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Chapter 3 

Direct detection of Mycobacterium tuberculosis in 
sputum using solid-phase extraction-gas 

chromatography–mass spectrometry: method 
development and validation 

 

Summary 

Tuberculosis (TB) remains a worldwide health problem, especially in 
developing countries. Correct identification of Mycobacterium tuberculosis 
(MTB) infection is extremely important for providing appropriate treatment 
and care to patients. Here we describe a solid-phase extraction-gas 
chromatography-mass spectrometry method (SPE-THM-GC-MS) for the 
detection of five biomarkers for M. tuberculosis. The method for 
classification is developed and validated through the analysis of 112 sputum 
samples from patients suspected of having TB. Twenty of twenty-five MTB 
culture-positive sputum samples were correctly classified as positive by our 
improved SPE-THM-GC-MS method. Eighty-five of eighty-seven MTB 
culture-negative samples were also negative by SPE-THM-GC-MS. The 
overall sensitivity of the new SPE-THM-GC-MS method is 80% (20/25) 
and the specificity is 98% (85/87) compared with culture. The method 
proved to be reliable and, although complex in principle, easy to operate 
due to the high degree of automation. 

 

 
This chapter is a compilation of the following articles: 

1. N. A. Dang, M. Mourão, S. Kuijper, E. Walters, M. Claassens, H.-G. Janssen, A. H. J. Kolk, Direct 
detection of Mycobacterium tuberculosis in sputum using combined solid phase extraction-gas 
chromatography-mass spectrometry, J. Chromatogr. B, 986-987 (2015) 115-122. 

2. M. P. B. Mourão, S. Kuijper, N. A. Dang, E. Walters, H.-G. Janssen, A. H.J. Kolk, Direct detection 
of Mycobacterium tuberculosis in sputum: a validation study using solid phase extraction-gas 
chromatography-mass spectrometry, J. Chromatogr. B, 1012-1013 (2016) 50-54.  
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3.1 Introduction 

Tuberculosis (TB) is still one of the world’s most important health 
problems. Although the number of TB cases is slowly decreasing, in 2013 
the World Health Organization (WHO) estimated there were still 9 million 
new cases and 1.5 million deaths mainly in developing countries, such as 
those in Africa and South Asia [1]. Early diagnosis and appropriate 
treatment could have a substantial impact on these statistics. Unfortunately, 
the diagnosis of TB is not always straightforward. Simple, sensitive, cheap 
and reliable methods are still lacking.  

Two widely used methods for the diagnosis of TB are chest X-ray, which 
may suggest disease but lacks specificity, and sputum-smear microscopy, 
which lacks sensitivity. Mycobacterial culture and nucleic acid 
amplification techniques are the gold standards, but these methods are either 
time-consuming and laborious or instrumentally demanding [2–4]. In 
developing countries the most common method for the diagnosis of TB is 
sputum-smear microscopy, in which the expectorated sputum specimens are 
stained with fuschine phenol (Ziehl–Neelsen staining) or auramine phenol 
(Auramine Phenol staining). Sputum-smear microscopy is a fast, reliable 
and simple technique, but its sensitivity can vary between 30 and 70% [5] 
and, most importantly, the method is not able to distinguish Mycobacterium 
tuberculosis (MTB) from other mycobacteria such as opportunistic 
mycobacteria or non-tuberculous mycobacteria (NTM) [6]. 

Chromatographic methods, as liquid chromatography (LC) and gas 
chromatography (GC), have been used to identify mycobacterial cultures 
based on specific mycolic acids or mycolic acid patterns [7–14] and on a 
metabolomics  approach [15,16].  

In 2009, we developed a fully automated method for the identification of 
cultured MTB and for the detection of MTB directly in sputum [17]. The 
method uses thermally assisted hydrolysis and methylation-gas 
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chromatography-mass spectrometry (THM-GC-MS). Originally, we used a 
combination of two biomarkers, tuberculostearic acid (TBSA) and 
hexacosanoic acid (C26) [17]. However, we discovered that these markers 
were not specific enough because they are not only present in MTB but also 
in other mycobacteria [17,18]. Furthermore, we identified 20 biomarkers, 
predominantly mycocerosates, for the differentiation of cultured 
mycobacteria and developed a classification model to detect and 
differentiate MTB using THM-GC-MS [18,19].  

