
Abstract 
The limit of detection of Mtb (Mycobacterium tuberculosis) bacilli was evaluated by detection of released DNA from a chemically 
treated cellulose matrix. Loopful of the Mtb cells were suspended in phosphate buffer (pH 6.8), DNA was extracted from it and 
quantified using a commercial Mtb real time PCR quantitation kit. Synthetic sputum, prepared as the matrix of choice was mixed 
with defined number of Mtb bacilli and spotted onto the cellulose matrix.  Mtb DNA from the matrix was released into a DNA-re-
lease buffer and detected using a WHO-approved CB-NAAT detection platform.  One hundred and fifty, 500 and 1000 but not 10 
Mtb bacilli/mL of synthetic sputum could be detected by this protocol. The result underlined the potential of cellulose matrix as 
a potent, room temperature, Mtb-infected sputum transportation, storage and DNA-release device for sensitive detection of Mtb 
using Mtb Xpert Ultra CB-NAAT as the WHO-approved Mtb test of choice.
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1. Introduction
Mycobacterium tuberculosis (Mtb) is an ancient pathogen with 
more than 70,000 years of existence on earth. Its dramatic success 
in evolution is underlined by the fact that currently it is infecting 
nearly 1 billion people across the globe [1].  With the world re-
cording around 10.4 million new TB infection cases every year, 
broad estimates indicate that almost one third of world’s popula-
tion are likely carriers of this pathogen and hence carrying the risk 
of developing the disease [2].  The worry stems from the fact that 
the impact on a country’s exchequer is profound as the disease 
strikes people who are at the prime age of their lives [3]. Mtb diag-
nostics is evolving at a rapid pace as much as the therapeutics since 
the length of illness of this disease makes improved case-finding 
one of the crucial points for handling the disease [4]. 

One of the most crucial aspects of initiating disease control for 
tuberculosis is rapid and accurate detection of the pathogen and 
also the determination of its profile towards resistance to drugs that 
are used to treat the disease [5].  In the area of culture-based diag-
nostics, several new developments have occurred. This includes 
for example, detection of growth at an early stage and stringent 

oxygen level control and employment of matrix-assisted laser de-
sorption/ ionization time-of-flight mass spectrometry (MALDI-
TOF-MS) for identification of the pathogen [6].  However, it is 
worth mentioning that advent of nucleic acid amplification tests 
or NAATs had reduced the testing time compared to culture-based 
methods that take more than a week to generate results [7,8].  The 
NAATs primarily rely upon in vitro amplification of nucleic acids, 
either DNA or RNA and often involve techniques such as DNA 
sequencing and DNA-DNA hybridization to detect drug resistance 
[9].  Recently, the World Health Organization (WHO) has advocat-
ed development and use of sputum-based tests that can substitute 
smear microscopy and be used as an initial, rule-out test followed 
by a rapid drug sensitivity assay that can be done at a simple mi-
croscopy level laboratory [10].

The world has seen several innovations in the domain of Mtb diag-
nostics. These include light-emitting diode microscope-based test, 
rapid automated liquid culture systems such as the Becton Dick-
inson MGIT 960, NAAT such as line probe assays and automated 
Cartridge based NAAT assays that include the Cepheid XpertⓇ 
MTB/RIF system (Cepheid, Inc., Sunnyvale, CA, USA) [11].
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The technique of DNA sequencing has shown that over 95% of 
all rifampicin resistant strains of Mtb harbour mutation within a 
81-base pair (bp) stretch of the gene encoding for the beta subunit 
of RNA polymerase (rpoB) [12-14].  This laid the foundation for 
several rapid Mtb detection as well as drug resistant identifica-
tion tests such as the GenoType MTBDRplus [Hain Lifescience 
GmbH, Nehren, Germany], INNO LIPA Rif.TB [Innogenetics, 
Ghent, Belgium]) and GeneXpert MTB/RIF; Cepheid, Sunnyvale, 
CA) [12, 15&16]. 

The GeneXpert MTB/RIF test is an integrated, cartridge-based 
Mtb diagnostic device that performs hand-free extraction of Mtb 
DNA from sputum followed by its detection by a hemi-nested real 
time PCR assay workflow. The test interrogates the 81 bp rpoB re-
gion and scores for detection of Mtb as well as its drug-resistance 
profile towards rifampicin [15,17].

In this study, we attempted to estimate the limit of detection of 
Mtb DNA on this CB-NAAT platform using DNA released from a 
solid matrix-based sputum transportation and storage medium that 
was spotted with varying number of Mtb bacilli by mixing it with 
synthetic sputum formulated for this study.  

