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Chapter 4 

Hyphenated and comprehensive liquid 
chromatography × gas chromatography-mass 

spectrometry for the identification of Mycobacterium 
tuberculosis 

 

Summary 

Tuberculosis is one of the world's most emerging public health problems, 
particularly in developing countries. Chromatography based methods have 
been used to tackle this epidemic by focusing on biomarker detection. 
Unfortunately, interferences from lipids in the sputum matrix, particularly 
cholesterol, adversely affect the identification and detection of the marker 
compounds. The present contribution describes the serial combination of 
normal phase liquid chromatography (NPLC) with thermally assisted 
hydrolysis and methylation followed by gas chromatography-mass 
spectrometry (THM-GC-MS) to overcome the difficulties of biomarker 
evaluation. The in-series combination consists of an LC analysis where 
fractions are collected and then transferred to the THM-GC-MS system. 
This was either done with comprehensive coupling, transferring all the 
fractions, or with hyphenated interfacing, i.e. off-line multi heart-cutting, 
transferring only selected fractions. Owing to the high sensitivity and 
selectivity of LC as a sample pre-treatment method, and to the high 
specificity of the MS as a detector, this analytical approach, NPLC×THM-
GC-MS, is extremely sensitive. The results obtained indicate that this 
analytical set-up is able to detect down to 1×103 mycobacteria/mL of 
Mycobacterium tuberculosis strain 124 spiked in blank sputum samples. It 
is a powerful analytical tool and also has great potential for full automation.  



Chapter 4 
	

	
90 

If further studies demonstrate its usefulness when applied blindly in sputum 
samples from patients suspected of having TB, this technique could 
compete with the current smear microscopy in the early diagnosis of 
tuberculosis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter was originally published as:  

M. P. B. Mourão, I. Denekamp, S. Kuijper, A. H. J. Kolk, H.-G. Janssen, Hyphenated and 
comprehensive liquid chromatography × gas chromatography-mass spectrometry for the 
identification of Mycobacterium tuberculosis, J. Chromatogr. A 1439, (2016) 152-160.  
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4.1 Introduction 

Tuberculosis (TB) remains one of the world's most pressing public health 
problems. The World Health Organization (WHO) estimates a global 
prevalence with 9 million new cases and 1.5 million deaths each year. The 
majority of TB cases occur in low-income countries that have poor 
resources in the public health care sector, such as those in Africa and South 
Asia [1]. Although the disease is curable, late diagnosis has serious 
consequences for the patient and contributes to the increase of the epidemic. 
Current methods for identifying the mycobacteria responsible for TB, 
Mycobacterium tuberculosis (MTB), either lack sensitivity, are time- 
consuming and laborious, or are too expensive in terms of running costs for 
developing countries [2–4]. Chromatographic methods could resolve these 
issues at least partially. 

Several chromatography-based methods for TB diagnosis have been 
published in literature since the early 1980s. Liquid chromatography (LC) 
methods have been used to identify mycobacteria based on specific mycolic 
acids or mycolic acid patterns [5–9], or on a proteomics approach [10]. Gas 
chromatography (GC) methods, on the other hand, thermally cleave the 
mycolic acids and other cell wall lipids in order to identify the mycobacteria 
based on their fatty acid profiles [11–15]. 

In 2009 we developed a fully automated thermally assisted hydrolysis and 
methylation (THM)-gas chromatography-mass spectrometry method for the 
identification of TB directly in culture and sputum samples [16]. Building 
on this we developed a classification model that uses information from 20 
biomarkers, especially mycocerosates, to detect and differentiate cultured 
MTB [17,18]. Unfortunately, irrespective of whether using LC or GC, the 
evaluation of potential biomarkers is extremely challenging due to the 
complexity of the samples and the presence of interfering matrix 
compounds that adversely affect the detection limits. In our studies we also 
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noted that matrix compounds eluting close to the markers of interest easily 
result in false positive or false negative classifications and, therefore, reduce 
the specificity and sensitivity of the method. O'Sullivan and co-workers also 
used THM-GC-MS to detect MTB in solvent extracts from spiked and real 
TB positive sputum specimens, focusing on the mycocerosates cleaved from 
the phtiocerol dimycocerosates (PDIMs) found in the cell membrane of 
MTB and noticed the same problem [19,20]. 

Recently, in order to overcome the issue of matrix compounds interfering in 
the detection of the marker species, we have successfully developed and 
validated a new solid-phase extraction (SPE) clean-up method prior to 
THM-GC-MS (SPE-THM-GC-MS) [21,22]. The development of the 
method and its validation were already discussed in chapter 3. Nicoara and 
co-workers used a similar approach, SPE and molecular imprinting as 
sample clean-up [23]. Although the methods hold potential for the detection 
of MTB directly in sputum, the presence of high levels of interfering matrix 
compounds eluting close to the mycocerosate markers is still noted and 
complicates the interpretation of the results, especially when low numbers 
of MTB mycobacteria are present in the sputum. To further improve the 
reliability of the method, a more rigorous removal of interfering species 
would be desirable. 