In 2012, O’Sullivan and co-workers reported a sensitivity of 65% and a 
specificity of 76% in a large study of 395 sputum samples using a similar 
THM-GC-MS method with only mycocerosates as biomarkers [20]. 

Recently in 2015, we improved our method and extended the application to 
clinical sputum samples by incorporating a sample clean-up procedure 
based on liquid extraction and solid-phase extraction (SPE) followed by 
THM-GC-MS (SPE-THM-GC-MS) [21]. The resulting method was easy to 
use and more accurate than other chromatography-based methods but the 
need for further reduction of false negative and false positive results was 
evident. A summarized description of the method is presented as Appendix 
3.1 at the end of this chapter. In addition, the general principles and 
characteristics of the THM reaction were previously described in chapter 2. 

In the present chapter, we describe the modifications and improvements of 
that diagnostic method, which now uses only information from five 
biomarkers. A validation study was performed with 112 sputum samples 
from patients from South Africa with suspected TB. The samples were 
blindly and randomly tested by SPE-THM-GC-MS and the results are 
discussed and compared with those of other methods. 

At this moment our SPE-THM-GC-MS method for the detection of M. 
tuberculosis in sputum is more expensive than the commercially available 
GeneXpert amplification test. The other commercially available point of 
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care tests based on lateral flow immunochemistry are only suitable for the 
identification of Mycobacterium tuberculosis in cultures of mycobacteria, 
e.g. in combination with liquid culture systems using mycobacteria Growth 
Indicator Tubes. Also, matrix-assisted laser desorption/ionization-time-of-
flight-mass spectrometry (MALDI-TOF-MS), a new technique for the direct 
identification of bacteria in complex samples, is a very promising approach 
but too expensive for developing countries [22–24]. Nowadays only a few 
laboratories use gas chromatography. 

The ultimate aim of this TB research is to develop a portable GC and 
replace MS by a simpler detector, as e.g. flame ionization detector (FID), 
based on new findings discussed in chapters 4 and 5.  

 

3.2 Materials and methods 

3.2.1 Ethical approval 

This study was approved by the Health Research Ethics Committee at 
Stellenbosch University (reference number N06/09/186). 

 

3.2.2 Sputum specimens 

Sputum specimens were obtained from patients with suspected pulmonary 
TB enrolled from local TB clinics in the Tygerberg sub district, Cape Town, 
South Africa. In order to reduce viscosity, these samples were treated with 
Mast Sputagest (based on the treatment with dithiothreitol) according to the 
recommended procedure of SV40 Sputagest Selectavial (MAST, 
Merseyside, United Kingdom). This procedure resulted in a two-fold 
dilution of the sputum specimens. Each specimen was then divided into two 
aliquots.  
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One aliquot was used for the sputum-smear investigation using staining 
according to Ziehl–Neelsen (ZN) and scored according to the WHO’s 
guidelines: 

No acid-fast bacteria (AFB)/whole smear: score negative. 1-2 AFB/whole 
smear: doubtful positive or scanty. 

1-9 AFB/100 fields, 1+. 

1-9 AFB/10 fields, 2+. 

1-9 AFB/single field, 3+. 

>9/single field, 4+. 

Here an immersion field is defined with the 100 times objective of the oil 
immersion microscope. The same aliquot used for sputum-smear 
microscopy was also used for culturing MTB using the Mycobacteria 
Growth Indicator Tube (MGIT) culture system with the manual 
BACTECTM MGITTM reader (BD, Sparks, MD, USA). A positive MGIT 
result was confirmed by the Bioline test (Standard Diagnostics Inc, 
Kyonggi, South Korea) to discriminate between MTB and NTM. 
Microscopy, MTB culture and the Bioline tests were done in the P3 
Laboratory at the Division of Molecular Biology and Human Genetics at the 
Stellenbosch University in South Africa. The second aliquot was shipped on 
dry ice to the University of Amsterdam for SPE-THM-GC-MS analysis. 