2. Materials and Methods
2.1 Culture of Mtb bacilli
 Three smear-positive clinical sputum specimens were decontami-
nated by treating with N-acetyl-L-cysteine and sodium hydroxide 
method (NALC-NaOH). Following centrifugation, the sediments 
were resuspended in 1.5 ml of sterile phosphate buffer (pH 6.8) 
and used to inoculate culture media. A smear prepared from the 
sediments were re-examined for the presence of acid-fast bacil-
li (AFB).  For confirming the presence of Mtb, a liquid culture 
media based on fluorometric detection of growth was used.  For 
this, 0.5 ml of each of the processed sputum samples were used to 
inoculate Mycobacteria Growth Indicator Tube (MGIT) tubes and 
incubated in the MGIT 960 instrument at 37°C.  A volume of 0.25 
ml of the processed sputum samples were also used to inoculate 
solid culture media (Lowenstein-Jensen or LJ; Hi Media, India) 
and incubated at 37°C. Once the tubes were provisionally iden-
tified as positive by growth, a smear of a sample from the tubes 
were prepared for examination for AFB (Acid- Fast Bacilli). All 
smears were stained by the Kinyoun method and examined with a 
light microscope [18]. 

The Mtb strains isolated from the clinical specimens were iden-
tified by the MGIT TBc ID method (MPT 64: Becton Dickinson, 
Sparks, Maryland, USA). This is an immunochromatographic as-
say (ICA) that detects MPT64 antigen specifically secreted from 
Mtbc bacteria. Once the MTB complex strains were identified, 
drug susceptibility tests (DST) were performed using the MGIT 
SIRE (Becton Dickinson-Sparks, Maryland, USA) following the 
manufacturer’s instructions. For the test, the final concentration of 
83 µg/ml of streptomycin (STR), 83µg/ml isoniazid (INH), 83 µg/
ml rifampin (RIF) and 415 µg/ml ethambutol (EMB) were used.   

All three specimens, labelled specimen 1, 2 and 3 were found to 
be true positive. The positive cultures were maintained in Lowen-
stein-Jensen (LJ) (Hi Media, India) and specimen no. 1 was select-
ed for use in further downstream applications. 

2.2 Preparation of Mtb Bacilli Suspension 
A loopful of Mtb culture (specimen no. 1) was gently taken from 
the LJ slant and suspended in 200 µL of phosphate buffer (pH 6.8; 
37C).  A volume of 100 µL was used for extraction of MTB DNA 
while the remaining was stored at 4C for dilution and further pro-
cessing. 

2.3 Estimating Copy Number of Mtb Bacilli in the Phosphate 
Buffer Suspension
To estimate copy number of the Mtb bacilli in phosphate buffer, 
100 µL of the bacterial suspension was used to extract DNA and 
run a quantitative real time PCR reaction. DNA was extracted us-
ing a spin column-based Mtb DNA extraction kit (Wobble Base 
Bioresearch, India) and quantified using a HELINI Mycobacteri-
um tuberculosis [MTB] Real-time PCR Kit (Helini Biomolecules, 
Chennai, India). Copy number of Mtb DNA in the suspension was 
computed using the formula as suggested by the manufacturer: 
Result (copies/ml) = Result (copies/μL) x Elution Volume (μL) ÷ 
Sample Volume (ml).  
All tests were run in triplicate and on a Rotor-Gene Q 2plex real 
time PCR Platform from QIAGEN (Germany). 

2.4 Preparing Synthetic Sputum with Known Quantity of Mtb 
Bacilli
Synthetic sputum was prepared as described by Yamada et al., 2006 
[19]. A test panel of five synthetic sputum suspensions were pre-
pared in triplicate. Each of the 1 ml of synthetic sputum suspen-
sions contained quantified number of the live Mtb pathogen cells 
and comprised of 10, 150, 500, 1000 & 10,000 CFU of Mtb bacilli 
respectively. 

2.5 Spotting A Cellulose Matrix with Artificially Infected Syn-
thetic Human Sputum
Mtb-infected synthetic sputum from the test panel were processed 
by mixing it with an equal volume of commercial Mtb cell lysis 
buffer solution (Wobble Base Bioresearch, India) and spotted onto a 
cellulose matrix soaked with chaotropic salts, surfactants, anti-fun-
gal agents, a dye and heat-dried. Briefly, 1 ml of Mtb bacilli-con-
taining synthetic sputum was added to an equal volume of the Mtb 
cell lysis buffer, mixed well by inverting the tube for 5-10 times and 
poured onto the cellulose matrix using a sterile disposable dropper 
and allowed to stand for a minimum period of 12 hours prior to cap-
turing of the released Mtb DNA from the cellulose matrix. 

