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Summary

Tuberculosis (TB) remains a major public health problem. Delayed diagnosis

has serious consequences both for the prognosis of the patient and the con-

trol of this disease. The poor performance of current diagnostic tests at the

point of care too often results in a failure to detect new TB cases. Recently

thermally-assisted hydrolysis and methylation followed by gas chromatogra-

phy–mass spectrometry (THM-GC-MS) in combination with chemometrics

was used to develop a 20-compound model for fast differentiation of My-

cobacterium tuberculosis (MTB) from Non-tuberculous mycobacteria (NTM)

in bacterial cultures. This model provides better than 95% accuracy. In the

current study we developed a new sample pretreatment method that uses

hexane/methanol/water extraction followed by solid phase extraction as a

clean-up procedure prior to THM-GC-MS (SPE-THM-GC-MS) to identify

these 20 markers for detection of MTB directly in sputum. Based on the

mycocerosate markers, the detection limit of the method was approximately

1 x 104 bacteria/mL sputum. This detection limit is lower than that of

microscopy and therefore sufficient for early detection of MTB directly in

sputum. Finally, sputum samples from 32 patients suspected of having TB

from South Africa were blindly tested using the method developed. The

results from our method show an excellent agreement with those obtained

from Ziehl-Neelsen (ZN) and culturing. More samples need to be tested to

further evaluate the sensitivity and specificity of our new method. The pos-

sibility of fully automating the entire procedure means that a point of care

test is a viable option for the future, even in limited-resource settings. The

work therefore currently proceeds towards the development of a miniaturized

GC-based device for detection of MTB at the point of care.
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5.1 Introduction

Tuberculosis (TB) remains a major threat for public health. One third of

the world population is infected with TB [1]. Delayed diagnosis has serious

consequences for the prognosis of the patients and for control of the disease

[2]. Despite all the efforts over the last 125 years, a simple tool for the

reliable diagnosis of TB at the point of care is still lacking [3]. The low sen-

sitivity and specificity of current diagnostic tests for TB limit their utility

[4]. The commonest method for the direct identification of mycobacteria in

clinical specimens is still sputum-smear microscopy [5]. It is rapid, inexpen-

sive and simple to perform, but sensitivity can vary between 30% and 70%

and strongly depends on the skill of the operator [6]. Furthermore, micro-

scopic methods (usually using Ziehl-Neelsen (ZN) staining) fail to distinguish

Mycobacterium tuberculosis complex (MTB) from non-tuberculous mycobac-

teria (NTM). It can be difficult to distinguish infection with MTB from NTM

since the symptoms and signs of infection are similar. For instance, patients

from Cape Town, South Africa who were suspected to have TB on clini-

cal grounds and whose sputum was ZN-positive were found in 10% of cases

to have infections caused by NTM [7]. Correct identification of NTM aids

clinical decisions, reduces overtreatment and avoids the troublesome side ef-

fects of therapy. Nucleic acid amplification techniques allow differentiation

of MTB from NTM with high sensitivity and specificity; unfortunately these

techniques are not widely available in resource-limited settings due to the

high cost and lack of infrastructure and expertise [8].

In 2009 a fully automated gas chromatography-mass spectrometry method

was developed for the detection of TB directly in sputum. The method

is based on thermally-assisted hydrolysis and methylation (THM-GC-MS)

and uses a combination of two biomarkers, tuberculostearic acid and hexa-

cosanoic acid [9]. Unfortunately these markers are not specific enough for

MTB because they also occur in several NTM, such as M. kansasii, M. avium

and M. gordonae [10, 11]. Recently we developed a classification model that

uses information of 20 markers for differentiation of MTB and NTM in early

cultures (Table 5.1). The model uses THM-GC-MS to identify and measure

the amounts of the markers and advanced chemometrics for data process-

ing. It enables differentiation of MTB from NTM in cultures with more
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than 95% accuracy [10]. The 20-compound model performed well in a val-
idation test with two independent sample sets consisting of 56 representa-
tive mycobacterial strains from the Netherlands cultivated in mycobacteria 
growth indicator tubes (MGIT) and 103 isolates from Stellenbosch, South 
Africa from sputum grown in MGIT tubes [11]. The mycocerosates predom-