 

3.2.3 Standards and reagents 

The 25% tetra-methyl ammonium hydroxide (TMAH) solution in methanol 
used for THM-GC-MS was obtained from Sigma-Aldrich (Zwijndrecht, The 
Netherlands). It was ten times diluted with deionized water obtained from a 
Satorius Arium 611 UV instrument (Satorius, Nieuwegein, The 
Netherlands).  
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Organic solvents (hexane, methanol, diethyl ether and chloroform) were 
purchased from Biosolve (Valkenswaard, The Netherlands). 

 

3.2.4 Sample preparation for sputum specimens 

3.2.4.1 Decontamination of sputum specimens 

The volume of the twice diluted sputum available for testing in Amsterdam 
varied between 0.24 and 1.85 mL, with a median of 1.2 mL. The procedure 
used for sputum decontamination was the same as in our previous work 
[21]. In brief: the twice diluted sputum specimens were decontaminated in 
15 mL polypropylene tubes (Greiner, Nürtingen, Germany) with an equal 
volume of 0.5 M NaOH + 0.05 M Na-citrate and 5 mg N-acetyl-l-cysteine 
(NALC)/mL. The samples were shaken for approximately 15 min, 
neutralized with seven volumes of 0.15 M sodium phosphate monobasic pH 
4.0 and diluted with demineralized water to an end volume of 15 mL. The 
decontaminated sputum specimens were centrifuged for 45 min at 4000 rpm 
(2700 × g) using a Hettich Universal 16 centrifuge (Hettich, Tuttlingen, 
Germany). The supernatant was removed and the pellet was twice re-
suspended in 0.75 mL of demineralized water. The resulting material was 
transferred to a 10 mL disposable Corning Pyrex glass tube (Corning B.V. 
Life Sciences, Amsterdam, The Netherlands), which had been cleaned 
thoroughly and heated overnight at 300°C to remove traces of lipids. The 
tube was then capped with a Teflon faced rubber liner cap and centrifuged 
for 30 min at 4000 rpm. The supernatant was removed with a disposable 
Pasteur pipette so that the total end volume of the samples was 100-200 µL. 
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3.2.4.2 Hexane/methanol/water extraction of decontaminated sputum 
specimens 

To each 100-200 µL of decontaminated sputum, 1 mL of methanol and 1 
mL of hexane were added. The mixture was placed in a sonic water bath for 
10 min and then shaken for 1 hour in a horizontal position on a Vortex 
shaker. Subsequently, the mixture was centrifuged for 15 min at 4000 rpm. 
The hexane phase (upper layer) was harvested with a disposable glass 
Pasteur pipette and another 1 mL of hexane was added for a second 
extraction. The hexane extracts were combined and evaporated to dryness 
using a warm stream of nitrogen. The material was re-dissolved in 500 µL 
of hexane and subjected to the SPE procedure (see below). 

 

3.2.4.3 Normal phase solid-phase extraction (SPE) 

For the SPE procedure, 1 mL cartridges containing 100 mg of silica were 
used (Phenomenex, Utrecht, The Netherlands). The washing solution, the 
samples and the eluting solvents were passed through the SPE cartridge by 
gravity. Each cartridge was conditioned by washing twice with 1 mL of 
hexane. Then 0.5 mL of the hexane extract from the sputum specimens was 
applied onto the cartridge, followed by 1 mL of hexane. Next, the cartridge 
was subsequently eluted with 1 mL of 20% diethyl ether in hexane, 
followed by 1 mL of 50% diethyl ether in hexane, then 1 mL of methanol 
and finally with 1 mL of chloroform/methanol/water mixture (1:2:0.8, 
v/v/v). The run-through solution and the four fractions were collected 
separately in auto-sampler vials. All five samples were evaporated to 
dryness under a warm stream of nitrogen and dissolved in 50 µL of hexane. 
20 µL of each of the fractions were used for the THM-GC-MS analysis. 
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3.2.5 Instrumentation 

