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Two-stage tuberculosis diagnostics: combining
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subsequent antibiotic resistance profiling by
targeted NGS†
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Globally, tuberculosis (TB) remains the deadliest bacterial infectious disease, and spreading antibiotic

resistances is the biggest challenge for combatting the disease. Rapid and comprehensive diagnostics

including drug susceptibility testing (DST) would assure early treatment, reduction of morbidity and the

interruption of transmission chains. To date, rapid genetic resistance testing addresses only one to four

drug groups while complete DST is done phenotypically and takes several weeks. To overcome these

limitations, we developed a two-stage workflow for rapid TB diagnostics including DST from a single

sputum sample that can be completed within three days. The first stage is qPCR detection of M.

tuberculosis complex (MTBC) including antibiotic resistance testing against the first-line antibiotics,

isoniazid (Inh) and rifampicin (Rif). The test is automated by centrifugal microfluidics and designed for point

of care (PoC). Furthermore, enriched MTBC DNA is provided in a detachable sample tube to enable the

second stage: if the PCR detects MTBC and resistance to either Inh or Rif, the MTBC DNA is shipped to

specialized facilities and analyzed by targeted next generation sequencing (tNGS) to assess the complete

resistance profile. Proof-of-concept testing of the PoC test revealed an analytical sensitivity of 44.2 CFU

ml−1, a diagnostic sensitivity of 96%, and a diagnostic specificity of 100% for MTBC detection. Coupled

tNGS successfully provided resistance profiles, demonstrated for samples from 17 patients. To the best of

our knowledge, the presented combination of PoC qPCR with tNGS allows for the fastest comprehensive

TB diagnostics comprising decentralized pathogen detection with subsequent resistance profiling in a

facility specialized in tNGS.

Introduction

Tuberculosis (TB), caused by bacteria of the M. tuberculosis
complex (MTBC), remains one of the deadliest infectious
diseases worldwide. It can affect any part of the human body,
leading to chronic inflammation and organ destruction.
Despite a slow decline in TB incidences and mortality rates
over the past decade, the Covid-19 pandemic and other global
crises have reversed these trends,1 which is considered
dramatic and highly alarming by experts.2–4 Patients with
multi-drug resistant TB (MDR-TB) defined by resistance to
isoniazid (Inh) and rifampicin (Rif) pose the greatest
challenge to TB control as their treatment is extremely costly
and their chances of being cured range below 60%.1,5 As a
regimen of four active antibiotics is recommended to prevent
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resistance development and treatment failure, fast
identification of TB and determination of antibiotic
resistances are key for effective treatment and rapid
interruption of transmission chains.6

The Xpert MTB/RIF system (Cepheid, USA) is widely used
for TB diagnostics and has contributed to an increase of
global TB notification by over 30%.7 However, it only detects
Rif resistance and not Inh resistance. As Inh-mono resistance
is much more prevalent than MDR-TB,8 undetected Inh
resistance poses a significant risk of treatment failure and
the development of further resistances.9 Several newer WHO-
endorsed molecular tests from, for example, Abbott, Becton
Dickinson, Roche, or Hain-Bruker detect both Rif and Inh
resistance markers, but are only suitable for larger laboratory
hubs.10 Fully automated PoC solutions with detection of
MTBC and Rif and Inh resistances are still under
development.11–13 A lab-on-a-film platform that integrates
sample preparation and detection of MTBC and Rif and Inh
resistance markers was demonstrated by Kukhtin et al.14 Its
long time to result of 8 h and a complex instrumental setup,
however, challenge its use as a PoC test.

Several WHO-endorsed reflex test solutions like Xpert
MTB/XDR or the line probe assays from HAIN or Nipro are
capable of detecting antibiotic drug resistances toward Inh,
fluoroquinolones, and second-line injectable drugs. However,
they either demand multiple samples or a positive culture. In
addition, detectable antibiotic drugs are limited and only
mutations in hot spots of the target gene are covered,
allowing other mutations to gain an advantage and spread
unnoticed.15–17 The only widespread tool for comprehensive
DST so far is culture-based,18 which is a time-consuming
analysis and needs a complex laboratory infrastructure. We
address the shortcomings of TB diagnostics by combining
two main innovations in the field: PoC MTBC and Rif and
Inh resistance detection automated by centrifugal
microfluidics and subsequent targeted next generation
sequencing (tNGS)-based resistance profiling employed
directly from the sample from a patient. The two analysis
technologies are interfaced by providing a genetic material
from the PoC test that is transferred to a facility capable of
doing the tNGS analysis.