inate in our group of 20 markers. In 2012, O’Sullivan and coworkers used 
THM-GC-MS to detect MTB directly in sputum, focusing particularly on 
the mycocerosate pattern. Petroleum ether/ methanol/water extracts of the 
sputum where prepared in an attempt to remove non-informative interfering 
compounds [12]. O’Sullivan and coworkers reported a sensitivity of 61% and 
specificity of 71% to detect MTB in 395 sputum samples from Zimbabwe. 
Like us, these authors noted the presence of high levels of matrix compounds 
in sputum which elute close to the mycocerosate markers of interest. This 
can easily result in false-positive or false-negative classifications, and there-
fore in low specificity and sensitivity. We found that the very low levels of 
mycocerosates in some MTB strains, such as Beijing MTB strains could also 
yield false-negative results. In contrast, we also found false-positive results, 
for instance with some M. kansasii strains (an NTM) which contain a my-

cocerosate pattern very similar to that of MTB strains.
In the present study we have developed a new method for the detection of 
MTB directly in sputum based on our 20 proposed markers. We used liquid 
extraction followed by solid phase extraction as a sample clean-up method 
prior to THM-GC-MS (SPE-THM-GC-MS). Sputum samples spiked with 
MTB, M. kansasii and M. avium strains at levels of 1 x 104 to 1 x 107 

bacteria/mL were used to optimize the SPE-THM-GC-MS procedure and 
determine the detection limit of the method. We then analyzed 32 sputum 
samples from patients in South Africa with suspected TB using our new 
SPE-THM-GC-MS procedure. The results were compared with those ob-
tained with microscopy, culture and analysis using the Polymerase Chain 
Reaction (PCR) method.
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Table 5.1: Compounds identified as relevant for distinguishing
MTB1 complex from NTM2 using THM-GC-MS3

No. Retention time (min) Name of compounds m/z Beta-
coefficients

1 25.01 Methyl tetradecanoate (C14) 74 3.305
2 29.07 9-Hexadecenoic acid, methyl ester 83 0.863
3 29.48 Hexadecanoic acid, methyl ester (C16) 87 1.634
4 30.75 1-Nonadecene 97 1.278
5 31.40 Heptadecanoic acid, methyl ester (C17) 74 -2.819
6 32.75 9-Octadecenoic acid (Z)-, methyl ester 69 1.153
7 33.33 Octadecanoic acid, methyl ester (C18) 298 -0.712
8 34.02 Octadecanoic acid, 10-methyl-, methyl ester(TBSA) 312 0.034
9 36.50 α-D-Glucopyranoside, 2,3,4,6-tetra-O- 71 -1.112

methyl-α-D-glucopyranosyl 2,3,4,6-tetra-O-methyl
10 40.17 Docosanoic acid, methyl ester (C22) 354 0.942
11 43.22 Tetracosanoic acid, methyl ester (C24) 382 3.563
12 43.94 Unknown fatty acid 88 -0.58
13 44.09 Tetracosanoic acid, 2,4,6-trimethyl-, methyl ester (C27) 101 2.966
14 44.23 Tetracosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (C28) 101 2.961
15 44.70 Pentacosanoic acid, methyl ester (C25) 87 -0.965
16 46.12 Hexacosanoic acid, methyl ester (C26) 410 -6.948
17 46.88 Hexacosanoic acid, 2,4,6-trimethyl-, methyl ester (C29) 101 -2.025
18 47.01 Hexacosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (C30) 101 -1.935
19 49.55 Octacosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (A)4 (C32) 101 -0.899
20 49.66 Octacosanoic acid, 2,4,6,8-tetramethyl-, methyl ester (B)4 (C32) 101 -0.705
1 MTB complex, M. tuberculosis complex
2 NTM , Non-tuberculous mycobacteria
3 THM-GC-MS, Thermally assisted hydrolysis and methylation gas chromatography-mass spectrometry
4A and 4B C32 mycocerosates, Two isomers of C32 mycocerosates

5.2 Materials and Methods

5.2.1 Culture of mycobacteria

Mycobacterial strains used in spiking experiments in both THM- multidi-

mensional (heart-cut) GC/GC-MS and one dimensional SPE-THM-GC-MS

analyses were obtained from the National Institute for Public Health and

the Environment (RIVM) in the Netherlands. All strains were cultured us-

ing the Mycobacteria Growth Indicator Tube (MGIT) culture system (BD

Diagnostics, Detroit, MI, USA).