All THM-GC-MS analyses were done on a Shimadzu GC-MS QP 2010 Plus 
system (Shimadzu, Den Bosch, The Netherlands). The system was equipped 
with a “Focus” XYZ robotic auto sampler and an Optic 3 programmed 
temperature vaporizing (PTV) injector (ATAS GL, Eindhoven, The 
Netherlands). A non-polar 30 m × 0.25 mm I.D. VF-5ht (5% phenyl-
methylpolysiloxane) column with a film thickness of 0.10 µm (Agilent 
Technologies, Amstelveen, The Netherlands) was used. Fully automated 
THM-GC-MS was performed inside the liner of the Optic 3 PTV injector. 
The operating conditions were similar to those we used previously [18]. In 
brief, 20 µL of a sputum specimen or SPE fraction was injected into the 
PTV injector at 40°C. The solvent was then quickly evaporated by 
programmed heating of the injector to 120°C. Next, the TMAH reagent was 
injected and the injector was heated to 450°C to perform pyrolysis with in-
situ methylation, resulting in the formation of fatty acid methyl esters. The 
reaction products were transferred from the liner to the GC column for GC-
MS analysis in the split mode (split ratio 8:1). The carrier gas used was 
Helium. The GC-oven program was set at an initial temperature of 60ºC 
(held for 3 minutes), followed by a first temperature ramp of 20ºC/min up to 
100ºC (held for 10 minutes) and a second temperature ramp of 5ºC/min up 
to 300ºC with a final holding time of 16 minutes. The MS was operated in 
the full scan mode collecting spectra at a rate of 5 Hz over the mass window 
from 60 to 500 amu. All samples were randomly and blindly tested. 

 

3.3 Results and discussion 

Previously, we developed a classification model that uses information based 
on the presence/absence and on the relative amounts of 20 compounds to 
classify cultured samples as MTB or NTM [18]. We also used the model for 
two independent sample sets of cultured mycobacteria and for a limited 
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number of decontaminated sputum samples. The classification of cultured 
mycobacteria turned out to be reliable [19]. The identification of MTB in 
sputum samples, however, proved to be more challenging due to 
interferences from matrix compounds that affect the detection of the marker 
compounds [19,21]. To overcome this issue, we improved the sample 
treatment method by applying hexane/methanol/water extraction and 
incorporating a solid-phase extraction (SPE) step as a clean-up procedure 
prior to THM-GC-MS analysis (SPE-THM-GC-MS) [21]. 

However, when we applied the improved SPE-THM-GC-MS method to 
sputum from South-African patients suspected of having MTB infection, we 
encountered problems. We found that in some sputum samples an important 
marker compound, tuberculostearic acid (TBSA), was not detectable in the 
SPE fraction 2, the fraction where it was normally present. We assume that 
this is due to the low sputum volume available for analysis in combination 
with strain differences in the amount of TBSA. Mycocerosates, on the other 
hand, were found in fraction 2 as we had seen before (in Appendix 3.1) 
[21]. For this reason we adapted our model, in particular the specific criteria 
for the identification of the biomarkers and which marker compounds to 
include in the model. We only focused on five markers, C26 and the four 
mycocerosates (compounds 16 and 17-20, respectively, in Table 3.1) to 
classify our samples, instead of the six compounds (TBSA, C26 and four 
mycocerosates) previously reported (in Appendix 3.1) [21]. 

Since the remaining markers of interest were mainly present in the SPE 
fraction eluted with 20% diethyl ether in hexane (fraction 2), only this 
fraction was analyzed and used for the interpretation of the results. This 
saved a considerable amount of time both in the analysis as well as in the 
interpretation of the complex chromatograms. 
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Nevertheless, a very careful interpretation of the chromatograms was still 
required and our criteria to do so were modified. The samples were first 
checked for the presence of C26 (compound 16 in Table 3.1). 

 

Table 3.1 – Compounds identified as relevant for detecting MTB a using THM-GC-MS b.  