The PoC test employs centrifugal microfluidics.
Automated centrifugal microfluidic sample preparation of
DNA from clinical sputum samples was shown previously.19,20

With this approach, detection of MTBC and resistance
markers must subsequently be performed in manual steps
and with an additional PCR cycler. This limits its application
at the PoC, as a laboratory infrastructure is required. Here,
the previously demonstrated centrifugal microfluidic
purification of DNA from clinical sputum samples for
subsequent molecular TB diagnostics19,20 is further
developed to a fully integrated sample-to-answer analysis.
Automated PoC sample-to-answer analysis for pathogen
detection is in principle not new to the field. It has been
demonstrated for plasma and respiratory samples of 200 μl
(ref. 21 and 22) or nasal swabs.23 However, large volumes of 3

ml liquefied sputum24 and sputum as a complex sample
matrix25 pose particular challenges to highly integrated PoC
diagnostics that have so far not been overcome. The
presented fully integrated PoC system is enabled by a newly
developed enrichment and lysis method for MTBC within a
filter, a new waste management system on centrifugal
microfluidic platforms, and the integrated provision of
enriched MTBC DNA for downstream tNGS.

The detection of resistance-associated mutations in MTBC
strains by whole genome sequencing (WGS) enables
comprehensive genetic antibiotic resistance profiling.26,27

The technology has been widely validated with genomic DNA
extracted from positive MTBC cultures.28,29 As the culturing
step adds considerable turnaround time, efforts have been
made to sequence directly from a patient's primary material
such as sputum. Selective washing to enrich intact MTBC
cells is an interesting option, but currently does not reliably
yield full genomes.30 Other approaches include tNGS by
either selective enrichment or targeted amplification.30,31

However, approaches are still evolving, with selective
enrichment facing difficulties in achieving comprehensive
target coverage,32 and proposed amplification panels being
limited in the genomic regions to be analysed.33 Therefore,
we aim to establish a tNGS amplification approach
encompassing the full panel of genomic regions known or
suspected to be involved in antibiotic resistance of MTBC
strains.

This paper describes the technical implementation of our
proposed two-stage diagnostic workflow. We present results
for MTBC detection, a proof of principle for the assessment
of genetic resistances to Rif and Inh, and the demonstration
of downstream susceptibility testing by tNGS from the
provided MTBC DNA.

In summary, the system integration approach provides the
following main novelties in comparison to the existing state-
of-the-art technologies:

• A new waste management method in centrifugal
microfluidics enables concentrating bacteria, washing the
bacteria and lysing the bacteria from 3 ml liquefied sputum
on less than one half of a disk footprint.

• A newly developed enrichment and lysis method that
captures bacteria in the filter and employs thermal lysis.

• A sequencing workflow that does not need a bacterial
culture and can be performed with MTBC DNA gained in a
lab-on-a-chip cartridge.

Two-stage TB diagnostic workflow

The two-stage diagnostic workflow algorithm is
schematically visualized in Fig. 1. The required equipment
for the first stage as PoC solution includes a Rhonda
player, a portable, electric power operated benchtop device
and test cartridges that are further detailed in Fig. S1 in
the ESI.† Immediate initial inactivation and liquefaction of
the sputum sample after collection guarantees biologically
safe handling (Fig. 1-1A). After manual transfer of a 3 ml
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sample into the cartridge, the inlet is closed with a cap.
This provides a completely closed and airtight system to
ensure safe handling of pathogens inside the cartridge. The
cartridge is automatically retracted into the device
(Fig. 1-1B).

The outputs provided are the results of the qPCR and
from a detachable sample tube with enriched MTBC DNA
(Fig. 1-1C). According to the qPCR result, three decision
strands are predefined. The first strand defines patient
release if no MTBC is detected. Secondly, if MTBC is
detected and none of the resistance markers indicate a
resistance, the standard antibiotic treatment can be
initiated immediately. The third strand should be pursued
if MTBC and either one or both of the resistance markers
for Inh or Rif are detected. The detachable sample tube
with enriched MTBC DNA is intended for shipment to a
specialized laboratory with sequencing equipment, as
shown on the bottom in Fig. 1. At the specialized facility,
tNGS can be performed to reveal the comprehensive
resistance profile. The necessary information regarding an
individualized antibiotic treatment can then be returned
to the physician.

Materials & methods
Microfluidic cartridge design and fabrication

Microfluidic cartridge design. The layout of the cartridge
was designed using Solidworks (Dassault Systèmes) for
injection molding production.

