacuum with desiccant, rehydrated with an Mtb DNA standard so-
lution, and then analyzed for CRISPR signal production using stan-
dard assay conditions (Fig. 2C). CRISPR signal detected from a
reagent-loaded cotton-based blot paper matrix was >2.5-fold stron-
ger, and the signal tended to rise and plateau earlier than signals
detected with other matrices, with >50% maximum signal detected
by 30 min after reconstitution. Cellulose-based Whatman paper
matrices produced weak signal and variable kinetics that did not
align with their pore size or thickness differences, whereas the nitro-
cellulose or polyethersulfone matrices did not reveal any apprecia-
ble CRISPR activity after reconstitution. Cotton-based blot paper
was therefore selected as the best reagent matrix for our RPA-
CRISPR assay.

To enhance lyophilization stability, we tested the addition of a
range of excipients to the reaction mixture and incubated the mix-
tures at 40°C for 72 hours to mimic high temperatures during trans-
portation. Reagents lyophilized with sugar excipients retained the
most activity after 40°C storage in this analysis (fig. S4). We there-
fore compared the signal detected after reagents were stored for
72 hours at 40°C and —20°C after lyophilization with sucrose, treha-
lose, sucrose and dextran, or trehalose and dextran (fig. S5). Signals
produced by reagents lyophilized with sucrose or trehalose and dex-
tran did not differ within or between these groups after storage at
40°C or —20°C (P > 0.05). Reagents lyophilized in trehalose retained
less activity than those lyophilized in sucrose (P < 0.05), but activity
losses did not differ between the two storage temperatures (P > 0.05).
However, reagents lyophilized with sucrose and dextran or without
an excipient revealed large temperature-dependent losses (fig. S5).
To characterize the long-term storage characteristics of this assay,
RPA-CRISPR reagents were lyophilized in sucrose and stored for up to
3 months at room temperature (RT), 4°C, and —20°C. After 1 month,
samples stored at 4°C or RT produced fluorescent signal that fell
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within the 95% confidence interval (CI) of reagents stored at —20°C
(Fig. 2D). After a 2-month storage period, two of the three 4°C and
RT-stored reagent sample replicates also fell within the 95% CI of
the —20°C reagents. However, after 3 months, the RT-stored re-
agents produced substantially less signal, and two of the three 4°C
reagent samples fell below the 95% CI.

Design of an integrated incubator and imaging device for
the POC LIT-TB assay

Our LIT-TB assay workflow required a device that could maintain
an optimal temperature to maximize signal and minimize variabili-
ty and capture and quantify the assay signal. We therefore fabricated
a 3D-printed handheld device to contain a miniature incubator and
several imaging components [light-emitting diode (LED), optical
filters, dichroic mirror, and image sensor] controlled by a Raspberry
Pi microprocessor and a 3.5-inch (8.89 cm) touchscreen (Fig. 2E
and tables S3 and S4). Most device functions were achieved with
available parts, but the miniature incubator was generated by using
the microprocessor to control a resistance heater that contacted
an assay tube surrounded by insulation. Heating efficiency anal-
yses performed without insulation or with styrofoam, polyethylene
foam, or pine wood led to the selection of styrofoam insulation be-
cause of its superior performance in permitting a rapid temperature
increase in the assay tubes (Fig. 2F and fig. S6). Next, the tempera-
ture gradient was mapped in an assay tube containing 1 ml of a 65°C
aqueous specimen to detect the 37°-to-42°C region required for op-
timal RPA-CRISPR activity, which identified a position 3.25 cm
from the tube base that consistently matched this temperature
(range: 38.0° to 41.6°C; mean =+ SD: 40.19° + 1.14°C) over 20 repli-
cates, and assay fluorescent images were captured at this height to
simplify the assay workflow (fig. S7).

The image capture assembly of this device was created from read-
ily available parts, and an algorithm was generated to determine the
region of interest (ROI) for signal quantification by refining the pa-
rameters governing the signal detected within a fixed circular region
corresponding to the position of the assay reagents (Fig. 2G). This
was done by comparing the signal intensity of a radius (I) to the
signal intensity from radii of increasing size (I,+,) to find the opti-
mal radius size for quantification. This was centered at the geomet-
ric midpoint of the laser focus using the fixed position of the optical
components to ensure a consistent position. An intensity threshold
was then applied to shrink this radius to minimize the number of
pixels that did not differ from background signal detected outside
this region, with signal detected outside this radius treated as noise
to mitigate potential interference, which was largely eliminated by
use of assay tubes with opaque caps (fig. S8). This approach reliably
detected signal ROISs allowing robust data collection and analysis for
accurate diagnosis and displayed annotated assay images for the as-
say operator.

LIT-TB dynamic range, cross-reactivity, and detection of
common drug resistance mutation