5.2.2 Sputum samples

For spiking experiments, blank sputum samples (sputum from patients with-

out TB) were obtained from patients with lung infection, but free of TB

attending the Academic Medical Centre, University of Amsterdam, The

Netherlands. Patients with suspected pulmonary TB attending the Desmond

Tutu TB centre, Stellenbosch University, Cape Town, South Africa provided

sputum samples. To reduce viscosity, these samples were treated with Mast
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Sputagest according to the recommended procedure of SV40 Sputagest Se-

lectavial (MAST, Merseyside, United Kingdom), and divided in aliquots and

shipped to the University of Amsterdam on dry ice.

5.2.3 Standards and reagents

The 25% Tetramethylammonium hydroxide (TMAH) solution in methanol

used for THM-GC-MS was obtained from Sigma–Aldrich (Zwijndrecht, The

Netherlands). The water used for dissolving the reagent was deionized before

use using a Satorius Arium 611 UV instrument (Satorius, Nieuwegein, The

Netherlands). Organic solvents (hexane, diethyl ether, methanol and chlo-

roform) were purchased from Biosolve (Valkenswaard, The Netherlands).

5.2.4 Sample preparation for sputum specimens

5.2.4.1 Decontamination of sputum specimens

Sputum samples of 0.7 to 1.5 mL were decontaminated in 15 mL polypropy-

lene 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 and neutralized with seven

volumes of 0.15 M phosphate pH 4.0 and diluted with demi water to an end

volume of 15 mL. The decontaminated sputum samples were centrifuged for

45 min at 4000 rpm (2700 x g) using a Hettich Universal 16 centrifuge (Het-

tich, Tuttlingen, Germany). The supernatant was removed and the pellet

was transferred by twice resuspending the material in 0.75 mL demineral-

ized water with transfer to a 10 mL disposable Corning Pyrex glass tube

(Corning B.V. Life Sciences, Amsterdam, The Netherlands), which had been

cleaned by heating 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 end volume of pellet was 50-100 µL. The endvolume was

adjusted by adding deionized water till 200 µL.
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5.2.4.2 Hexane extraction of decontaminated sputum specimens

To each 200 µL of decontaminated sputum 1 mL methanol and 1 mL hexane

was added. The mixture was placed in a sonicating water bath for 10 min and

shaken overnight in a horizontal position on a Vortex shaker. Subsequently

the mixture was centrifuged for 30 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. Both hexane extracts were

combined and evaporated to dryness using a stream of air and the heat of

a warm hair dryer. The material was re-dissolved in 500 µL hexane and

subjected to the solid phase extraction (SPE) procedure.

5.2.4.3 Normal phase solid phase extraction

The SPE experiment used 100 mg silica, 1 mL cartridges purchased from

Phenomenex (Utrecht, The Netherlands). The washing solution, sample and

eluting solvents, were passed through the SPE cartridge by gravity. Each

cartridge was preconditioned by two washings with 2 mL hexane. Then 0.5

mL of the hexane extract from the sputum sample was applied onto the SPE

cartridge, followed by 1 mL of pure hexane. The pass-through solution was

collected in a 1.5 mL auto-sampler vial. The cartridge was subsequently

eluted with 1 mL 20% diethyl ether in hexane, followed by 1 mL 50% di-

ethyl ether in hexane, then 1 mL methanol and finally 1 mL chloroform/

methanol/water mixture ( 1: 2 : 0.8). All four eluates were collected sepa-

rately in auto-sampler vials. All five samples were then evaporated to dryness

using a stream of air and the heat of a warm hair dryer. All dry residues

were dissolved in 60 µL hexane and transferred to a 200 µL insert placed

in the original auto-sampler vial. Twenty microliters of each fraction was

injected for the THM-GC-MS analysis.

5.2.4.4 Instrumentation

In the experimental study two GC instruments were used. All one dimen-

sional GC analyses (THM-GC-MS) were carried out on a Shimadzu GC–MS

QP2010 Plus (Shimadzu, Den Bosch, The Netherlands). The GC system
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was equipped with a “Focus” XYZ robotic auto sampler and an Optic 3 Pro-

grammed Temperature Vaporizing (PTV) injector (ATAS GL, Eindhoven,

The Netherlands). A non-polar 30 m x 0.25 mm I.D. TC 5MS column (5%

phenyl-methylpolysiloxane) with a film thickness of 0.25 µm (ATAS GL) was

used in these GC experiments.