Injection moulding fabrication of the cartridges.
Cartridges were injection molded with 1 mm thickness from
a cyclic olefin copolymer (COC) blend containing COC 6013
(TOPAS 6013S-04) and COC 8007 (TOPAS 8007S-04) with a
ratio of 70% to 30%, respectively. The fluidic layout was
precision milled in hardened steel. The injection molding

(Arburg370A/Schnecke D25) was performed at Hahn-
Schickard Stuttgart.

Functionalization of the cartridge. Filters were manually
punched and inserted into the filter cavity column on the
cartridge. First, a polyethylene (PE) frit with 9 mm diameter,
1 mm thickness, and 47 μm mean pore size (PE3510, SPC
technologies) was integrated. Next, a glass microfiber filter
(GMF) with 10 mm diameter, a gradually decreasing pore size
from 10 to 1 μm and a 730 μm thickness (GMF150,
Whatman) for bacteria enrichment was added. An O-ring (O-
ring 8 × 1.25 mm FKM, IR-Dichtungstechnik) with a press fit
was used to fix the filters. Stick packs,34 composite-foil
pouches, were used to pre-store the liquid reagents for the
washing and the rehydration buffer. The washing buffer was
600 μl of 200 mM trehalose, and the rehydration buffer was
500 μl of 10 mM Tris HCL pH 8. To immobilize the stick
pack inside the chamber, one drop of ultraviolet (UV)
adhesive (Vitralit 7311FO, Panacol) was dispensed to the stick
pack chambers; the stick packs were inserted, and the UV
adhesive was hardened with UV radiation. Primers and
probes were dried under ambient conditions overnight in
each single reaction chamber. For long-term stability, they
were mixed with trehalose35 achieving a final concentration
of 50 mM in the reaction volume. For MTBC detection,
primers and probes of the diarellaMTB/NTM/MAC qPCR kit
(gerbion, cat. No. G01114) were used. Custom primer and
probe mixes for resistance detection were developed by
gerbion, which also provided the lyophilized PCR mix. The
lyophilized PCR mix was inserted into the corresponding
chamber only shortly before sealing the cartridge. Sealing
was performed as described below. As the last step, after
sealing, the detachable sample tube (MicroAmpTM Fast
Reaction Tube with Cap, 0.1 ml, ThermoFisher) was mounted
with a thin layer of silicon to the cartridge to ensure an
airtight fit. To provide a dark and low-humidity storage

Fig. 1 Two-stage TB diagnostic workflow based on a single sputum sample. Top: Centrifugal microfluidic testing at the PoC with 1A) sampling,
inactivation and liquefaction of 1 ml sputum sample; 1B) sample transfer into the cartridge, followed by an automated sample preparation and
qPCR analysis in the PoC device; 1C) qPCR data and a detachable sample tube containing enriched MTBC DNA as the output, followed by the
decision strands according to the results. Bottom: Shipment of the enriched MTBC DNA to a more centralized laboratory environment (right)
followed by the generation of a comprehensive resistance profile via tNGS.
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environment, two cartridges were packed together in an
airtight aluminium bag with a silica bag and two inlet caps
(Cap Art-Nr: 05901322, Würth).

Thermal sealing of the injection moulded cartridge.
Thermal sealing of the cartridge was performed using a
custom laminated multi-layer foil (Tekniplex). The foil
consists of a COC 8007 sealing layer, a polyurethane (PUR)
middle layer and a BoPET upper layer. A sealing temperature
of 170 °C and a sealing pressure of 6000 N with a sealing
time of 12 seconds were applied.

Disk cover. For the product design of the centrifugal
cartridge, a cover would be required to simplify disk
handling, to provide space for labelling and to insulate the
cartridge from convective cooling effects during PCR cycling.
While a cover in a product scenario would be manufactured
by injection molding, for the current study, a reusable cover
was designed. To attach the cover to the cartridge, hook
structures of the cover can snap into certain counter
structures on the cartridge. The covers were manufactured
from polylactic acid (PLA) by 3D printing (Prusa i3 MK3S).
On the cover, a double-sided adhesive foil (3MLS300)
followed by a 200 μm COC foil insulated most chambers
from convective cooling effects due to rotation.