The LIT-TB signal detected with DNA isolated from healthy serum
spiked with serial dilutions of Mtb genomic DNA exhibited a broad
linear range (0.05 to 5000 pg/pl), even for signal not visible by eye
on the captured image (Fig. 2, H and I). We found that no substan-
tial signal was detected in samples spiked with genomic DNA from
other mycobacteria species that cause human respiratory disease,
consistent with the Mtb-specific design of the assay primers and
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Fig. 2. RPA-CRISPR assay optimization and portable device development. (A) Signal produced by RPA-CRISPR reactions using gRNAs with (JQRNA1) or without consen-
sus PAM sequences (QRNA2 and gRNA3). n = 3. *P < 0.05 and **P < 0.01 versus gRNA2 + gRNA3 by Kruskall-Wallis test with Dunn’s test for multiple comparisons.
(B) Evaluation of gRNA2 + gRNA3 multiplex assay performance at different temperatures. n = 3. (C) RPA-CRISPR reaction kinetics for Mtb DNA detection when using
RPA-CRISPR reagents lyophilized on different support matrices over time. n = 3. (D) Storage temperature effects on lyophilized RPA-CRISPR reagent activity. NTC, no tem-
plate control. n = 3. (E) Circuit diagram of the microprocessor connections controlling image sensor, LED, heater, LCD screen, and wireless output components of the assay
device. Vcc, voltage at the common collector. (F) Heating efficiency values with different insulating materials in the LIT incubator port. n = 5. **P < 0.01 versus ambient air
by Kruskall-Wallis test with Dunn’s test for multiple comparisons. (G) Workflow used to optimize ROl detection. Training data images were assessed by shrinking a circle
centered on the fixed position of the LIT-TB reagents to exclude mean pixel values that do not differ from background noise. Radii of varying size were compared to iden-
tify the optimal size of the ROI for analysis. Iy, intensity for a given radius x; Ixn, intensity for a radius x plus n; lpjank, intensity of the background (no-template control); Iy,
mean intensity for a given distance n radius away from the center. (H) Representative images of the detection ROI with RPA-CRISPR signal and (I) a concentration curve
generated with DNA isolated from healthy serum spiked with serial dilutions of Mtb DNA. The black dotted line is the linear regression best-fit line, and red dotted lines
are the 95% Cl. n = 3. (J) Signal detected in RPA-CRISPR assays performed with DNA isolated from Mtb and other mycobacteria species. n = 3. (K) RPA-CRISPR assay spe-
cific for a drug-resistant mutant (rpoB S450L) performed using DNA from drug-resistant mutant Mtb, wild-type Mtb, or NTC. n = 3. Data in (A) to (D), (F), (J), and (K) are
presented as means + SD, and dots in (A), (D), (F), (J), and (K) represent replicates. a.u., arbitrary units.
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gRNAs (Fig. 2]). An alternate assay variant reproducibly detected a
common single-nucleotide polymorphism (rpoB S450L) associated
with Mtb resistance to rifampin, an important first-line anti-TB
drug (Fig. 2K) (30, 31). Single-nucleotide specificity was achieved by
two approaches, first, by aligning the gRNA “seed” region with this
mutation, because this region is essential for optimal Cas12a bind-
ing and trans-cleavage activity. Second, this gRNA sequence was
modified to introduce a single nucleotide mismatch in a conserved
sequence region so that Casl2a binding to the wild-type allele re-
quired an additional gRNA mismatch.

LIT-TB results detected with serum DNA sensitively diagnose
pediatric PTB and EPTB

Sputum is the primary diagnostic specimen for PTB diagnosis, but
young children, individuals living with HIV or other immune insuf-
ficiencies, and individuals with EPTB often cannot produce sputum
or produce sputum with low Mtb concentrations that yield false
negatives results (32-34). Mtb DNA can be detected in the sera of
patients with TB by a sensitive laboratory-based CRISPR assay
(24), and we therefore analyzed LIT-TB performance using cell-free
DNA isolated from sera of a pediatric TB cohort enrolled in the
Dominican Republic. This cohort contained 27 children diagnosed
with PTB or EPTB (one patient was diagnosed with both PTB
and EPTB) who were classified as having “confirmed” and “uncon-
firmed” TB on the basis of microbiologic or clinical evidence, re-
spectively; and 35 children who were close contacts but did not
demonstrate evidence of Mtb infection and were tuberculin skin test
(TST) negative (tables S5 and S6 and fig. S9). Confirmed TB was
classified as children with bacteriological confirmation of TB (cul-
ture or GeneXpert positive). Unconfirmed TB was classified as chil-
dren with no bacteriological confirmation but meeting at least two
of the following criteria: symptoms suggestive of TB, a chest x-ray
consistent with TB, TB exposure or immunological evidence of Mtb
infection, or a positive response to TB treatment. Serum Mtb DNA
signals detected for treatment-naive patients with TB had similar
high sensitivity for TB (81%; 22 of 27 cases), PTB (83%; 15 of 18),
and EPTB (75%; six of eight), all of which exceeded those obtained
by sputum, induced sputum, or gastric lavage cultures (55%; five of
nine) or by GeneXpert MTB/RIF (Xpert) (68%; 15 of 22). Sensitivity
also did not significantly differ between confirmed (92%; 11 of 12
cases; 95% CI: 61.5 to 99.8) and unconfirmed PTB cases (75%; four
of six cases; 95% CI: 22.3 to 95.7) (Fig. 3A). In the Dominican Re-
public cohort, serum LIT-TB, sputum Xpert, and culture results de-
tected 23, 15, and 5 cases, respectively; eight were serum LIT-TB
positive only, one was sputum Xpert positive only, and four were
diagnosed by other clinical findings (fig. S10). Serum LIT-TB results
were positive for 78% (seven of nine) of EPTB or PTB plus EPTB
cases, which otherwise required tissue biopsy (tuberculous lymph-
adenitis), x-ray imagery (Pott’s disease and spinal TB), or other clinical
observations to diagnose.

Mtb DNA signal was sporadically detected in the first samples of
the close contact group (94% specificity; 2 of 35 children) but not in
any of their follow-up samples, indicating that repeat testing accu-
rately classified all close contacts as TB negative (Fig. 3B). In sera
obtained from children in the United States (New Orleans, Louisi-
ana) who had low likelihood of TB disease but who were not tested
for TB, all 49 participants tested negative by LIT-TB (fig. S11). LIT-
TB signal tended to decrease after treatment initiation, resulting in a
progressive decrease in serum-positive samples from baseline (81%
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positive) to the first, second, and third intervals after treatment ini-
tiation (46, 25, and 6% positive) (Fig. 3C and figs. S12 and S13).
Similar results were observed in the confirmed PTB and uncon-
firmed PTB groups, and patients with EPTB had a significant drop
(P < 0.05) in signals from samples taken 6 to 12 weeks after treat-
ment compared with baseline (Fig. 3D).

Results from several cases highlight the advantages of serum
LIT-TB assay results for TB diagnosis or treatment monitoring. For
example, a 4-year-old male diagnosed with lymphatic EPTB by a
biopsy that revealed granulomatous lymphadenitis with caseating
necrosis who was LIT-TB positive at TB diagnosis converted to
and remained negative after treatment initiation, consistent with a
positive-to-negative chest x-ray conversion (Fig. 3E). In addition, a
3-year-old male diagnosed with both PTB and lymphatic EPTB had
continued EPTB throughout treatment (up to 8 weeks posttreat-
ment), and LIT-TB signal gradually declined throughout treatment
until becoming negative at 35 weeks when a clinical response was
observed (Fig. 3F). By contrast, a 12-year-old male diagnosed with
rifampin-resistant PTB by Xpert and treated with moxifloxacin, clo-
fazimine, ethionamide, cycloserine, and bedaquiline did not exhibit
clinical response or serum LIT-TB conversion by 10 weeks after
treatment initiation but had negative values for both at the fourth
study visit 27 weeks after treatment initiation (Fig. 3G). Persistent
serum LIT-TB, symptoms, and chest x-ray results consistent with
TB were also detected in a 15-year-old female with confirmed PTB
who stopped treatment after 4 weeks, and these values did not con-
vert until after she reinitiated treatment at 10 weeks postdiagnosis
because of progression of her TB symptoms (Fig. 3H).