The present chapter describes the in-series combination of LC and GC-MS 
to overcome the difficulties of MTB biomarker detection. The in-series 
combination consists of an LC analysis with transfer of either all fractions 
(comprehensive coupling) or of specific fractions only (hyphenated 
coupling, i.e. off-line multi heart-cutting) from the LC to the GC-MS 
system. In this way the strengths of the LC and the GC-MS methods are 
combined, resulting in an improved chromatographic sensitivity and 
specificity and eventually, lower detection limits, hence potentially an early 
disease diagnosis. The application of comprehensive LC×THM-GC-MS as a 
new sample treatment method for overcoming the co-elution of sputum 
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lipids with the mycocerosates is evaluated through the analysis of cultured 
lipid extracts from MTB and MTB spiked sputum samples. 

  

4.2 Materials and methods 

4.2.1 Culture of mycobacteria 

The MTB strain 124 was obtained from the Royal Tropical Institute 
(Amsterdam, The Netherlands). The strain was cultured in Middlebrook 
7H9 enriched with OADC (oleic acid albumin dextrose and catalase) (BD 
Diagnostics, Detroit, MI, USA) as previously described [17]. Single MTB 
suspensions were made as previously described [16,24]. The spiking 
experiments were performed by adding 10 µL of the MTB suspensions to 1 
mL of sputum either after or before the decontamination step (see section 
4.2.4). 

 

4.2.2 Sputum specimens 

For the spiking experiments, blank sputum samples were obtained from 
patients with lung infections other than TB attending the Academic Medical 
Centre (University of Amsterdam, The Netherlands). 

 

4.2.3 Standards and reagents 

Organic solvents (hexane, methanol, diethyl ether, isopropanol and 
chloroform) were purchased from Biosolve (Valkenswaard, The 
Netherlands). 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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4.2.4 Sample preparation for sputum specimens 

Sputum specimens of 1 mL spiked or non-spiked with MTB 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 as previously described in literature 
[21] and also in chapter 3, section 3.2.4.1. In short: 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 Coming Pyrex 
glass tube (Corning B.V. Life Sciences, Amsterdam, The Netherlands), 
which had been cleaned thoroughly, using detergent brushing and deionized 
water, 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 200 µL. 

 

4.2.4.1 Hexane/methanol/water extraction of decontaminated sputum 
specimens 

The extraction procedure used for sputum extraction was similar as 
previously described in chapter 3, section 3.2.4.2. In brief: to each 200 µL 
of decontaminated spiked or non-spiked sputum, 1 mL of methanol and 1 
mL of hexane were added. The mixture was then placed in a sonic water 
bath for 10 min and then shaken for 1 hour in a horizontal position on a 
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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 [21]. The material was re-dissolved in 30 
µL of hexane and 10 µL was injected into the LC instrument. 

 

4.2.5 Instrumentation 

In the experimental study, two chromatographic set-ups were used: an 
HPLC instrument and a GC-MS. HPLC analyses were performed on a 
Waters Alliance instrument (Waters, Etten-Leur, The Netherlands) 
connected to a Waters 996 diode array detector (DAD). A 150 mm × 4.6 
mm silica normal-phase column (Spherisorb, Waters) packed with 5 µm 
particles was used at 35°C. Also, a 10 cm × 4.6 mm C18 silica reversed-
phase column (Supelco, Sigma-Aldrich, Munich, Germany) packed with 5 
µm particles was used. The optimization of the normal phase separation 
conditions is discussed in section 4.3. The reversed-phase separation 
conditions were identical to those described in the United States CDC 
method [7]. 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 4 
Programmed Temperature Vaporizing (PTV) injector (GL Sciences, 
Eindhoven, The Netherlands). A 50 m × 0.25 mm I.D. CP- Sil 19 CB (14% 
cyanopropyl-phenyl) column with a film thickness of 0.20 µm (Agilent 
Technologies, Amstelveen, The Netherlands) was used. 
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4.2.6 Comprehensive NPLC×THM-GC-MS experiments 

An MTB strain 124 water/methanol/hexane extract, equivalent to 
approximately 1×1010 mycobacteria/mL, was used as a standard to establish 
the NPLC×THM-GC-MS method. The sample was prepared using the same 
procedure described for decontaminated sputum specimens (see section 
4.2.4). 10 µL of MTB 124 extract or spiked sputum extract was injected into 
the HPLC system. The LC was operated at a flow rate of 1 mL/min running 
a program of 100% A (99% hexane: 1% diethyl ether) during 10 min, a 
linear gradient from 0 to 100% B (isopropanol) in 15 min and finally 100% 
B for 10 min under the control of Empower software.  