Device

An adapted Rhonda player36 was used, specified by Hahn-
Schickard with support by Spindiag and manufactured by
DIALUNOX. The fluidic protocol is enabled by rotation up to
70 Hz and contact heating through the sealing foil up to 120
°C by local and individually controllable heating zones. The
arrangement of the heating zones in respect to the cartridge
is shown in Fig. S1 in the ESI.†

qPCR for resistance detection

Colorimetric multiplex qPCR detects gene mutations
associated with antibiotic resistance using an endogenous
mycobacterial gene sequence control from the wild type and
a single nucleotide polymorphism (SNP) sequence in separate
fluorescent channels of the same reaction chamber. If a
mutation is present, both sequences are amplified equally,
resulting in low ΔCT values between the fluorescent channels.
Unspecific amplification may occur without a mutation,
leading to higher or no CT values in the mutation channel.
Larger ΔCT values confirm no mutation is present. A detailed
decision scheme of this method is given in Table S1 in the
ESI.† This results in a positive detection of specific SNPs
preventing false positives due to silent mutations. The assay
was validated with a liquid real time qPCR reagent on an
AriaMx Instrument (Agilent).

WGS and tNGS workflow

For WGS, we prepared libraries following an adapted
Illumina Nextera XT protocol37 starting from DNA extracted
from H37Rv spiked in sputum samples. Libraries were then
run on the Illumina NextSeq 500 or NextSeq 2000 platform in

a 2 × 150 bp paired end run according to the manufacturer's
specifications.

For tNGS, we employed a custom AmpliSeq for the
Illumina panel covering altogether 126 369 bp from 150 genes
or upstream regions implicated in resistance with altogether
856 amplicons. The target regions used for the panel design
are listed in dataset S1 in the ESI.† We employed the
AmpliSeq panel according to the manufacturer's instructions,
using 10 ng and 20 cycles for the DNA solutions extracted
from patients' sputum samples.

WGS and tNGS data analysis

For determining the enrichment enabled by sputum
processing with the cartridge, WGS data were classified
using Kraken38 with default settings.

For the detection of resistance mutations in the samples
from patients, tNGS data were processed with the MTBseq
analysis pipeline.39

Sample collection and description

All sputum samples were stored at −20 °C until analysis.
TB negative tested human sputum. 500 ml remnant

diagnostical, non-TB sputum samples were pooled
anonymized, liquefied by use of Sputasol (Oxoid-
ThermoFisher), thoroughly mixed by shaking for 10 min on
an electrical shaker, and checked for the absence of MTBC
with solid culture and a GeneXpert MTB/RIF ultra from three
aliquots.

Analytical sensitivity. For the identification of the
analytical sensitivity, the pathogenic MTBC strain H37Rv
(ATCC, Manassas, VA;35829) was spiked in TB negative tested
human sputum with real colony count correction of the
bacteria concentration similar to previous studies.20,40

Diagnostic sensitivity and specificity. The diagnostic
sensitivity was determined with bacteriologically confirmed,
randomly selected, microscopically positive sputum samples
from TB patients in Nepal at the German Nepal TB Project
(GENETUP) in Kalimati, Kathmandu-Valley, Nepal. All fully
anonymized samples from the patients were pre-
characterized by smear microscopy, using a GeneXpert MTB/
RIF ultra and GenoType MTBDRplus. The samples with
resistance to Rif or Inh were further characterized with a
GenoType MTBDRsl. The diagnostic specificity was
determined with TB negative tested human sputum.

Resistance detection. Resistance testing was performed
with different resistant bacterial MTBC strains spiked in
water. Bacteria concentrations ranged between 105 and 106

CFU ml−1 in 1 ml of water.
Inactivation and liquefaction of samples. For inactivation

and liquefaction purposes, all processed sputum samples
were treated with a custom developed reagent consisting of
45% isopropanol, 3% sodium hydroxide (NaOH), 0.5%
N-lauroylsarcosine and 0.2% Tween-20. 1 ml of sputum was
mixed with 2 ml of the reagent; if less sputum was available,
the ratio was kept constant. After an incubation time of 20
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min, the sample is inactivated sufficiently. Heat inactivation
of 30 min at 85 °C at a thermal block was applied to the
bacteria in the water samples tested for the resistance
detection.

Ethical considerations

Ethical clearance is provided by the Nepal Health Research
Council and the Ethical committee of the medical faculty of
the University of Munich (project ID 17-761) for the collection
and use of clinical sputum samples and metadata from
patients.

Results
Microfluidic implementation

The first-stage PoC solution for testing in peripheral and low-
resource settings is based on centrifugal microfluidics.41–43

The portable benchtop device processes the microfluidic

cartridges required for the analysis of samples from
individual patients.