Development of the RPA-CRISPR-compatible respiratory
sample processing procedure

Noninvasive respiratory specimens, such as sputum and saliva,
could be more enriched for Mtb bacilli and Mtb DNA than blood
and were therefore analyzed using LIT-TB assay tubes modified to
contain chemicals that can reduce the viscosity of these specimens
and lyse Mtb bacilli (Fig. 4A). NaOH, dithiothreitol (DTT), and iso-
propanol all liquefied these samples, either alone or in combination,
as measured by a reduction in absorbance (Fig. 4B). DTT, which
dissociates disulfide bonds, lacked the denaturing effects of the oth-
er materials, had similar effects on saliva (figs. S14 and S15), and was
thus selected for further use. Next, the temperature necessary for
complete heat-induced Mtb killing was determined by heat-treating
Mtb H37Rv strain bacilli [4.6 X 10 colony-forming units (CFU)/
ml] spiked into artificial sputum. Complete sterilization was ob-
served after samples were incubated at 80°C for 15 or 30 min as il-
lustrated by lack of colony growth on agar plates (fig. S16). A 15-min
90°C incubation was selected for sample inactivation because of
the variable heat killing performance reported at 80°C in the litera-
ture (35-37).

The complete LIT-TB design should directly capture Mtb DNA
from liquified sputum or saliva lysates and rehydrate lyophilized as-
say reagents to initiate an RPA-CRISPR reaction. Nucleic acid cap-
ture onto cellulose-backed porous membranes has been described
previously and has potential to permit one-step capture of DNA
from patient samples that is compatible with nucleic acid amplifica-
tion-based tests (38-40). Mtb DNA-spiked sputum lysates were
added to DNA capture/transfer membranes, rinsed, and trans-
ferred to RPA-CRISPR detection membranes. Polyethersulfone
(PES) and cellulose-based Whatman membranes supported similar
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Fig. 3. LIT-TB assay performance with pediatric TB cohort serum samples. (A) Clinical findings and LIT-TB results for different TB subgroups. N/A, not available.n =1,
PTB and EPTB; n = 12, confirmed PTB; n = 6, unconfirmed PTB; n = 8, EPTB. (B) TST and serial LIT-TB results in pediatric close contacts of the TB cohort. n = 35. (C) Serum
LIT-TB signals at baseline and after treatment for all TB cases with follow-up samples (n = 26). (D) Serum LIT-TB signals over time in confirmed PTB (n = 11), unconfirmed
PTB (n = 6), and EPTB (n = 8) cases before and after treatment initiation. Data in (C) and (D) are presented as means + SD, where the dashed line denotes the positive
signal threshold. *P < 0.05, **P < 0.01, and ***P < 0.001 versus baseline by Welch ANOVA with Dunnett’s T3 test for multiple comparisons. n.s., not significant. (E to
H) Clinical findings and serum LIT-TB results before and after anti-TB treatment initiation for a child with EPTB who had rapid treatment responses (E), a child with PTB and
EPTB who displayed EPTB symptoms through 8-week posttreatment initiation with clinical response at week 35 (F), and children with confirmed TB who had drug resis-
tance (G) or were noncompliant with the treatment regimen between 4 and 10 weeks posttreatment initiation but exhibited treatment response after adjusted treatment
or increased compliance (H). Positive signal threshold (dashed line) was calculated using mean plus SD of triplicate NTC samples. Data represent single LIT-TB results in the
designated patients at the indicated time points. NIH, National Institutes of Health.
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Fig. 4. LIT-TB diagnostic performance with direct saliva and sputum specimens obtained from adult TB cohorts. (A) Schematic of in-tube sputum and saliva liquifi-
cation by DTT and heat-mediated DNAse and Mtb inactivation and Mtb lysis. (B) Sputum absorbance at 600 nm before and after a 10-min RT incubation with the indi-
cated chemicals, where decreased absorbance indicates sputum solubilization. n = 3 replicates per condition. (C) RPA-CRISPR fluorescent signal detected after assay DNA
capture discs made from different materials were incubated with Mtb DNA-spiked sputum lysates, rinsed, and added to RPA-CRISPR reactions. PC, polycarbonate. n = 3
replicates per condition. (D) Clinical findings and saliva LIT-TB results for a case-control TB cohort and (E) relative fluorescent intensity detected for these samples.
#*P < 0.01 by Welch's t test. n = 15, Mtb negative; n = 15, active TB. (F) Clinical findings and sputum LIT-TB results for a cohort of individuals diagnosed with TB disease or
NTM infections or with no evidence of Mtb infection and (G) relative fluorescent intensity detected for these samples. **##P < 0.0001 by Welch’s t test. n = 23, culture
negative; n = 8, NTM; n = 5, Mtb. (H) Sputum LIT-TB signal detected for two patients with TB with serial samples collected at <2 and > 6 weeks after anti-TB treatment
initiation. Positive signal thresholds for saliva and sputum cohorts were calculated by the mean plus three times the SD of triplicate NTC normal saliva and artificial sputum
samples. Optimization experiments were run in triplicate, and patient testing results were obtained from a single LIT-TB test. Data in (B), (C), (E), and (G) are presented as
means + SD; dots represent individual samples. Schematic illustration created with BioRender. OD, optical density.
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performance in this analysis (Fig. 4C). We next evaluated whether
RPA-CRISPR signal derived from membranes that were or were not
subjected to this wash step and found that it was required for maxi-
mum signal production only when using the Whatman membrane,
suggesting this matrix transferred RPA-CRISPR reaction inhibitors
without this rinse (fig. S17). We therefore used a sandwich approach
where Whatman paper was used as a support matrix to attach the
PES membrane to the assay pluger. In this design, double-sided tape
was used to affix the Whatman matrix to both materials and had a
punched-out region between the PES and Whatman layers to allow
the sample to wick into the Whatman matrix to enhance DNA ab-
sorption on the PES membrane surface facing this sample.