2.6 Release of Mtb DNA from TBSend Card 
The solid matrix was placed inside a wide mouth-bottle pre-filled 
with 3 ml of a sterile, isotonic buffer (DNA Release Buffer), vigor-
ously shaken and incubated for 15 minutes. One ml of this processed 
buffer was used to run the Xpert Ultra CB-NAAT test for Mtb. 
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2.7 Running the Mtb Xpert Ultra CB-NAAT Test
The Xpert Ultra test was performed as described by the manufac-
turer. Briefly, 1 ml of the processed DNA-release buffer from each 
of the 4 specimens of the test panel (all replicates) were added to 1 
ml of sample reagent (part of the Xpert Ultra test kit) and incubat-
ed for a period of 15 minutes. Two ml of this treated DNA-release 
buffer & sample reagent mixture was transferred to an Xpert Ultra 
cartridge and placed on the Xpert instrument to initiate the run.  
The test report was obtained after a period of around 80 minutes. 
As mentioned above, all samples of the test panel were processed 
in triplicate.  

2.8 Statistical Analysis 
All experiments were performed in triplicate and data are ex-
pressed as the mean ± standard deviation. The statistical analy-
sis of differences was performed using the t-test of variance and 
Pearson r-test of Correlation with Graphpad prism 6.0 software 
and the P<0.05 was considered to indicate a statistically significant 
difference. 

The study was approved by the Institutional Review Board of Nir-
mal Hospitals (Nirmal/HPL/Ethics/001) and performed in accor-
dance with the principles of the Declaration of Helsinki.

3. Results and Discussion
All 3 smear-positive sputum samples, viz., sputum specimen 1, 
2 and 3 were found to be positive for Mtb infection upon further 
investigation.  For this study, Mtb bacilli obtained from sputum 
specimen no. 1 was used for further investigations.  Mtb from the 
positive sputum sample (Sputum specimen 1) grew well in LJ 
slants and sufficient freshly-grown bacilli were available to pre-
pare a visibly dense suspension in 200 µL of phosphate buffer.  

DNA extracted from 100 µL of the phosphate buffer suspen-
sion-containing live Mtb bacilli were used to estimate the num-
ber of colony forming units (CFU) of Mtb at source. Real time 
quantitative PCR using a commercial kit indicated Mtb DNA copy 
number of 8097.57 copies/µL in the phosphate buffer suspension 
(Figure 1) which was equivalent to 24,29,271 copies of CFU/mL. 
A volume of 0.41 µL, 6.17 µL, 20.58 µL, 41.16 µL and 410 µL, 
when mixed to prepare 1 mL of synthetic sputum, generated quan-
tified 1 mL-synthetic sputum aliquots comprising of 10, 150, 500, 
1000 and 10,000 Mtb bacilli/mL respectively. All suspensions were 
taken up for further study except 10,000 Mtb bacilli/ml vial which 
was subjected to microscopy by Ziehl-Neelsen staining [20].

Incubation of 15 minutes at room temperature along with inter-
mittent shaking of the wide mouth bottle containing the Mtb ba-
cilli-mixed synthetic sputum-spotted solid matrix suspended in 3 
mL of DNA-release buffer effectively rescued trapped Mtb DNA 
into the solution. The solid matrix is primarily of cellulose origin 
which is a hydroxylated polymer with enhanced affinity for DNA. 
In this study, it was impregnated with a range of chemicals in-
cluding detergents, buffers, chelating and anti-fungal agents that 
further assisted in archiving and release of DNA when treated with 
appropriate and compatible buffer solution [21].

One mL of this Mtb DNA-containing buffer was used to run Xpert 
Ultra cartridge-based Mtb NAAT. As per the prescribed protocol 
for running Xpert Ultra test, around 1 mL of sputum sample was 
added to an equal volume of sample reagent (a mixture of Sodium 
Hydroxide and Isopropanol) and incubated for 15 minutes prior 
to adding it into the cartridge for run. The CB-NAAT could detect 
Mtb DNA from 1000, 500 and 150 but not the 10 Mtb bacilli/mL 
suspension-containing solid cellulose matrix (Table 1). All repli-
cates generated equivalent data indicating the robustness of the 
assay (Supplementary data 1).  Given the fact that detection of 
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Mtb in the 10,000 bacilli/mL was obvious, the sample was not 
run on CB-NAAT platform. However, it was used to detect Mtb 
bacilli using the conventional sputum microscopy method [18]. 

The staining-based microscopy showed clear presence of elongat-
ed Mtb Bacilli, confirming the presence of pathogen cells in the 
synthetic sputum suspension (Figure 2). 