The layout of the centrifugal microfluidic cartridge with
its main fluidic steps is depicted in Fig. 2. A more detailed
description of the fluidic operation processes, including the
frequency and temperature protocol, can be found in the
ESI† Fig. S2. The entire workflow from sample preparation to
qPCR detection was successfully integrated on a semi-circular
cartridge. Consequently, two cartridges can be processed at
the same time on the turntable of the device. In Fig. 2A, the
cartridge with all necessary components for the functional
workflow is shown.

A brief overview of the main steps required for the
automated sample preparation and qPCR detection is
provided in Fig. 2B. The centerpiece for the sample
preparation unit is the integrated filter stack. The first step is
the enrichment of MTBC in the filter, as shown in Fig. 2B1.
The initial sample filtration takes 25 min at a maximum

Fig. 2 Illustration of the centrifugal microfluidic cartridge and the automated steps for sample preparation and qPCR analysis. A) Functionalized
microfluidic cartridge with a filter module, stick packs, a detachable sample tube, a lyophilized qPCR mix, dried primers and probes and an inlet
cap. B) Overview of the main steps for sample preparation and target analysis: 1) sample (yellow) filtration and enrichment of MTB on the filter; 2)
washing (washing buffer in green) of the filter and retained MTB; 3) thermal lysis of MTB in the rehydration buffer (in red); 4) metering of 70 μl
MTB-DNA for the detachable sample tube and mixing with a lyophilized qPCR mix; 5) aliquoting into the different reaction chambers containing
primers and probes for MTB detection (yellow circles) or resistance gene detection (orange to red circles); 6) qPCR detection of MTB and
resistances to rifampicin and isoniazid.
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frequency of 70 Hz. Meanwhile, the buffers, pre-stored in the
stick packs,34 are released. 2.5 ml of the sample filtrate is
distributed by an overflow mechanism to the four radial,
azimuthally distributed outer chambers for waste storage
(outer waste chambers). The waste chambers (outer and inner
waste chambers) are shown in yellow-gray in Fig. 2A. For the
remaining 500 μl of sample filtrate, a new waste management
method based on vapor pressure assisted pumping is
applied. In brief, the heating zone below the inner waste
chamber is heated, and the air inside the chamber expands
and is displaced by air bubbles through the liquid in the
collection chamber to the periphery of the fluidic network.
During the subsequent cooling of the heating zone, negative
pressure is created by the contraction of the trapped air and
the liquid is drawn into the inner waste chamber. This
process can be repeated sequentially. However, from the
second pumping cycle onwards, an additional vapor pressure
is generated, which significantly increases the pressure
differences and thus the transferable liquid volumes. The
detailed illustration is shown in the ESI† Fig. S2e and h.

Then, a 600 μl washing buffer is loaded onto the filter by
thermo-pneumatic pumping as further detailed by Schlenker
et al.44 The washing buffer is perfused through the filter to
remove contaminating residues of the sputum and the
liquefaction reagent from the filter which could inhibit the
subsequent qPCR (Fig. 2B2). After the removal of the washing
buffer filtrate to the inner waste chamber, again by vapor
pressure assisted pumping, a 500 μl rehydration buffer is
loaded onto the filter. A thermal lysis for 3 min is performed
by activating the heating zone underneath the filter to a set
point of 100 °C (Fig. 2B3). The MTBC DNA is released by the
lysis and subsequently flushed through the filter at 70 Hz.
This step completes the sample preparation from the sputum
sample, making the DNA available for subsequent analyses
inside and outside of the cartridge. To access the enriched
MTBC DNA, a detachable sample tube is mounted to the
cartridge, which is loaded with 70 μl MTBC DNA solution for
the subsequent external tNGS analyses. Another 150 μl is
further transferred into a chamber where the lyophilized
qPCR mix is pre-stored. Combined bubble and shake-mode
mixing45,46 is performed to rehydrate and homogenize the
qPCR mix with the MTBC DNA solution (Fig. 2B4). Primers
and probes are pre-stored in a dry state in seven different
reaction chambers. The qPCR mixture is aliquoted into the
reaction chambers, 20 μl each (Fig. 2B5). Finally, the qPCR is
performed by thermal cycling (45 cycles) and real-time
fluorescence readout under rotation at 5 Hz (Fig. 2B6).
Geometric multiplexing is combined with colorimetric
multiplexing by four different fluorescence detection
channels. The first two and the last reaction chamber are
functionalized with primers and probes for the detection of
MTBC, an internal control (IC), Mycobacterium avium complex
(MAC) and nontuberculous mycobacteria (NTM). The
chambers in between contain dried primer and probe mixes
for the detection of resistance genes against Rif and Inh.
After the completion of the microfluidic process, the

detachable sample tube filled with MTBC DNA can be
removed and used for subsequent analysis by tNGS.