A 3D-printed plunger was designed to hold the DNA enrich-
ment membrane and RPA-CRISPR reagent membranes to permit
DNA capture and target detection within sealed LIT-TB tubes and
protect the user from Mtb exposure (fig. S18). After collecting the
sample in this tube, pressing this plunger (first click) lowers the
DNA capture membrane into the heat-inactivated sample lysate.
Pressing this plunger again (second click) raises this DNA capture
membrane above the lysate and brings it into contact with an
RPA-CRISPR reagent-loaded membrane carried by the inner
shaft of the plunger. This action allows the transfer of captured
cell-free DNA that initiates the RPA-CRISPR reaction (data file S1
and movie S1).

LIT-TB analysis of an standard curve generated by spiking artifi-
cial sputum with serial dilutions of Mtb H37Rv yielded a limit of
detection (LoD; 78.1 CFU/ml) for this assay (fig. S19) comparable to
LoDs reported for GeneXpert MTB/RIF (130 CFU/ml) and GeneX-
pert Ultra (15.6 CFU/ml) (41). Comparison of this LoD (78.1 CFU/
ml) to a standard curve generated with a plasmid containing the
IS6110 target of the LIT-TB assay found that this LoD correspond-
ed to 38.2 IS6110 copies/ul and thus 2.4 Mtb genomes/pl, given
that the Mtb H37Rv genome contains 16 copies of the 1S6110 in-
sertion element.

LIT-TB POC assay performance with saliva and sputum
samples from two adult TB cohorts

Saliva from a case-control cohort of 15 adults diagnosed with TB dis-
ease and 15 who lacked evidence of Mtb infection was analyzed by
LIT-TB POC assay operators blinded to sample reference results.
This analysis detected 11 true-positive signals [73% sensitivity (95%
CI: 44.9 to 92.2)], with no false positives [100% specificity (95% CI:
78.2 to 100)] (Fig. 4D), although fluorescent signals from the TB-
positive samples varied widely (Fig. 4E). Similar LIT-TB POC assay
results were obtained upon analysis of 71 sputum samples obtained
from 36 adults (>18 years) with suspected TB. Diagnostic sensitivity
by LIT-TB was high [100% (95% CI: 47.8 to 100), five of five cases],
and specificity [90.3% (95% CI: 74.3 to 98.0), 28 of 31 controls] was
similar for individuals with nontuberculous mycobacteria (NTM) in-
fections [87.5% (95% CI: 47.4 to 99.7), seven of eight cases] or no
evidence of Mtb infection [91.3% (95% CI: 72.0 to 98.9), 19 of 21 in-
dividuals] (Fig. 4F and table S7). All (15 of 15) Mtb culture-positive
samples were LIT-TB positive, whereas 3 of 56 Mtb culture-negative
samples had LIT-TB false-positive results (Fig. 4G). True-positive
and true-negative fluorescent intensity signals were highly divergent
[105.2 + 2.5 versus 1.9 + 0.5 relative fluorescence units (RFU)],
whereas false positives revealed intermediate values (range, 34.3 to
99.0 RFU). Sputum LIT-TB signals were also highly consistent among
sequential pretreatment samples available for a subset of individuals,
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except in one individual diagnosed with an NTM infection who had
two true negatives and one false positive suggestive of sample con-
tamination (fig. S20). However, serial pretreatment samples were
not available for the other two individuals with false-positive results.
Last, two patients who had available sputum collected at <2 weeks
and > 6 weeks posttreatment initiation revealed consistent signals
within the early treatment that which decreased during later treat-
ment (Fig. 4, H and I, and figs. S21 and S22).

DISCUSSION

Our results indicate that a user-friendly POC TB diagnostic assay
system can analyze serum and respiratory samples for robust diag-
nosis of PTB and EPTB in nonclinical settings. Mtb DNA concen-
trations can be very low in serum versus respiratory specimens, but
serum Mtb DNA can diagnose both PTB (24) and EPTB (42), and
thus, serum-based Mtb DNA assays are of substantial interest de-
spite their additional sample processing requirements (blood collec-
tion, serum/plasma isolation, and DNA extraction). Multiple studies
have detected Mtb DNA in blood using laboratory assays that are
not suitable for POC tests because of their equipment, workflow,
and reagent storage requirements (24, 25, 43), but our proposed LIT
approach minimizes many of these issues to make this approach fea-
sible with minimal additional battery-powered equipment. Serum
LIT results diagnosed pediatric PTB and EPTB cases with similarly
strong performance and decreased in association with symptom
improvement after treatment initiation and remained stable or in-
creased during treatment noncompliance or ineffective treatment,
suggesting their potential utility for treatment monitoring. Similar
on-treatment saliva and sputum samples were not available for
this cohort or the other analyzed cohorts but would be expected to
have less utility for monitoring treatment clearance because of the
known persistence of DNA from nonviable Mtb bacilli in respira-
tory specimens after initiation of effective treatment (44, 45). None-
theless, LIT sputum results did detect Mtb DNA decreases in two
individuals with serial samples available at an early and subsequent
treatment intervals, suggesting the potential utility of such results in
some cases.

Several groups have used RPA and other amplification tech-
niques, including loop-mediated isothermal amplification (LAMP)
and rolling circle amplification (RCA), to facilitate rapid and simple
diagnosis of mycobacteria from respiratory specimens, whereas
others have used low-volume PCR to streamline the diagnostic
workflow (46-51). However, most of these methods rely on separate
DNA extraction methods, or other approaches, that are not suitable
for use in resource-limited settings. For example, a WHO-supported
LAMP assay uses an isothermal LAMP approach to rapidly am-
plify (<1 hour) an Mtb DNA target used for TB diagnosis but relies
on a standard DNA isolation approach that limits its utility (46, 52).
Separate DNA isolation is also required by an RPA-based assay that
sensitively detects and quantifies an Mycobacterium smegmatis DNA
target using an electrochemical readout method (48) and an RCA-
based assay reported to detect rpoB gene mutations associated with
Mtb drug-resistant with high sensitivity and specificity (49). Last,
low-volume droplet PCR assays have been used to detect Mtb IS6110
at high sensitivity and may thus be particularly useful for TB diag-
nosis from saliva samples where Xpert reveals reduced sensitivity,
but they rely on DNA isolation, as well as additional equipment that
is not suitable for use in POC applications (50, 51).
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In contrast, in the LIT-TB approach described here, DNA con-
centration is achieved within the tube by lowering the device’s inner
plunger that holds a DNA capture membrane into a sputum or
saliva specimen after a short, high-temperature incubation step has
been used to inactivate and lyse any Mtb bacilli present in this sam-
ple. This plunger is then raised, twisted, and depressed again to
bring an outer plunger holding a reagent-loaded membrane into
contact with the DNA capture membrane to initiate the assay’s RPA-
CRISPR reaction. All of these steps, including the assay readout
step, occur on the assay device without opening the assay tube, un-
like previously described methods. Serum or plasma analyses differ
in that cell-free DNA from these samples is isolated in a separate
procedure and then applied to the DNA capture membrane before
analysis using the remainder of the standard LIT-TB assay workflow.