To allow comprehensive NPLC×THM-GC-MS analysis, adjacent fractions 
of either 300 µL (collection window of 0.27 min) or 1 mL (collection 
window of 1 min) were manually collected, after a delay of 0.17 min, in 
auto-sampler vials. These fractions were evaporated to dryness under a 
stream of nitrogen and re-dissolved in 50 µL of hexane. Then, the samples 
were transferred to the GC-MS system in order to perform fully automated 
THM-GC-MS analysis. 

The operating conditions for the THM-GC-MS experiments were identical 
to those we used previously [16,17], also described in chapter 3, section 
3.2.5. In brief, 20 µL of the sample 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 1:8). 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 
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final holding time of 16 minutes. The MS used electron impact ionization at 
70 eV and was operated in the full scan mode collecting spectra over the 
mass window from 60 to 500 amu at a rate of 5 Hz. GC-MS data were 
recorded using Shimadzu GCMS Solution software. “Dot plots” 
NPLC×THM-GC-MS chromatograms were prepared in Excel (Microsoft 
Office 2010). A summary of the sample preparation procedure with 
subsequent NPLC×THM-GC-MS analysis is presented in Figure 4.1. 

 

 
Figure 4.1 – Analytical protocol for the NPLC×THM-GC-MS analysis of M. tuberculosis 
strain 124 and spiked or non-spiked sputum samples. 
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4.3 Results and discussion 

As discussed in chapter 3, we found that in sputum samples interferences 
from matrix compounds, such as lipids, proteins and other host-related 
compounds, adversely affect the detection limit of the direct THM-GC-MS 
method [21]. To overcome this issue, we have developed and validated a 
sample clean-up procedure based on solid-phase extraction (SPE) clean-up 
prior to THM-GC-MS analysis [21,22]. Our improved method from chapter 
3 focused on five marker compounds only (compounds 16 to 20 in Table 
4.1) and proved to be reliable when applied to clinical samples from South-
African patients suspected of having TB. It showed a good performance 
with a detection limit of 1×104 mycobacteria/mL, a sensitivity of 80% and a 
specificity of 98% [22]. 
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Table 4.1 – Compounds identified as relevant for detecting MTBa using THM-GC-MSb 
[17]. 

No. 
Retention 

Time (min) 
Name of compound m/z d 

1 15.18 Tetradecanoic acid, methyl ester (C14) 74 
2 31.23 9-Hexadecenoic acid, methyl ester 83 
3 31.40 Hexadecanoic acid, methyl ester (C16) 87 
4 27.48 1-Nonadecene 97 
5 33.40 Heptadecanoic acid, methyl ester (C17) 74 
6 34.94 9-Octadecenoic acid (Z)-, methyl ester 69 
7 35.30 Octadecenoic acid, methyl ester (C18) 298 
8 36.01 Octadecanoic acid, 10-methyl-, methyl ester (TBSA) 312 

9 40.48 
α.-D-glucopyranoside, 2,3,4,6-tetra-O-methyl- 

α.-D-glucopyranosyl 2,3,4,6-tetra-O-methyl- 
71 

10 42.15 Docosanoic acid, methyl ester (C22) 354 
11 45.21 Tetracosanoic acid, methyl ester (C24) 382 
12 45.87 Unknown fatty acid 88 
13 46.03 Tetracosanoic acid, 2,4,6-trimethyl-, methyl ester (C27) 101 
14 46.20 Tetracosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (C28) 101 
15 46.90 Pentacosanoic acid, methyl ester (C25) 87 
16 48.04 Hexacosanoic acid, methyl ester (C26) 410 
17 48.79 Hexacosanoic acid, 2,4,6-trimethyl-, methyl ester (C29) 101 
18 48.95 Hexacosanoic acid, 2,4,6,8-tetrametyl-, methyl ester (C30) 101 
19 51.45 Octacosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (A)c (C32) 101 
20 51.61 Octacosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (B)c (C32) 101 

 

a MTB, Mycobacterium tuberculosis. 
b THM-GC-MS, Thermally assisted hydrolysis and methylation-gas chromatography-mass 
spectrometry. 
c A and B C32 mycocerosates, two isomers of C32 mycocerosates. 
d The m/z values represent the characteristic ions used for quantification. 
 

However, we still noticed the presence of sputum lipids, mainly cholesterol, 
co-eluting or eluting very close to the characteristic MTB marker 
compounds, the mycocerosates. Moreover, certain strains of mycobacteria 
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have very low levels of those markers. Especially for such samples the 
ability to detect the mycocerosate markers is a critical point in our GC-MS-
based diagnostic method [21]. 

For reliable use of the new strategy a more sensitive method with an even 
further improved removal of interfering lipids would be highly desirable. 
Three options to do so were considered: (i) use selected ion monitoring 
(SIM) MS instead of full scan recording, (ii) apply a rigorously optimized 
(alternative) SPE procedure or (iii) use liquid chromatography as a sample 
preparation method. Since unambiguous identification of the mycocerosate 
markers was needed, the option of conversion to a SIM MS method was 
rejected and we opted for the use of LC clean-up. This route provides the 
highest possible selectivity in the clean-up.  