No.c Retention Time 
(min) Name of compound m/z 

16 42.62 Hexacosanoic acid, methyl ester (C26) 410 

17 43.38 Hexacosanoic acid, 2,4,6-trimethyl-, methyl 
ester (C29) 101;88 

18 43.51 Hexacosanoic acid, 2,4,6,8-tetrametyl-, methyl 
ester (C30) 101;88 

19 46.05 Octacosanoic acid, 2,4,6,8-tetramethyl-, methyl 
ester (A) d (C32) 101;88 

20 46.16 Octacosanoic acid, 2,4,6,8-tetramethyl-, methyl 
ester (B) d (C32) 101;88 

  a MTB, Mycobacterium tuberculosis. 
b THM-GC-MS, Thermally assisted hydrolysis and methylation-gas chromatography-
mass spectrometry. 
c The numbers used here are identical to those used in the original 20 biomarkers model 
[18]. 
d A and B, two isomers of C32 mycocerosates. 
 

This was done by monitoring the ion m/z 410 for which the retention time 
should match the retention time in a standard MTB culture. The peaks in the 
sputum samples were only identified as mycocerosates if all the following 
points were met: (i) the presence of the four mycocerosates as two 
characteristic pairs of closely eluting peaks in the mass chromatograms m/z 
101 and 88; (ii) their retention times rigorously matching the retention times 
in a standard MTB culture for the biomarkers 17-20, in Table 3.1, with their 
specific ion fragments m/z 101 and 88 verified by overlaying the 
chromatograms of the reference and the unknown sample to see if the 
mycocerosate peaks overlapped and (iii) the correct peak intensity ratios of 
the two ion fragments being within 30% of the ratio determined from 
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cultured MTB for the ions at m/z 101 and 88. If any of these criteria was not 
met, the peaks were not identified as mycocerosates or C26 and the sample 
was classified as free of MTB. Figure 3.1a shows the chromatogram of SPE 
fraction 2 of a representative ZN-positive and MTB culture-positive sputum 
sample; Figure 3.1b shows the corresponding chromatogram of a 
representative ZN-negative and MTB culture-negative sputum sample.  

 
Figure 3.1 – Total ion current chromatograms of the SPE fraction 2 (20% diethyl ether in 
hexane) of a representative ZN-positive and MTB culture-positive sputum sample (a) and a 
representative ZN-negative and MTB culture-negative sputum sample (b) obtained using 
THM-GC-MS. The inserts show the extracted ions (m/z 101 and 88) chromatograms for 
mycocerosates. 
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In this study we have validated our modified method with just five markers 
using samples from 112 patients from South Africa suspected of having 
MTB infection. All samples were randomly and blindly tested. After the 
THM-GC-MS analysis and interpretation, the code was broken and the 
results of ZN and culture were then compared with the THM-GC-MS data 
(Table 3.2). The results show that our method is able to detect MTB in ZN-
positive and MTB culture-positive sputum samples.  

Twenty of twenty-five culture-positive samples were correctly identified by 
SPE-THM-GC-MS (Categories 1-5, Table 3.2). Two of five ZN-negative 
and MTB culture-positive samples (Category 5, Table 3.2) could be 
identified by SPE-THM-GC-MS, indicating that the test can potentially 
detect low numbers of mycobacteria. The low sample volume available 
(with a median of only 0.6 mL of undiluted sputum) for the SPE-THM-GC-
MS method could explain the somewhat lower sensitivity, here (80%), than 
in our pilot study with 32 samples (in Appendix 3.1) [21]. A low sputum 
volume will yield low levels of mycocerosates in the final extract. 
Moreover, the amount of mycocerosates can vary with the strain and certain 
strains have very low levels of these characteristic markers [19]. The 
specificity of our test was high (98%): eighty-five of eighty-seven ZN-
negative and MTB culture-negative patients were correctly classified by 
SPE-THM-GC-MS (Categories 6 and 10, Table 3.2). One MTB culture-
positive sample (Category 7, Table 3.2) with a ZN 3+ classification was 
negative in THM-GC-MS. This is an exception since it was the only one of 
nine MTB culture-positive samples with ZN 3+ to be negative with our 
method (Category 1, Table 3.2). It could be that this was a mislabeling or a 
sample error.  