Further analysis of TB bacilli and DNA loads in various sample
types is needed before application of nonsputum diagnostics. Mean
Mtb Dbacilli concentrations reported for sputum specimens range
from 10° to 10° CFU/ml, although age, HIV status, sputum specimen
quality, and other factors can influence these estimates, and these
values do not directly reflect the amount of Mtb genomic DNA pres-
ent in these samples, which should be higher because of the presence
of nonviable Mtb bacilli (53, 54). We could not find similar Mtb
CFU/ml estimates for saliva, but at least one study that has analyzed
both specimens with GeneXpert Ultra observed higher relative sig-
nals (78% versus 19% moderate/high) in sputum versus saliva sam-
ples from the same patients, although this study did not provide cycle
threshold (Ct) values or other more quantitative results (28). Few studies
have reported mean Mtb cfDNA concentrations detected in the sera
of individuals with TB. We have previously reported that the mean
Mtb cfDNA concentration detected in sera obtained from one cohort
of young children with TB was 5.58 copies/pl, although about half the
samples tested had Mtb cfDNA concentrations of <0.25 copies/ul, with
a median concentration of 0.13 copies/pl (24). We could not find
similar Mtb CFU/ml estimates for saliva, but at least one study that
analyzed both specimens with GeneXpert Ultra observed higher
relative signal (78% versus 19% moderate/high) in sputum versus
saliva samples from the same patients, although this study did not
provide Ct values or other more quantitative results (28).

Saliva and oral swab samples have been investigated as potential
alternative specimens for TB diagnostics because they can be readily
obtained from all patients, unlike other respiratory specimens
(27, 55, 56), and because Xpert exhibits similar diagnostic perfor-
mance when used to analyze saliva or sputum (28). Mtb DNA sig-
nals detected in saliva were lower and more variable than sputum
signals, although matching samples were not available from a single
cohort for direct comparison. Saliva-based LIT TB could thus have
reduced performance for some patients with PTB, particularly those
who have low Mtb concentrations in their respiratory specimens,
although this might be mitigated by optimizing sample collection
or analyzing serial specimens similar to Xpert assays. Nevertheless,
these findings imply that a LIT system could analyze respiratory
specimens at the POC in remote or resource-limited settings with-
out access to Xpert to expand TB diagnostic efforts.

Normally, GeneXpert would be limited to sites with the resourc-
es to purchase and operate an Xpert system (a minimum of $19,000
per machine and approximately $8 per sample, with subsidies)
(57, 58), but our findings indicate that saliva and sputum LIT-TB
assay results have good diagnostic performance for PTB at low cost
(<$800 per instrument and $2.62 per sample). In addition, LIT-TB
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cost per machine is largely attributed to an expensive optics system
($690), which could be replaced with low-cost excitation and emis-
sion filters to substantially reduce cost at scale. Use of Xpert in resource-
limited settings requires either that samples be shipped to a centralized
laboratory or that an Xpert system, computer, power source, and
other incidental materials be transported to the site and operated in
an area with at least minimal environmental control, neither of which
may be practical (59-62).

Further work should be performed to address the limitations of
this study. For example, although saliva, sputum, and serum LIT-TB
results all had strong diagnostic performance for PTB, it is not clear
how these results correlate, particularly after treatment initiation.
This assay also targeted a multicopy Mtb insertion element, IS6110,
to increase detection sensitivity, but IS6110 can be absent or present
at variable copies in some Mtb strains to complicate diagnosis and
the potential to estimate absolute Mtb burden. However, given the
strong LIT-TB signal detected in most analyzed specimen types, it
should be possible to instead use conserved single-copy Mtb-specific
DNA sequences to address this issue. Although our assay did not
meet the minimum storage requirements of the WHO TPP for TB
diagnosis by POC assays (12 months at +5°C to +35°C with up to
70% humidity), it may be possible to achieve the targeted stability by
optimizing the reagent lyophilization conditions using excipients
that stabilize RPA and Casl2a enzyme activity during and after this
process. Last, although serum-based LIT-TB results can diagnose
both PTB and EPTB, unlike results from saliva and sputum, and
may be superior to these samples in young children and individuals
with compromised immune responses, they also require venipunc-
ture, serum collection, and cell-free DNA isolation that prevents
direct analysis by the LIT-TB assay system. However, all of these
procedures can be readily performed in resource-limited settings,
and it may be possible to use fingerstick blood samples and micro-
fluidic plasma and DNA isolation procedures to streamline this pro-
cess. Thus, LIT-TB results from both respiratory and serum/plasma
specimens may have value in improving TB screening in areas with
high disease burden and limited resources.