Multidimensional (heart-cut) GC analyses (MD-THM-GC/GC-MS) were done

on a dual-oven Shimadzu MDGC/GC–MS QP 2010 Plus system incorporat-

ing multi-Deans switching. The GC system was equipped with a “Focus”

XYZ robotic auto sampler and an Optic 4 PTV injector (ATAS GL). A

low bleed arylene stabilized stationary phase equivalent to 5% phenyl/95%

dimethylpolysiloxane column (VF5-ms; 30 m x 0.25 mm I.D. x 0.25 µm film

thickness, Agilent, Middelburg, The Netherlands) was used as the first di-

mension column in the heart-cut system. The second dimension column was a
non-polar 30 m x 0.25 mm I.D. TC 5MS column (5% phenyl-methylpolysiloxane) 
with a film thickness of 0.25 µm (ATAS GL). The 1st dimension column was 
coupled with a monitor flame ionization detector (FID), the 2nd dimension 
column with a mass spectrometer (MS) detector.

5.2.5 Mycobacterial suspensions for spiking experiments

5.2.5.1 Spiking experiment for MD-THM-GC/GC-MS

Twenty-one strains of MTB were used in a spiking experiment with MD-

THM-GC/GC-MS analysis. Bacterial suspensions containing 1 x 108 my-

cobacteria/mL were placed in individual 3 mL glass tubes. The mycobac-

teria were killed by heating the samples for 20 min at 80◦C. The number

of bacteria in the suspension was determined by counting the mycobacteria

under the microscope after staining by Ziehl Neelsen. Ten microliters of each

bacterial suspension of 1 x 108 mycobacteria/mL was added to 90 µL of the

decontaminated sputum samples.

5.2.5.2 Spiking experiment for SPE-THM-GC-MS

The mycobacteria used for spiking in the experiments with SPE clean-up

were killed by heating the strains for 20 min at 80◦C. The suspension was
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vortexed for 5 min with 25 glass beads (diameter 4 mm) and filtered through

a 5 µm filter to eliminate clumps. The absorbance of the suspension was

measured at 420 nm and adjusted to 0.225, which corresponds to 1.5 x 108

mycobacteria/mL [13]. Serial dilutions of 1.5 x 108 – 1.5 x 107 – 1.5 x

106 – 1.5 x 105 – 1.5 x 104 mycobacteria/mL were prepared using 0.05%

bovine serum albumin in water for dilution. The spiking experiments were

performed in two different ways: by adding the mycobacterial suspensions to

the sputum samples either after or before the sputum decontamination step.

Seven microliters of the heat-killed mycobacterial suspensions at different

concentrations (1.5 x 108 –1.5 x 107 – 1.5 x 106 – 1.5 x 105 – 1.5 x 104

mycobacteria/mL) were added to 100 µL decontaminated sputum to give

respectively 1 x 106 – 1 x 105 – 1 x 104 – 1 x 103 mycobacteria in 100 µL of

10x concentrated sputum after decontamination. In a second set of spiking

experiments 100 µL of the heat-killed mycobacterial suspension at different

concentrations (1 x 107 – 1 x 106 – 1 x 105 – 1 x 104 mycobacteria/mL) were

added to 1 mL of sputum prior to decontamination resulting in 1 x 106 – 1

x 105 – 1 x 104 – 1 x 103 mycobacteria/1 mL sputum.

5.2.6 Automated THM-GC-MS and MD-THM-GC/GC-

MS

Fully automated (one dimensional) THM-GC-MS was performed inside the

liner of the Optic 3 PTV injector. Detailed descriptions of the operating

conditions are presented elsewhere [10]. In short, 20 µL of a bacterial sus-

pension, a spiked sputum sample or a fraction of an SPE run was injected

into the PTV injector at a temperature well below the boiling point of the

solvent. The solvent was then evaporated, THM reagent was injected, and

the injector was heated to 450◦C to effect pyrolysis with in-situ methylation.

Helium was used as the carrier gas. 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.

Fully automated MD-THM-GC/GC-MS was performed inside the liner of an

Optic 4 PTV injector. Now 40 µL of decontaminated blank or spiked spu-

tum from patients without MTB were injected into the PTV injector. The

details of the THM procedure were similar to those in the fully automated

one dimensional THM-GC-MS experiment mentioned above. On the MDGC
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instrument first a run without transfer of the analytes from the 1st dimen-

sion to the 2nd dimension was performed. This way the time windows for

transfer of the 20 target compounds could be determined. Later runs with

heart cutting were carried out to transfer the 20 target compounds from the

1st GC dimension to the 2nd dimension. 16 cuts were made to do so.

5.2.7 Ethical approval

This study was approved by the Health Research Ethics Committee at Stel-

lenbosch University (reference number N06/09/186).