If even LC isolation would still not be able to provide the required 
efficiency and clean-up, using SPE procedures would certainly be more 
difficult. However, simpler routes for sample clean-up and detection of 
MTB are further considered in chapter 5. The aim of that chapter is to 
discuss and debate alternative options that are simpler, cheaper and can be 
used in developing countries. 

In this chapter, LC was investigated as a highly efficient alternative sample 
preparation technique for removal of the interfering lipids. The ultimate 
goal was a fully automated in-series combination of LC isolation of the lipid 
markers from the extract followed by fully automated THM-GC-MS to 
characterize the mycobacteria based on their mycocerosate patterns. For 
optimization of the LC procedure it is important to realize that 
mycocerosates do not occur in the lipid extract as free acids, but mainly as 
esters bound to different long chain beta diols [25–27]. This means that 
mycocerosates can elute at multiple positions in the LC run depending on 
the polarity of the larger lipid structure in which they are present. To detect 
where mycocerosate containing lipids elute, a comprehensive transfer of all 
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fractions from the LC to the GC system was initially performed. Once it is 
known in which fractions the relevant biomarkers elute, the method could 
be restricted to the transfer of only those fractions.  

In the first experiments the entire LC run (total of 35 fractions) was sampled 
as adjacent 0.27 min wide LC-fractions (after a delay of 0.17min), which 
were then transferred to the GC to be analyzed by TM-GC-MS. By doing 
so, the behavior of the individual lipids can be studied in more detail and 
detailed information can be obtained regarding their polarity and LC elution 
properties. In these experiments we initially used a reversed-phase C18 LC 
(RPLC) column with a binary gradient of methanol and dichloromethane 
and injected 10 µL of the MTB strain 124 hexane extract, equivalent to 
approximately 1×108 bacteria. The conditions selected were similar to those 
applied in the US CDC LC method for detection of mycolic acids in 
mycobacteria [28]. In these experiments interesting, yet unsatisfactory 
results were obtained. Most compounds from our 20 compound model were 
present in many fractions more toward the end of the LC run, showing little 
or no separation between the polar and the non-polar lipid species present. 
The results of these experiments are presented in Figure 4.2, a so-called 
“dot plot”. In this figure, the x-axis represents the number of the fraction 
collected from the LC run and the y-axis represents the compounds 
identified in our original 20 biomarkers model [17], listed in Table 4.1. The 
bubble size reflects the absolute peak area of the extracted fragment ions 
(m/z values in Table 4.1) obtained for each individual compound in the 
THM-GC-MS analysis. This graph allows rapid visualization of the 
presence or absence of the compounds and to understand their distribution 
in a LC run. It is also suitable for comparing absolute peak areas within the 
markers present in one sample.  
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Figure 4.2 – Comprehensive RPLC×THM-GC-MS analysis of the hexane extract of M. 
tuberculosis strain 124 (equivalent to approximately 1×108 bacteria) obtained with RPLC 
with a binary gradient of methanol and dichloromethane. The numbers for compound 
identification are listed in Table 4.1. The dot areas represent the peak areas of the extracted 
fragment ions in Table 4.1. 

 

The most important markers are the mycocerosates (compounds 17-20) and 
hexacosanoic acid (compound 16). All these markers are seen in multiple 
fractions more toward the end of the LC run. From the late elution of the 
markers in the RPLC run it was apparent that the majority of the precursor 
lipids are rather non-polar compounds. To improve the selectivity of the 
method normal-phase LC (NPLC) was applied as an alternative to RPLC. In 
this series of experiments 10 µL of hexane extract of MTB strain 124, 
equivalent to approximately 1×108 bacteria, was injected into the NPLC and 
the fractions were collected as described above for subsequent THM-GC-
MS analysis. The NPLC separation was performed on a normal-phase silica 
LC column using a linear mobile phase gradient from hexane to isopropanol 
(IPA). The results obtained are shown in Figure 4.3. In comparison with 
Figure 4.2, this figure shows a much better distribution of the compounds 
over the comprehensive LC×GC elution plane with a good separation 
between the different polarities of the lipids, where the non-polar 
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compounds are present in the earlier fractions and the more polar 
compounds elute in the later fractions. The important marker compounds 
C26 and the four mycocerosates (compounds 16 to 20 in Table 4.1) suffer 
less from lipid interferences between fractions 7 and 12, since the majority 
of lipids is present in the later fractions (i.e. between numbers 20 and 30). 

 
Figure 4.3 – Comprehensive NPLC×THM-GC-MS analysis of the hexane extract of M. 
tuberculosis strain 124 (equivalent to approximately 1×108 bacteria) obtained with NPLC 
(fraction volume of 300 µL) with a binary gradient of hexane and isopropanol. The 
numbers for compound identification are listed in Table 4.1. The dot areas represent the 
peak areas of the extracted fragment ions in Table 4.1. 