MATERIALS AND METHODS

Study design

The objective of this study was to develop and validate the perfor-
mance of a POC LIT-TB diagnostic system intended to fulfill the
criteria proposed by the WHO for new TB diagnostics that evalu-
ate nonsputum specimens, using serum and saliva, and evaluate
its performance against reference sputum-based tests when used
to analyze sputum specimens. A secondary objective of this study
was to evaluate how LIT-TB results obtained with longitudinal
serum samples of individuals diagnosed with TB changed with
anti-TB treatment duration. No sample size analysis was per-
formed for this study, which analyzed all available samples from
cryopreserved sample archives of retrospective study cohorts. All
LIT-TB analyses were performed by operators blinded to all clin-
ical and demographic information associated with these samples.
Specimens were collected only after the study participants or
their legal guardians gave informed consent or assent that their
samples and anonymized clinical results could be used for future
research. LIT-TB results from serum, saliva, and sputum speci-
mens represent the values obtained from a single analysis of
each sample.
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Serum specimens were collected from children in the Domini-
can Republic who were aged <18 years and diagnosed with TB
using a research protocol approved by the Human Subjects Institu-
tional Review Board at the University of Miami and the O&M
School of Medicine, Santo Domingo, the Dominican Republic (pro-
tocol nos. 20180453 and 00010285). Serum specimens analyzed in
this study were derived from children with bacteriologic confirma-
tion of TB (confirmed TB) by positive culture or GeneXpert results
or clinical confirmation of TB (unconfirmed TB) by least two of the
following criteria: (i) symptoms suggestive of TB, (ii) a chest radio-
graph consistent with TB, (iii) close TB exposure or immunological
evidence of Mtb infection, or (iv) a positive response to antimicro-
bial treatment for TB. Effective response to anti-TB treatment was
defined as resolution of all presenting signs and symptoms consis-
tent with TB (as defined in the 2015 National Institutes of Health
consensus definition for intrathoracic TB in children) at the last
scheduled study visit, which predominantly occurred 24 weeks after
the study entry. Standard sputum samples were directly obtained
from all children who were able to expectorate normally. Nebuliza-
tion or gastric lavage was used to induce sputum production or di-
rectly obtain respiratory specimens from children who could not
voluntarily produce sputum. Nebulization was used to obtain spu-
tum if a child was >4 years old and could not naturally produce
sputum, and gastric lavage was used to obtain respiratory specimens
in children <4 years old. Sera were also obtained from children
(<18 years) in New Orleans, Louisiana who had low likelihood of
TB after obtaining their parent’s or guardian’s consent using an insti-
tutional review board—-approved protocol (protocol no. 2020-493).

Saliva samples were collected from participants who gave con-
sent for these specimens to be used for future TB research using a
protocol approved by the institutional review board at University of
California, San Diego (protocol no. 190917) and by the ethics com-
mittees of each field site: Universidad Autonoma de Nuevo Leon
Comite de Etica en Investigacion (reference no. NM20-00018) and
the National Bioethics Committee of Pakistan (reference no. 4-87/
NBC-595/21/ 1367). Specimens analyzed in this study were obtained
from individuals who were classified as having TB by positive cul-
ture or Xpert results obtained upon analysis of their sputum speci-
mens or who lacked evidence of Mtb infection as determined by a
negative QuantiFERON-TB Gold Test results.

Raw deidentified sputum specimens were obtained through a
Houston Methodist Research Institute collaboration with the City of
Houston Mycobacterial Laboratory (institutional review board no.
CR00000563). All sputum specimens were obtained in the morning,
with most individuals providing specimens on three consecutive
mornings. In most situations, 3 to 10 ml of the sputa and or respira-
tory fluid was recovered for solid (Lowenstein Jenson) and liquid
(mycobacterial growth indicator tube) culture and smear analyses
used for TB diagnosis. Before the concentration procedure, a 1- to
2-ml aliquot of each specimen was aliquoted into two 1.5-ml screw-
tops O-rings cryotubes, which were assigned a study number and
stored at —80°C until analysis.

Standard and membrane-based RPA-CRISPR reactions

RPA reaction cocktails were generated by adding 13.2 pl of water,
2.4 pl of 10 pM forward primer, 2.4 pl of 10 pM reverse primer, 5%
sucrose (w/v), and 29.5 pl of primer-free rehydration buffer (Twist-
Dx, TABASO3KIT) to an RPA pellet. CRISPR reaction cocktails
were generated by adding 640 pl of water, 4 pl of 100 puM fluorescent
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reporter, 0.4 pl of 100 pM gRNA, and 0.4 pl of EnGen Lba Cas12a
(100 pM; New England Biolabs). RPA-CRISPR reactions were gen-
erated by mixing 15 pl of RPA reaction cocktail, 8 pl of CRISPR
reaction cocktail, and 2 pl of MgOAc and then adding 5 pl of a DNA
template solution or 5 pl of water for nontemplate control reactions.
Reactions analyzed by a plate reader were quantified using a Tecan
Infinite M Plex plate reader. Reaction kinetic studies were per-
formed using 25°, 30°, 37°, and 42°C incubation temperatures. In
lyophilization studies, 30 pl of the RPA-CRISPR reaction mixture
was added to 3-mm discs of cotton blot paper (Bio-Rad, 1703969),
nitrocellulose or Whatman 3, 4, 113, or 541 membranes (Whatman
10401106,1003-323, 1004-04, 11113-110, and 1541-042), and PES
membrane (MilliporeSigma, GPWP02500). Reagent-loaded mem-
branes were then flash-frozen with liquid nitrogen and lyophilized
overnight using a VirTis 25EL lyophilizer. Reagent-loaded mem-
branes were then either rehydrated with a template DNA solution
and analyzed for RPA-CRISPR signal production over a 3-hour in-
terval using a fluorescent plate reader or stored under vacuum in
black food saver bags (Shield N Seal SNS 1700) with desiccant at
—20°, 4°, or 23°C until evaluated for stability during long-term
storage at the indicated temperatures. Reactions that analyzed
membrane fluorescence background on reagent-loaded membranes
(fig. S1A) were imaged using a Bio-Rad ChemiDoc imaging system,
and quantitative values for the Cy5 and fluorescein amidite (FAM)
signal of these membranes were analyzed using Image] with the
signal-to-noise ratio calculated by dividing the fluorescence detect-
ed after a 15-min incubation at 37°C by the fluorescence at baseline.