In total, 84 successful cartridge runs were performed for
the proof-of concept study: 34 to assess the analytic
sensitivity, 25 plus 10 to evaluate the diagnostic sensitivity
and specificity, respectively, and 15 to study the antibiotic
resistance testing. In all, 21 enriched MTBC DNA solutions
extracted from the samples from patients were further
analyzed with tNGS.

The current protocol for the PoC test takes 180 min. The
filtration and qPCR steps contribute most to the overall
runtime, requiring 137 min together. Optimizing the qPCR
assay from 90 min to less than 30 min has major potential
for saving time, which was shown to be possible with the
applied Rhonda player.47 Yet, comparatively long filtration
times were applied to ensure that the various sputum
samples with different properties are filtered. We hypothesize
that a large-scale study with many different sputum samples
could optimize and reduce the filtration time from 47 min to
less than 25 min. Six cartridge runs were evaluated fluidically
to demonstrate reproducible functionality. To avoid
contamination during sample preparation (Fig. 2B1–
3 – Sample preparation), it is essential that all filtrates of the
samples or washing buffer are removed into the waste
chambers before the next step begins. This is the case for
100% of the evaluated cartridges after the enrichment and
the washing step. In this way, robust sample processing
against liquid carryover into the DNA solution can be
ensured. On average, 6.75 ± 0.46 reaction chambers are filled
after metering, mixing and aliquoting (Fig. 2B5). A detailed
analysis with more data is given in the ESI† Fig. S3.

Analytical sensitivity for MTB detection on the cartridge

The analytical sensitivity was determined by a total of 34
sputum samples ranging from 5.7 to 11 475 CFU ml−1 of
MTBC strain H37Rv. Concentrations below 50 CFU ml−1 were
tested in at least four replicate and the corresponding CT

values are given in the ESI† Table S2. The analytical
sensitivity, expressed as the MTBC concentration that yields a
positive result in 95% of the runs (limit of detection –

LoD95), was calculated by interpolating a semi-logarithmic
curve using the first four data points. Fig. 3 shows that the
analytical sensitivity was 44.2 CFU ml−1.

Fig. 3 Analytical sensitivity as LoD95 of the cartridge with H37Rv
MTBC spiked in human sputum. Red arrow: calculated LoD95; black
dashed line: interpolation of a semi-log curve of the first four data
points; blue dashed line: 95% probability of a positive assay.
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Diagnostic sensitivity & specificity for MTB detection on the
cartridge

The diagnostic sensitivity and specificity for MTBC detection
on the cartridge are shown in Table 1. In total, 24 out of 25
positive samples from patients were identified as MTBC
positive, which results in a diagnostic sensitivity (the
proportion of patients correctly identified as positive) of 96%.
Accordingly, this results in a 4% probability that a positive
patient will not be identified as positive. The specificity
(proportion of patients correctly identified as negative) was
determined to be 100%; 10 out of 10 negative tested sputum
samples were identified as negative.

Resistance detection on the cartridge

The detection of resistances to Rif and Inh was shown for
five different bacterial strains: one wild-type strain with no
pre-classified resistance, one strain with resistance to Inh
only (Inh-mono), and three MDR-TB strains with resistances
to both Rif and Inh. The five strains contained three
different mutations associated with Rif resistance and one
mutation associated with Inh resistance. Results are given
in Table 2. Each strain was tested in triplicate. As expected,
no mutations were detected with the wild-type strain by the
test.

Resistance to Rif resulting from the different mutations of
H445Y (MDR#1), D435V (MDR#2) and S450L (MDR#3) was
detected in all three cartridges tested (3/3) for each strain.
The Inh resistance resulting from the S315T mutation,
present in the Inh-mono, MDR#1, MDR#2 and MDR#3
bacterial strains, was detected at a percentage of 67%. In
detail, two out of three cartridges for the Inh-mono and
MDR#1 bacterial strains, one out of three for MDR#2 and
three of three for MDR#3 detect the Inh resistance.

Targeted NGS

We compared the sputum samples spiked with H37Rv with
respect to the relative enrichment of MTBC DNA processed
either by direct DNA extraction or by the cartridge. The
extracted DNA solutions were sequenced by WGS and
classified with Kraken38 as shown in Table S3 in the ESI.†
The results demonstrate a relative enrichment of MTBC DNA
compared to the background human DNA by the cartridge
for the two concentrations tested.

Regarding resistance profiling, 21 DNA solutions from
patients provided by the cartridge were sequenced using a
dedicated custom AmpliSeq for the Illumina tNGS panel, and
the sequence data were analyzed using the MTBseq pipeline.