No. of Mtb bacilli/mL in synthetic spu-
tum suspension

Xpert® MTB/RIF Ultra result Staining-based microscopy result

10 Not detected Not processed
150 Detected, Low Not processed
500 Detected, Low Not processed
1000 Detected, Low Not processed
10,000 Not run Detected

Table 1: Cartridge-based nucleic acid amplification testing (Xpert® MTB/RIF Ultra; Cepheid's GeneXpert® systems, USA) and 
stain-based microscopy results obtained from the Quantified Mtb bacilli-containing synthetic sputum suspensions.

Around 10.4 million new tuberculosis infection cases occurred 
in the year 2015. However, as per record, just 6.1 million cases, 
amounting to 59% were successfully diagnosed [22]. In the same 
year, out of 5,80,000 cases of multidrug resistant tuberculosis cas-
es, only 1,25,000 or 20% could be detected21.The primary reasons 
for this gap in occurrence and identification of the disease was 
absence of sufficiently sensitive and rapid diagnostics which was 
accessible to the population of a country in general [23].  This 
unmet need was successfully met by the Xpert MTB/RIF assay 
(Cepheid, Sunnyvale, CA, USA).  The test is cartridge-based and 
because of the high-end technology used, it dramatically enhanced 
the detection rate of Mtb infection and improved identification of 
multi-drug resistant cases of tuberculosis [24-26].

 Currently, more than 120 countries in the world use the Xpert 
MTB/RIF assay for detection of Mtb infection [27]. However, 
with time it was eventually observed that clinical samples with 
lesser number of Mtb bacilli could not be successfully detected by 

this test. The issue was more profound in smear-negative and extra 
pulmonary cases of Mtb infection where the number of Mtb bacilli 
are inherently low [28-30].  Such phenomena reduced the confi-
dence on negative results generated by the kit and also inadver-
tently promoted empirical approach to tuberculosis management 
and overtreatment of patients [31,32]. In Mtb strains harbouring 
genetic mutations that are phenotypically silent, low bacterial load 
generated false positive results with Xpert MTB/RIF assay. Al-
though a rare phenomenon, it reduced the diagnostic confidence on 
positive reports when the infection load was low [33,34].

In this backdrop, the Xpert MTB/RIF Ultra assay (Xpert Ultra) 
was developed that effectively addressed the limitations of the ear-
lier version of the test. With enhanced assay chemistry, improved 
cartridge design and simultaneous detection of two different multi 
copy targets (IS6110 & IS1081), the limit of detection and other 
diagnostic features of this version of Xpert MTB assay was supe-
rior and more effective. Amongst other advantages extended by 
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this new version of the Xpert Mtb detection assay, a significant 
one was improved limit of detection by 1-log value compared to 
its predecessor [35]. 

The cellulose matrix used in this study has potential to circum-
vent several disadvantages associated with traditional method of 
transportation and storage of sputum for NAAT. This is possible 
due to the use of a chemically coated cellulose matrix that has the 
property to lyse Mtb bacilli cells, trap its DNA, store at room tem-
perature and finally release it on demand after an extended period 
of time (up to 6 years).  This solid matrix, with its cent per cent 
bactericidal properties, has excellent biosafety features also (data 
not shown) and potential to be a tool of choice for sputum trans-
portation, storge and DNA extraction of Mtb for NAAT. 

This study was intended to establish the clinical sensitivity of the 
chemically coated cellulose matrix when Xpert MTB/RIF Ultra 
assay was the test of choice for detection of Mtb infection.  One 
hundred and fifty Mtb bacilli per mL was successfully detected by 
the Xpert MTB/RIF Ultra assay system when the cellulose matrix 
was the medium of choice for room temperature storage and re-
lease of Mtb DNA.  All triplicate samples generated identical data 
thus enhancing the confidence on the observation.  As expected, 
apart from 150 bacilli/mL of artificial sputum samples, 500 and 
1000 Mtb bacilli per 1 mL samples were also detected in all repli-
cates. However, the group of the synthetic sputum samples (n=3) 
loaded with 10 Mtb bacilli per mL could not be detected by the 
Xpert MTB/RIF Ultra assay in all triplicates.  Given the fact that 
Xpert MTB/RIF Ultra assay has a clinical sensitivity of 15.6 CFU/
mL, this result was expected [34]. 

4. Conclusion
The results from this study indicated that cellulose matrixes can be 
successfully and effectively used as a transportation, storage and 
DNA-release device for Mtb sputum to detect Mtb bacilli with a 
limit of detection of 150 bacilli per mL of sputum or lower, but not 
10 bacilli/mL, when Xpert MTB/RIF Ultra assay was the test of 
choice of detection of Mtb.
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