Spike-in samples and DNA standards

DNA standards consisting of Mtb genomic DNA and plasmids were
prepared for spike-in sample analysis. Mtb genomic DNA standards
were prepared from irradiation-sterilized Mtb H37Ra bacilli ali-
quots (BEI Resources, NR-122) using a DNeasy blood and tissue kit
(QIAGEN, 69506), and genomic DNA from Mycobacterium kansasii,
Mycobacterium abscessus, Mycobacterium avium, and Mycobacterium
intracellulare was obtained from the American Type Culture Collection
(12478, 19977, BAA-968, and 35774). Mtb genomic DNA was
diluted and spiked into healthy human serum (Sigma-Aldrich,
H4522), artificial sputum (Claremont Bio, 01.384.25), normal hu-
man saliva (BioIVT), or nuclease-free water for specific analyses.
An IS6110 sequence region amplified from Mtb genomic DNA
was cloned into a TOPO vector and transformed into Escherichia
coli cells (TOPO TA cloning kits, K4500-01SC), and recombinant
IS6110 plasmid DNA was isolated from cultured bacterial clones
with a Zyppy plasmid miniprep kit (Zymo Research, D4019), quan-
tified using the Qubit dsDNA high sensitivity assay kit (Invitrogen
Q32851), and diluted into artificial sputum. Spike-in H37Rv stan-
dard for LoD analysis was created by spiking H37Rv (10,000 CFU/
ml; ZeptoMetrix, 0801661) into artificial sputum and creating 2x
serial dilutions. Standard curve for estimation of LoD in copies/pl
was conducted using a two-pot CRISPR-TB assay targeting the
IS6110 plasmid. For this assay,

1.25 pl of forward primer, 1.25 pl of reverse primer, and 5 pl of
nuclease-free water. PCR reactions were performed according to the
following protocol: 94°C for 2 min, 38 cycles of (98°C for 10 s, 60°C
for 10 s, and 72°C for 15 s), and 72°C for 5 min. Two microliters of
the PCR reaction was mixed with 30 pl of CRISPR reagents [25.48 pl
of nuclease-free water, 0.01 pl of 66.7 pM IDT LbCas12a (Integrated
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DNA Technologies, 10007922), 0.01 pl of 100 pM gRNA, 1.5 pl of
10 pM fluorescent reporter, and 3 pl of NEBuffer 2.1 (New England
Biolabs, B7202)]. CRISPR reactions were incubated at 37°C for 15 min
in the dark in a 96-well Corning half area opaque plate, and fluores-
cence was read by an Infinite M Plex (Tecan) plate reader.

Respiratory sample liquification, lysis, and DNA

capture optimization

Saliva liquification conditions were analyzed using human saliva
samples spiked to achieve 10 mM DTT, 5 mM EGTA (Millipore-
Sigma, E4378-10G), 5 mM tris(2-carboxyethyl) phosphine (Thermo
Fisher Scientific, 77720), 1 mM EDTA concentrations, or one-to-
one ratios with QuickExtract RNA or DNA extraction solution (Bi-
osearch Technologies, SS000880-D2 and SS000035-D2) or one-to-one
ratios with DNA/RNA shield (Zymo Research, R1100), incubated at
RT for 10 min, and evaluated for pre- to posttreatment 600-nm ab-
sorbance changes with a SpectraMax iD5 (Molecular Devices) spec-
trophotometer. Sputum liquification conditions were analyzed using
artificial and human sputum samples spiked to achieve 100 or 1000
mM DTT or 2% NaOH concentrations or one-to-two sputum-to-
isopropanol ratios, incubated at RT for 10 min, and evaluated as de-
scribed above. The optimum temperature requirement for DNA
release from intact Mtb bacilli was evaluated by spiking irradiation-
sterilized Mtb H37Ra bacilli into artificial sputum samples that were
incubated at 25°, 45°, 65°, and 95°C for 10 min after liquification with
100 mM DTT and then analyzing the RTA-CRISPR Mtb signals
produced when 5-pl aliquots of these samples were added to RPA-
CRISPR reagent-loaded paper strips that were incubated at 37°C for
45 min and then analyzed for Cy5 signal by a fluorescent plate reader.
In the membrane-based DNA enrichment analyses, heat-treated,
DTT-liquified Mtb-spiked artificial sputum samples were added to
small discs of PES (MilliporeSigma, GPWP02500), Whatman 1
(Whatman, 1001-042), 0.2- and 5-pm polycarbonate (MilliporeSigma,
GTTP02500 and TMTP04700), cotton blot (Bio-Rad, 1703969), and
cotton grade 222 (Ahlstrom, 2228-1616) membranes; then washed
with 10 mM (pH 8) tris buffer; laid atop RPA-CRISPR reagent-load-
ed paper; incubated at 37°C for 45 min; and read by a fluorescent
plate reader.

H37Rv heat sterilization experiment

All steps of the Mtb H37Rv heat sterilization experiment were
conducted in the Biosafety Level 3 lab at the Tulane National Pri-
mate Research Center. Briefly, Mtb H37Rv (ZeptoMetrix, 0801661)
was cultured in 7H9 medium until log-phase growth (optical den-
sity, 0.4), transferred to a conical tube, and centrifuged for 10 min,
after which the supernatant was aspirated, and the pellet was re-
suspended in artificial sputum. Five hundred-microliter aliquots
of these spiked sputum samples were heated at 80°C for 15 or
30 min in a heat block (Benchmark Scientific, H500-5), and 100 pl
of these heat-treated samples was plated onto 7H11 agar plates,
cultured for 4 weeks at 37°C, and evaluated for colony formation.
A serial dilution series of Mtb H37Rv samples was also spiked into
artificial sputum to estimate the concentration of Mtb H37Rv in
the log-phase culture. Briefly, an aliquot of this culture was serially
diluted in artificial sputum to generate six 10-fold dilution sam-
ples, which were then cultured for 4 weeks at 37°C on 7H11 agar
plates. After 4 weeks, individual colonies that formed on these
plates were used to estimate the CFU/ml concentration by multi-
plying the mean number of colonies detected on a set of triplicate
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cultures for each dilution sample by the dilution factor of the sam-
ple added to these plates.

Construction of the LIT assay incubator and reader

A 3D-printed case for the handheld assay device was fitted with a
rechargeable battery, a miniature incubator, imaging components, a
3.5-inch (8.89 cm) touchscreen, and a Raspberry Pi microprocessor
(table S1). A custom microincubator was fabricated from a heating
element (Amazon, B0727X2DGC) and insulation was fitted to the
shape of the assay tube. To determine the best insulation material for
the assay incubator component of the handheld assay device, we re-
corded temperature differentials (AT) and the corresponding dura-
tions () for these changes and determined the theoretical heating
time (ftheoretical) Necessary to elevate the temperature of a fixed
volume of water (1 ml) under prescribed power output conditions
(1 W) for the given AT when this tube was surrounded by pine
wood, Styrofoam, polyethylene packing material, or no isolation.
We then calculated percent efficiency () of the heating process us-
ing the equation: n = (fiheoretical/t) X 100 for each material. The tem-
perature profile assay tubes held in the incubator port of this device
were mapped by replacing the LIT plunger with a thermocouple and
measuring the temperature gradient from the bottom to the top of
these tubes to identify the region corresponding to the optimum
RPA-CRISPR reaction temperature range.