The success of the tNGS as inferred from the achieved
coverage of the target regions with sequence information
correlates with the CT values determined by the cartridge
MTBC qPCR detection as shown in Table S4 in the ESI.† Out
of the 21 samples from patients, four failed to achieve a
coverage of at least 10 reads and a 75% allele frequency of at
least 95% of the target regions. The failed samples all
featured MTBC CT values of 29 or higher. From the analytical
sensitivity data set, a correlation of ∼11 000 CFU ml−1 H37Rv
spiked in sputum with a CT value of 28 was determined (ESI†
Table S2). This suggests that the samples with a low coverage
consistently correlated with a bacterial load of less than
10 000 CFU ml−1, which may be too low for successful
sequencing. The samples with a failed tNGS status (Table
S4†) from the coverage analysis were excluded from the
following resistance profiling analyses.

From the analysis of the sequence data, we inferred
resistance profiles for 17 samples from patients, depicted in
Table 3. The results show full concordance with the pre-
classification results from the Xpert MTB/Rif and the
Genotype MTBDRplus for the resistances to Rif and Inh.

Discussion

The presented workflow aims to support doctors' decisions
for antibiotic treatment in settings with limited resources. To
date, rapid genetic resistance testing at the PoC covers too
few antibiotic drug groups or takes too long because
phenotypic bacterial culture is required. The two-stage
workflow we've introduced combines a centrifugal
microfluidic PoC test for decentralized detection of MTBC

Table 1 Diagnostic sensitivity and specificity for MTBC detection on the
cartridge

Pre-classification

MTBC positive MTBC negative

Cartridge MTBC positive 96% (24/25) 0% (0/10)
MTBC negative 4% (1/25) 100% (10/10)

Table 2 Rifampicin and isoniazid resistance detection on the cartridge

Bacterial
strain

Rifampicin resistance Isoniazid resistance

Mutation Mutation detected Mutation Mutation detected

Wild-type None No None No
Inh-mono None No S315T 2/3
MDR#1 H445Y 3/3 S315T 2/3
MDR#2 D435V 3/3 S315T 1/3
MDR#3 S450L 3/3 S315T 3/3

Wild-type – sensitive to antibiotics; Inh-mono – resistant to isoniazid; multi-drug-resistant (MDR) – resistant to isoniazid and rifampicin.
Mutations are denoted in the Mycobacterium tuberculosis complex numbering system.
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and Rif and Inh resistance with the subsequent
comprehensive resistance profiling by tNGS. The
implementation of this algorithm could be an important step
in fighting the spread of TB and preventing harm to patients
caused by drug resistant MTBC.

The recommended diagnostic algorithm offers several
major advantages. Firstly, it provides a user-friendly PoC test,
eliminating the need to send samples to external
laboratories. It does not require complex steps at the PoC
and thus there is no need for extensive infrastructure, trained
personnel, installations, and investments. Intuitive PoC tests
have been shown to increase the TB notification numbers by
about 30% and thus have a significant impact.7 Our
approach not only minimizes delays by the shipment of
samples, but also enables the detection of both TB and the
two most critical resistances to Rif and Inh. Patient case #5
in Table 3 illustrates the importance of testing for Inh
resistance. Inh-mono resistances account for about 11% of
all TB cases8 and thus it is of major importance to be
detected as quickly as possible. Such cases with Inh
resistance fall through existing testing algorithms available at
the PoC. Detecting Inh resistance at the PoC not only is
favorable for treatment success, but also has been identified
as the most cost-effective strategy that has the greatest
impact on preventing MDR transmissions and deaths.6

Enriched, unamplified MTBC DNA is provided by the
cartridge for reflex testing such as tNGS. In the past,
workarounds using the Xpert MTB/Rif Ultra cartridges were
considered for further use of the extracted DNA for
downstream testing.48,49

This involves puncturing of the cartridges with a syringe
to recover the amplification product. In addition to the risk
of injury from syringe handling, the DNA used from Xpert
cartridges is already amplified, posing a serious risk of bias
and high error rates in downstream analyses. However, these
approaches highlight the need for two-stage analyses from a
single sample. Our workflow allows for the selective use of
tNGS for a comprehensive resistance profile analysis from

the enriched MTBC DNA provided by the cartridge. This
allows antibiotic treatment to be adjusted accordingly in a
timely manner. We expect this to result in cost savings as
NGS can be reserved for important samples and increases the
chances of successful treatment. The centralized
implementation of tNGS as a second step is proposed in
dedicated facilities equipped to handle the sequencing
process. By concentrating investments in sequencers and
trained personnel, this approach ensures a favorable price
per sample and efficient turnaround time due to higher
throughput. The CT values determined in the cartridge qPCR
can likely serve as reliable indicators of downstream tNGS
success, optimizing the overall efficiency of the coupled PoC
cartridge plus tNGS analysis. The entire diagnostic workflow
is based on a single sample, eliminating the necessity for
time consuming bacterial cultures and reducing the number
of visits patients need to make to the healthcare facilities.
Overall, significant time savings can be achieved, because no
time-consuming bacterial culture is required for DST or NGS
resistance profiling.