 

To improve the separation in the earlier fractions the mobile phase was 
changed to the isocratic mode using hexane/IPA mixtures as the eluent. 
Different percentages of IPA were tested, ranging from 1 to 10%, but no 
satisfactory results were obtained because the compounds were now 
distributed over a wider range of fractions (supplementary information 
section 4.5 Figure 4.8). Most likely the IPA was too strong and a weaker, 
non-alcoholic modifier was tested: diethyl ether (DEE). Hexane and DEE in 
the ratio 99:1 (isocratic) was used as the mobile phase A in the NPLC 
analysis shown in Figure 4.4. Here a markedly improved separation within 
the 20 MTB marker compounds is visible. We noted that our five most 
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important markers (hexacosanoic acid and the mycocerosates - compounds 
16 to 20 in Table 4.1) are eluting in two different areas, in the earlier 
fractions between 2 and 4 and in the later fractions 16 and 17, whereas the 
rest of the lipids were distributed over several fractions. And although the 
fractions containing the marker compounds are not free of other lipids, the 
ratio of mycocerosates to other lipids is significantly enhanced. Reliable 
quantification of these compounds is therefore easier. 

 

 
Figure 4.4 – Comprehensive NPLC×THM-GC-MS analysis of the hexane extract of M. 
tuberculosis strain 124 (equivalent to approximately 1×108 bacteria) obtained with NPLC 
(fraction volume of 300 µL) with a mobile phase of hexane and diethyl ether in the 
isocratic mode (99:1 v/v, respectively). The numbers for compound identification are listed 
in Table 4.1. The dot areas represent the peak areas of the extracted fragment ions in Table 
4.1. 
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Figure 4.4 shows the mycocerosates eluting in two distinctly separated LC 
regions. This indicates that there are different lipid species in the lipid 
extract all containing the same mycocerosate marker fatty acids. Apparently 
the mycocerosates occur both in rather non-polar lipids, eluting in the 
fractions 2-4, as well as in more polar lipid species, eluting in the fractions 
16 and 17.  

The results presented in Figure 4.4 show the great potential of using LC as 
a sample preparation technique combined in a comprehensive way with 
THM-GC-MS for the analysis of MTB.  

In the next set of experiments we spiked sputum specimens from different 
patients with lung infections other than TB (blank sputum) with MTB strain 
124. The spiking was done with an absolute amount of 1×107 mycobacteria 
after sputum decontamination. The samples were analyzed using the 
NPLC×THM-GC-MS method described above. The NPLC run was 
sampled as 35 adjacent 1min wide LC-fractions. Rather wide fractions were 
collected to ensure the mycocerosates eluted in only one or two fractions. 
The resulting dot plot is presented in Figure 4.5. A dot plot of non-spiked 
blank sputum sample is present in supplementary information section 4.5 
Figure 4.9. The spiking results show a very good lipid distribution across 
the fractions and confirm, once again, that the five important markers are 
mainly present in two polarity regions. From the results obtained for 
cultured mycobacteria and spiked sputum samples it is evident that after 
using normal phase LC as a sample preparation technique the 
chromatograms are cleaner and contain less sputum lipid interferences. 
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Figure 4.5 – Blank sputum spiked with M. tuberculosis strain 124 (1×107 
mycobacteria/mL), decontaminated, hexane extracted and analyzed with the developed 
NPLC×THM-GC-MS method (fraction volume of 1 mL), representing cholesterol as 
compound number 21 (grey dot). Other details as in Figure 4.4. 

Additionally, we were able to separate our main sputum interfering 
compound, cholesterol, from the mycocerosates. Free cholesterol, which is 
formed upon pyrolysis from the cholesterol ester precursors, is mainly 
present in fraction 15-16. In this fraction it co-elutes with the four 
mycocerosates, but due to the selectivity of mass spectrometry and the 
slightly different GC elution times reliable quantification of the 
mycocerosates could be possible for all samples except those that were 
either very high in cholesterol and/or very low in mycocerosates. The 
situation for fraction 3 was actually even better. Here the mycocerosates are 
largely present without any interfering compounds. The fact that the marker 
compounds are only present in two fractions suggests the possibility of 
using only two fractions for the THM-GC-MS analysis of sputum samples 
and, therefore, reduce the number of fractions to be tested significantly. 
Fully comprehensive analysis of all LC-fractions provides a complete 
overview of the compounds present, but for targeted analysis of the 
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mycocerosates and C26 only hyphenated coupling, i.e. off-line multi heart-
cutting, with transfer of only two fractions will suffice.  

Taking all results together clearly indicates that our LC sample preparation 
technique followed by fraction collection prior to THM-GC-MS analysis 
allows us to isolate our five important markers with no interference from 
sputum lipids, particularly from cholesterol. 