The optical imaging module of this device was produced by
aligning a laser diode (Amazon, BOSR9XBVM3) with a filter cube
containing an excitation filter (Edmond Optics, 67-035), a dichroic
mirror (Edmond Optics, 67-084), and an emission filter (Edmond
Optics, 67-038) positioned adjacent to the camera (PiShop, 46-1). A
microprocessor (PiShop, Pi3B), powered by a rechargeable battery
(Amazon, BO8T8TDSSS), controlled the light source and the cam-
era during image acquisition, and results were then displayed on a
3.5-inch (8.89 cm) liquid crystal display (LCD) touchscreen inter-
face (Waveshare, 9904) for user interactions. Camera control and
image analysis were regulated by using an algorithm written in Py-
thon (version 3.10) using the Picamera2 library (version 0.3.16) to
regulate the RPi camera module 3 image capture parameters, using
a fixed 10-cm imaging distance and 10-s exposure time and aug-
menting the analog gain to enhance image quality. Image analyses
were performed using OpenCV (version 4.8.1.78) by isolating the
red channel, applying a Gaussian blur (three-by-three kernel size) to
eliminate noise, delineating a circle around the target region with
the correct radius, generating a mask for the intensity calculation,
and computing average and SD values. Text annotations were strate-
gically placed on the image, and the final processed image was dis-
played to the user through the LCD screen.

The ROI for signal quantification was defined by refining the
diameter of a circular region corresponding to the position of the
assay reagents and centered on the geometric midpoint of the la-
ser focus determined by the fixed position of the optical compo-
nents, with all signal detected outside this region treated as noise
to minimize potential interference. This optimization calculated
the noise in images captured for three negative controls and then
determined an acceptable noise threshold by ensuring at least
95% of the pixels within defined circle reflected true signal when
analyzing positive control samples. This process was iteratively
applied across a range of radii, culminating in the selection of the
radius generating the most favorable signal-to-noise ratio for sub-
sequent analyses.

110f 14

G20z ‘60 |Udy uo A1sieAlun aue|n L e 610°80us 10" MMM//SANY W) pepeojumod



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

LIT assay tube design and use

The LIT assay tube design uses a 5-ml round-bottom polypropylene
tube (Globe Scientific, 110446) fitted with a 3D-printed plunger
that contains a 6-mm PES/Whatman DNA enrichment membrane,
placed below a cotton blot membrane disc loaded with RPA-
CRISPR reagents. The 3D-printed plunger is composed of five sepa-
rate 3D-printed parts and two identical rubber bands (Amazon,
B08B3K2RBS) that, when assembled and inserted into the polypro-
pylene tube, form a closed system. This plunger uses a pen click
mechanism to control its movement within the sealed chamber,
where the first click of the plunger lowers its DNA capture mem-
brane into the sample lysate and the second click raises this mem-
brane and brings it into contact with a membrane containing
RPA-CRISPR reagents to initiate the reaction used to detect the tar-
get DNA fragment.

For saliva and sputum analyses, 500 pl of patient respiratory
sample was added to two distinct LIT assay tube variants containing
lyophilized DTT amounts designed to achieve 10 or 100 mM DTT
final concentrations in these respective sample types, which were
transferred to the incubator port of the portable assay device for
15 min to permit Mtb lysis and deoxyribonuclease (DNase) inacti-
vation. After 7 min, tubes were removed and shaken briefly, re-
placed, and allowed to incubate for an additional 8 min, after which
their plungers were depressed to lower the DNA enrichment mem-
brane into the sample lysate by the 3D-printed clicker, and then a
second click orchestrates contact onto reagent-loaded blot paper to
initiate the RPA-CRISPR reaction within the 37°-to-42°C region
of the assay tube. For pediatric serum analyses, DNA was isolated
from 200 pl of serum samples using a MagMAX cell-free DNA
isolation kit (Applied Biosystems, A29319) on a KingFisher Flex
(Thermo Fisher Scientific) system, eluted in 50 ul of DNase-free wa-
ter, and stored at —80°C until use. A 5-pl aliquot (10%) of a sam-
ple was added directly to the RPA-CRISPR detection membrane
and incubated for 45 min in a LIT assay tube loaded with 1 ml of
phosphate-buffered saline to generate the standard 37° to 42°C re-
gion in the assay tube. After the RPA-CRISPR reaction, the LIT
assay tubes were transferred to the assay readout port to quantify
assay signal by selecting the OpenCV icon using the device touch-
screen to capture a fluorescent image and calculate a quantitative
result, both of which are automatically displayed on the touch-
screen. The positive signal cutoff value was calculated as the mean
plus three times the SD value detected from three independent no
template control assay reactions. The assay value can be recorded by
hand or saved on the microprocessor and exported to another de-
vice using the Universal Serial Bus (USB) port or Bluetooth or WiFi
functions of the microprocessor.

Statistical analysis

Total fluorescent values are reported for all experiments except for
the temperature kinetic study that reported background-subtracted
fluorescent values (fluorescence subtracted by fluorescence at time
zero). GraphPad Prism 8 was used to visualize data and calculate
linear regression of the standard curve, and differences between
groups were analyzed by Kruskal-Wallis tests with Dunn’s posttests
for multiple comparisons, Welch analysis of variance (ANOVA) with
Dunnett’s T3 for multiple comparisons, or Welch’s ¢ test (unpaired
and does not assume equal SDs), as indicated in the text. Comparisons
made with Kruskal-Wallis tests assumed that the variable being
analyzed was ordinal or continuous and that the groups being
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compared were independent and derived from populations with the
same distribution, whereas those performed with Welch’s ¢ tests as-
sumed that both groups were sampled from populations with nor-
mal distributions. Comparisons made with Welch ANOVAs assumed
that the groups being compared had normal distributions and that
their SDs were unequal. Differences were considered statistically sig-
nificant at P < 0.05. CIs for diagnostic sensitivity estimates were de-
termined by the Clopper-Pearson exact method by MedCalc (https://
medcalc.org/calc/diagnostic_test.php), whereas those for data dis-
tribution were calculated using the sample mean, SD, and popula-
tion size using the CONFIDENCE.NORM function of Excel. All
sample sizes are presented in the figure legends. All individual-level
data are available in data file S2.
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