The presented study demonstrates the technical
feasibility of the two-stage diagnostic workflow. In the
following, the current performance of the system is
critically discussed.

The biochemical and fluidic functionality of the
cartridge is demonstrated with the data set from the
analytical sensitivity analysis and provides consistent
results. The analytical sensitivity of 44.2 CFU ml−1 of the
presented system is intermediate between the Xpert MTB/
Rif Ultra (3.1 CFU ml−1 in sputum) and the FluoroType
MTB (52.1 CFU ml−1 in sputum), which was previously
evaluated using a comparable experimental method.40 The
analytical sensitivity can still be improved. So far, we have
used a volume of 500 μl buffer for MTBC lysis and the
uptake of the released DNA. This volume could be reduced
to 200 μl to yield a higher concentration of target DNA in
the lysate and thus increase the probability of MTBC
detection at low concentrations. Further optimization of the

Table 3 tNGS data of MTBC DNA provided by the cartridge from samples from patients

S – sensitive; R – resistant; dark red – high confidence (frequency > 95%); red – medium confidence (frequency 10–95%); light red – low
confidence (frequency < 10%).
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PCR on the Rhonda system would probably lower the LoD
as well. The diagnostic performance characteristics of the
cartridge were comparable to those of the Xpert MTB/Rif
Ultra and the FluoroType MTB systems.50,51 Specifically, the
diagnostic sensitivity of the cartridge (96%; n = 25) is in
the same range as the results of the Xpert MTB/Rif Ultra
(97.8%; n = 91) and the FluoroType MTB (100%; n = 43) for
smear-positive specimens from patients. The same is found
for the diagnostic specificity with 100% (n = 10) for the
cartridge, 98.7% (n = 77) for Xpert MTB/Rif Ultra, and
98.9% (n = 912) for FluoroType MTB.

With 180 min for the PoC test, the current time to result
can still be optimized. From our perspective, the measures
discussed above for time reduction to less than 60 min are
straightforward and should be accomplishable with medium
resources during product development. While the qPCR
worked well for the MTBC detection and the endogenous
mycobacterial control (wild type) of the resistance assay, the
detection of resistance associated SNP was partially affected
by the harsh conditions of the liquefaction reagent. In
particular, the detection of Inh resistance markers still needs
to provide satisfying results and should be improved in
future studies. A qPCR system in combination with melting
curves is a promising approach to overcome this challenge in
the future. The feasibility of sequencing the enriched MTBC
DNA after cartridge processing was demonstrated. We could
successfully analyze 17 out of 21 samples from patients, with
a clear indication of limited DNA input materials in the
remaining four samples. For samples with a bacterial load of
<10 000 CFU ml−1, our tNGS method did not provide
adequate quality to generate resistance profiles. Further work
is needed to optimize the AmpliSeq panel performance to
cover samples with lower bacterial loads, to achieve a 100%
target region coverage, and to evaluate the tNGS resistance
profiles.

In summary, this proof-of-concept study aims to
highlight the societal need for and technical feasibility of
improved diagnostic algorithms to combat TB. It is the first
overall implementation of a diagnostic algorithm for TB
with predefined decision and action strands for clinicians
from a rapid initial PoC TB diagnosis to comprehensive
resistance analysis by tNGS. By enabling fast and accurate
diagnosis and individualized treatment, this approach has
the potential to substantially improve TB treatment success
rates and reduce transmission. Based on this proof-of-
principle study, product development can be initiated. In
the future, a full assessment study on a larger scale needs
to refine the performance parameters. The technical focus
would be to improve the run time of the microfluidic PoC
test, to increase the robustness of qPCR detection of Rif
and Inh resistance markers, and the introduction of quality
control into the manufacturing process. To even further
accelerate the time to identification of the MTBC resistance
profile, PoC sequencing and the automation of all required
preparation steps, e.g., PoC library preparation,46 could be
investigated.
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