A fourth and final series of comprehensive NPLC×THM-GC-MS 
experiments was meant to determine the limit of detection (LOD) of the 
method. The number of collected fractions was reduced from 35 to 20, since 
we noticed that all relevant markers had eluted before fraction 20 (Figure 
4.5). Blank sputum specimens from different patients with lung infections 
were spiked with MTB strain 124 at levels ranging between 1×104 and 
1×106 mycobacteria/mL. The lowest level (1×104 mycobacteria/mL) was 
selected because it represents the detection limit of the currently very 
widely used microscopy method. All the following experiments were done 
with spiking being performed before sputum decontamination since this 
method better reflects the situation in case of testing sputum samples from 
patients suspected of TB. The results of these experiments are summarized 
in Figure 4.6, which shows the characteristic extracted ion m/z 101 
chromatograms for mycocerosates in LC-fraction 3 (compounds 17-20 in 
Table 4.1), and indicate the excellent sensitivity of the method. A similar 
sensitivity was also found in fraction 15, but in the current series of 
experiments GC retention times and peak shapes were less stable in that 
fraction. 
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Figure 4.6 – Chromatographic traces of fragment ion m/z 101 for LC-fraction 3, extracted 
from the full scan TIC, obtained using NPLC×THM-GC-MS of sputum spiked before 
decontamination with different concentration levels of M. tuberculosis strain 124. The 
insert shows the extracted ion (m/z 101) chromatograms of LC-fraction 15. The four peaks 
represent the four marker mycocerosates (compounds 17-20 from Table 4.1). 

 

We then continued our investigation by studying even lower levels of MTB. 
Sputum samples spiked with 1×103 and 1×102 mycobacteria/mL were 
analyzed. Figure 4.7 shows that with the NPLC×THM-GC-MS method we 
are able to detect and identify the four mycocerosates at a very low level of 
MTB, 1×103 mycobacteria/mL, even in the total ion current (TIC) mode. 
However, at this point, a warning is necessary: due to possible carryover 
effects it is highly advisable to inject several blanks between samples. 
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Figure 4.7 – Total ion current chromatograms (zoomed in on the mycocerosates time 
window) of LC-fraction 3 obtained using NPLC×THM-GC-MS of sputum spiked before 
decontamination at very low levels of M. tuberculosis strain 124. The inserts show the 
extracted ion (m/z 101) chromatograms for mycocerosates. The four peaks represent the 
four marker mycocerosates (compounds 17-20 from Table 4.1). 

 

Overall, the experiments with the described NPLC×THM-GC-MS set-up 
are very promising. All samples were analyzed in triplicate and the matrix 
effect was studied by comparing culture MTB strain 124 with blank sputum 
and spiked sputum specimens with different concentration levels of MTB 
strain 124. The linearity of the method was tested with increasing spiking 
concentrations of MTB strain 124. Although further validation of the 
method is required, the detection limit of the method is better than 
microscopy and the sensitivity of the test is close to that of culture (10-100 
mycobacteria/mL). The method so far is slightly more laborious and 
expensive, but the prospects for full automation and cost reduction are good. 
Alternatively, the findings from the LC separation summarized here can be 
used to develop improved SPE procedures. Finally, due to the simpler 
chromatograms obtained, data interpretation is faster. In comparison with 
SPE, the comprehensive LC×GC-MS set-up provides a better 
chromatographic resolution and, consequently, becomes more selective and 
sensitive. 
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4.4 Conclusions 

In the present chapter we have successfully developed a highly efficient 
NPLC sample preparation method that can be coupled to GC-MS either by 
comprehensive or hyphenated coupling. The comprehensive coupling 
provides information on the different precursors present in this type of 
complex biological samples, while the hyphenated coupling allows rapid 
and reliable quantification of the main target compounds. Furthermore, the 
set-up has great potential for automation, which makes the system a good 
alternative for the detection of MTB directly in sputum. Since the detection 
limit of the NPLC×THM-GC-MS method is lower than microscopy (1×103 
mycobacteria/mL), in future evaluation studies it is possible to detect MTB 
in microscopy-negative and MTB culture-positive samples. The described 
method offers the potential to detect more TB patients at an earlier stage of 
their disease. This will improve the diagnosis of TB and help in the control 
of the disease. 

 

4.5 Supplementary information 

 

Figure 4.8 – Comprehensive NPLC×THM-GC-MS analysis of the hexane extract of M. 
tuberculosis strain 124 (equivalent to approximately 1×108 bacteria) obtained with NPLC 
(fraction volume of 300 µL) with a binary gradient of hexane/isopropanol mixtures 
(isopropanol ranging from 1 to 10%). Other details as in Figure 4.3. 
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Figure 4.9 – Non-spiked blank sputum, decontaminated, hexane extracted and analyzed 
with the developed NPLC×THM-GC-MS method. Cholesterol is represented as compound 
number 21. Other details as in Figure 4.4. 

 

References 

[1] WHO, Global Tuberculosis Report 2014, WHO Rep. 2014 (2014) 171. 
doi:10.1155/2014/187842. 