Using a similar hexane/methanol/water extraction procedure without further 
SPE clean-up, O’Sullivan and co-workers reported a sensitivity of 65% and 
a specificity of 76% [20]. The results with our approach are considerably 
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better with a sensitivity of 80% and a specificity of 98%, probably due to 
the SPE sample treatment that results in cleaner samples. 

 

 

Table 3.2 – SPE-THM-GC-MS results of 112 sputum samples from South-African patients 
suspected of MTBa infection. 

Category 
Number of 

sputum samples 
ZN b Culture c SPE-THM-GC-MS d 

1 8 3+ MTB MTB 

2 6 2+ MTB MTB 

3 3 1+ MTB MTB 

4 1 scanty MTB MTB 

5 2 Neg MTB MTB 

6 85 Neg Neg Neg 

7 1 3+ MTB Neg e 

8 1 1+ MTB Neg 

9 3 Neg MTB Neg 

10 2 Neg Neg MTB 
a  MTB, Mycobacterium tuberculosis. 
b Microscopy results after Ziehl-Neelsen staining done in South Africa. 
c Culture results for MTB using the MGIT culture system and Bioline test done in South 
Africa. 
d Results of SPE-THM-GC-MS done in Amsterdam. 
e This sample was clearly negative in THM-GC-MS. 
 

The method has the potential to be developed further with its ultimate use 
on a micro-GC and portable detector in the field. 
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3.4 Conclusions 

We have successfully improved a procedure for the detection of MTB in 
sputum from TB patients. The enhanced model based on information 
regarding the presence or absence of five markers resulted in an easier 
interpretation of the chromatograms as well as in a better classification of 
the samples. The adapted SPE-THM-GC-MS procedure validated here with 
sputum specimens from 112 adult patients has a sensitivity of 80% and a 
specificity of 98%. 

The method has great potential for use in developing countries to improve 
diagnosis and thereby to help decrease the global epidemic of TB. Our 
ultimate aim is to develop a portable GC and replace the MS by a simpler 
detector as e.g. flame ionization detector (FID). We think this is possible 
based on new developments described in chapters 4 and 5. 
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Appendix 

Appendix 3.1 

In 2013, we used a thermally assisted hydrolysis and methylation method 
followed by gas chromatography-mass spectrometry (THM-GC-MS) in 
combination with chemometrics to develop a 20-compound model for fast 
differentiation of Mycobacterium tuberculosis (MTB) from Non-
tuberculous mycobacteria (NTM) in bacterial cultures [18,19]. This model 
provided better than 95% accuracy. A few years later in 2015, we developed 
a hexane/methanol/water extraction followed by a solid-phase extraction 
(SPE) clean-up procedure for use before THM-GC-MS, to make the test 
suitable for the identification and detection of mycobacteria directly in 
sputum [21]. The 20-biomarker model had to be adapted since many 
compounds were also found in the sputum of non-tuberculosis patients. An 
algorithm was established based on six biomarkers, namely tuberculostearic 
acid, hexacosanoic acid and four mycoserosates, shown in Figure 3.2. 
These compounds were usually present in fraction 2 (diluted with 20% of 
diethyl ether) of the SPE procedure. 
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Figure 3.2 – Decision tree to enable differentiation between sputum containing no 
mycobacteria, MTB or NTM using SPE-THM-GC-MS [21]. 

 

The development of a decision tree based on these biomarkers provides a 
simple approach for the classification of sputum specimens into three 
different groups: no mycobacterial infection, infection with MTB and 
infection with NTM. The detection limit of the method was approximately 
1×104 bacteria/mL sputum. Sputum specimens from 32 patients from South 
Africa suspected of having tuberculosis were blindly tested using the new 
method. Eight of the nine culture-positive sputum specimens were detected 
by the new SPE-THM-GC-MS method, resulting in a sensitivity of 89%. 
The specimen that was missed by the new method was also microscopy 
negative. The specificity of the test was 100%. All 23 microscopy- and 
culture-negative specimens were correctly identified as negative by SPE-
THM-GC-MS. 

 