[2] K.R. Steingart, V. Ng, M. Henry, P.C. Hopewell, A. Ramsay, J. Cunningham, R. 
Urbanczik, M.D. Perkins, M.A. Aziz, M. Pai, Sputum processing methods to 
improve the sensitivity of smear microscopy for tuberculosis: a systematic review, 
Lancet Infect. Dis. 6 (2006) 664–674. doi:10.1016/S1473-3099(06)70602-8. 

[3] R. McNerney, P. Daley, Towards a point-of-care test for active tuberculosis: 
obstacles and opportunities, Nat. Rev. Microbiol. 9 (2011) 204–213. 
doi:10.1038/nrmicro2521. 

[4] J.L. Davis, L. Huang, W. Worodria, H. Masur, A. Cattamanchi, C. Huber, C. 
Miller, P.S. Conville, P. Murray, J.A. Kovacs, Nucleic acid amplification tests for 
diagnosis of smear-negative TB in a high HIV-prevalence setting: A prospective 
cohort study, PLoS One. 6 (2011) e16321. doi:10.1371/journal.pone.0016321. 

[5] W.R. Butler, K.C. Jost, J.O. Kilburn, Identification of mycobacteria by high-
performance liquid chromatography, J. Clin. Microbiol. 29 (1991) 2468–2472. 

[6] S.E. Glickman, J.O. Kilburn, W.R. Butler, L.S. Ramos, Rapid identification of 
mycolic acid patterns of mycobacteria by high-performance liquid chromatography 
using pattern recognition software and a Mycobacterium library, J Clin Microbiol. 
32 (1994) 740–5. 

[7] C. for D.C. and Prevention, Standardized method for HPLC identification of 
mycobacteria. Atlanta: US Department of Health and Human Services, Public 



Chapter 4 
	

	
112 

Heal. Serv. (1996). 

[8] W.R. Butler, L.S. Guthertz, Mycolic Acid Analysis by High-Performance Liquid 
Chromatography for Identification of Mycobacterium Species, Clin. Microbiol. 
Rev. 14 (2001) 704–726. doi:10.1128/CMR.14.4.704. 

[9] G. Shui, A.K. Bendt, I.A. Jappar, H.M. Lim, M. Laneelle, M. Hervé, L.E. Via, 
G.H. Chua, M.W. Bratschi, S.Z.Z. Rahim, A.L.T. Michelle, S.H. Hwang, J.S. Lee, 
S.Y. Eum, H.K. Kwak, M. Daffé, V. Dartois, G. Michel, C.E. Barry, M.R. Wenk, 
Mycolic acids as diagnostic markers for tuberculosis case detection in humans and 
drug efficacy in mice, EMBO Mol. Med. 4 (2012) 27–37. 
doi:10.1002/emmm.201100185. 

[10] J. Zhang, X. Wu, L. Shi, Y. Liang, Z. Xie, Y. Yang, Z. Li, C. Liu, F. Yang, 
Diagnostic serum proteomic analysis in patients with active tuberculosis, Clin. 
Chim. Acta. 413 (2012) 883–887. doi:10.1016/j.cca.2012.01.036. 

[11] G.O. Guerrant, M.A. Lambert, C.W. Moss, Gas-chromatographic analysis of 
mycolic acid cleavage products in mycobacteria, J. Clin. Microbiol. 13 (1981) 899–
907. 

[12] K. Kaneda, S. Naito, S. Imaizumi, I. Yano, S. Mizuno, I. Tomiyasu, T. Baba, E. 
Kusunose, M. Kusunose, Determination of molecular species composition of C80 
or longer-chain -mycolic acids in Mycobacterium spp. by gas chromatography-
mass spectrometry and mass chromatography, J. Clin. Microbiol. 24 (1986) 1060–
1070. 

[13] S. Chou, P. Chedore, S. Kasatiya, Use of gas chromatographic fatty acid and 
mycolic acid cleavage product determination to differentiate among 
Mycobacterium genavense, Mycobacterium fortuitum, Mycobacterium simiae, and 
Mycobacterium tuberculosis, J. Clin. Microbiol. 36 (1998) 577–579. 

[14] A. Mosca, F. Russo, L. Miragliotta, M.A. Iodice, G. Miragliotta, Utility of gas 
chromatography for rapid identification of mycobacterial species frequently 
encountered in clinical laboratory, J. Microbiol. Methods. 68 (2007) 392–395. 
doi:10.1016/j.mimet.2006.09.017. 

[15] G. Cai, G.F. Pauli, Y. Wang, B.U. Jaki, S.G. Franzblau, Rapid determination of 
growth inhibition of Mycobacterium tuberculosis by GC-MS/MS quantitation of 
tuberculostearic acid, Tuberculosis. 93 (2013) 322–329. 
doi:10.1016/j.tube.2012.12.004. 

[16] E. Kaal, A.H.J. Kolk, S. Kuijper, H.G. Janssen, A fast method for the identification 
of Mycobacterium tuberculosis in sputum and cultures based on thermally assisted 
hydrolysis and Kaal, E., Kolk, A. H. J., Kuijper, S., & Janssen, H. G. (2009). A fast 
method for the identification of Mycobacterium tube, J. Chromatogr. A. 1216 
(2009) 6319–6325. doi:10.1016/j.chroma.2009.06.078. 

[17] N.A. Dang, A.H.J. Kolk, S. Kuijper, H.G. Janssen, G. Vivo-Truyols, The 
identification of biomarkers differentiating Mycobacterium tuberculosis and non-
tuberculous mycobacteria via thermally assisted hydrolysis and methylation gas 
chromatography-mass spectrometry and chemometrics, Metabolomics. 9 (2013) 



Hyphenated and comprehensive liquid chromatography × gas chromatography-mass spectrometry 
for the identification of Mycobacterium tuberculosis 	

	

113 	

1274–1285. doi:10.1007/s11306-013-0531-z. 

[18] N.A. Dang, S. Kuijper, E. Walters, M. Claassens, D. van Soolingen, G. Vivo-
Truyols, H.G. Janssen, A.H.J. Kolk, Validation of Biomarkers for Distinguishing 
Mycobacterium tuberculosis from Non-Tuberculous Mycobacteria Using Gas 
Chromatography-Mass Spectrometry and Chemometrics, PLoS One. 8 (2013). 
doi:10.1371/journal.pone.0076263. 

[19] D.M. O’Sullivan, S.C. Nicoara, R. Mutetwa, S. Mungofa, O.Y.C. Lee, D.E. 
Minnikin, M.W. Bardwell, E.L. Corbett, R. McNerney, G.H. Morgan, Detection of 
mycobacterium tuberculosis in sputum by gas chromatography-mass spectrometry 
of methyl mycocerosates released by thermochemolysis, PLoS One. 7 (2012) 3–10. 
doi:10.1371/journal.pone.0032836. 

[20] S.C. Nicoara, D.E. Minnikin, O.C.Y. Lee, D.M. O’Sullivan, R. McNerney, C.T. 
Pillinger, I.P. Wright, G.H. Morgan, Development and optimization of a gas 
chromatography/mass spectrometry method for the analysis of thermochemolytic 
degradation products of phthiocerol dimycocerosate waxes found in 
Mycobacterium tuberculosis., Rapid Commun. Mass Spectrom. 27 (2013) 2374–
2382. doi:10.1002/rcm.6694. 

[21] N.A. Dang, M. Mourão, S. Kuijper, E. Walters, 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 Anal. 
Technol. Biomed. Life Sci. 986–987 (2015) 115–122. 
doi:10.1016/j.jchromb.2015.01.045. 

[22] 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 Anal. Technol. Biomed. Life Sci. 1012–1013 (2016) 50–54. 
doi:10.1016/j.jchromb.2015.12.023. 

[23] S.C. Nicoara, N.W. Turner, D.E. Minnikin, O.Y.C. Lee, D.M. O’Sullivan, R. 
McNerney, R. Mutetwa, L.E. Corbett, G.H. Morgan, Development of sample clean 
up methods for the analysis of Mycobacterium tuberculosis methyl mycocerosate 
biomarkers in sputum extracts by gas chromatography-mass spectrometry, J. 
Chromatogr. B Anal. Technol. Biomed. Life Sci. 986–987 (2015) 135–142. 
doi:10.1016/j.jchromb.2015.02.010. 

[24] C.P. Verstijnen, H.M. Ly, K. Polman, C. Richter, S.P. Smits, S.Y. Maselle, P. 
Peerbooms, D. Rienthong, N. Montreewasuwat, S. Koanjanart, Enzyme-linked 
immunosorbent assay using monoclonal antibodies for identification of 
mycobacteria from early cultures., J. Clin. Microbiol. 29 (1991) 1372–5. 

[25] D.E. Minnikin, L. Kremer, L.G. Dover, G.S. Besra, The methyl-branched 
fortifications of Mycobacterium tuberculosis, Chem. Biol. 9 (2002) 545–553. 
doi:10.1016/S1074-5521(02)00142-4. 

 

 



Chapter 4 
	

	
114 

[26] M. Jackson, G. Stadthagen, B. Gicquel, Long-chain multiple methyl-branched fatty 
acid-containing lipids of Mycobacterium tuberculosis: Biosynthesis, transport, 
regulation and biological activities, Tuberculosis. 87 (2007) 78–86. 
doi:10.1016/j.tube.2006.05.003. 

[27] A. Gómez-Velasco, H. Bach, A.K. Rana, L.R. Cox, A. Bhatt, G.S. Besra, Y. Av-
Gay, Disruption of the serine/threonine protein kinase H affects phthiocerol 
dimycocerosates synthesis in Mycobacterium tuberculosis, Microbiol. (United 
Kingdom). 159 (2013) 726–736. doi:10.1099/mic.0.062067-0. 

[28] U.S. Department, Standardized Method for HPLC Identification of Mycobacteria, 
(1996). 

 