5.3 Results and discussion

In our previous work we successfully used THM-GC-MS for the classification 
of bacterial cultures into MTB or NTM. The matrix of bacterial cultures 
is relatively clean in comparison to sputum. Classification of mycobacteria 
present in sputum is much more challenging due to the presence of high levels 
of other interferences in the sputum. Figure 5.1 shows the total ion current 
(TIC) THM-GC-MS chromatograms of a decontaminated sputum sample 
from a patient with pulmonary tuberculosis (black line) and of a bacterial 
suspension (of approximately 1 x 108 bacteria/mL) of an MTB strain 
(MTB 124) grown in MGIT medium (pink line).

Clearly the chromatogram of sputum is much more complex. This shows

that the detection of biomarkers for MTB in sputum from suspected pa-

tients remains a challenge. We have previously described our attempt to

use THM-GC-MS to detect MTB directly in sputum using a combination of

TBSA and C26 as target biomarkers [9]. Unfortunately, these biomarkers

are not specific enough for MTB since TBSA and C26 are also present in

most mycobacteria [11]. Moreover, we also found C26 in sputum samples

free of MTB or NTM.

In 2012 O’Sullivan and coworkers proposed the analysis of mycocerosates as

markers in sputum from patients with suspected TB [12]. For the analysis

these authors applied petroleum ether/methanol/water extraction followed

by THM-GC-MS analysis. In practical use, however, this approach suffered
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Figure 5.1. Total ion current (TIC) chromatograms of direct THM-
GC-MS of a bacterial suspension of cultured MTB 124 (pink curve)
and a decontaminated sputum sample from a patient with pulmonary

tuberculosis (black curve).

from a low sensitivity and specificity because of the poor detectability of 
these markers in the complex sputum matrix.

Recently we combined THM-GC-MS and advanced chemometrics to derive a 
model that uses levels of 20 marker compounds to classify cultured my-

cobacteria as MTB or NTM. With this model we were able to differentiate 
between MTB and NTM in early cultures with more than 95% accuracy 
[10]. However, interferences by the matrix compounds present in sputum 
adversely affect the detection limit of this direct THM-GC-MS procedure. 
Only very high levels of the markers can be detected reliably. We and others 
found that mycocerosates are key compounds for distinguishing MTB from 
NTM in sputum. It is clear from our work that the levels of these most 
important biomarkers in the 20-compounds list vary widely among different 
MTB strains. Some Beijing MTB strains for example contain very low levels of 
mycocerosates in comparison with other MTB strains [11]. Thus a very 
sensitive analytical procedure is required to detect these low mycocerosates 
containing MTB strains. Additionally the method should provide a very high 
separation power in order to be able to quantify the mycoserosates in the



114 Chapter 5

presence of high levels of interfering compounds from the sputum matrix. 
To achieve this we used a multi-dimensional heart-cut THM-GC/GC-MS 
(MD-THM-GC/GC-MS) method. The 20 target compounds were cut out 
in 16 selected time windows with the help of the known retention times and 
the use of the monitor FID signal. The 16 cuts were collected at the inlet 
of the second dimension column. After the last fraction had been collected 
the actual 2nd dimension analysis was started by starting the temperature 
program. MS detection was applied to obtain additional selectivity and max-

imize sensitivity. Figure 5.2A shows the 1st dimensional FID chromatograms 
of decontaminated sputum spiked with MTB 124 in the direct analysis mode 
(pink curve) and the heart-cut mode (black curve). The total ion current 
chromatogram from the MD-THM-GC/GC-MS is shown in Figure 5.2B.

Clearly, the much cleaner chromatogram obtained with MD-THM-GC/GC-

MS provides great advantages in terms of sensitivity, selectivity and resolu-

tion. Most compounds from the sputum matrix are eliminated after the first

dimension and only the compounds eluting in the 16 selected time windows

are transferred to the second dimension column. The results of the analy-

sis of blank sputum samples using MD-THM-GC/GC-MS show that 10 of

the 20 markers from our model are present in the sputum matrix in large

amounts, including the compounds 1-7, 10-11 and 15. This means only the

10 remaining compounds can be used as biomarkers for the detection of MTB

directly in sputum. Fortunately, these include the most important markers,

the mycocerosates.

In a second series of experiments we spiked sputum samples from different

patients with lung infections other than TB (blank sputum) with 21 dif-

ferent MTB and 16 NTM strains and analyzed the resulting samples with

MD-THM-GC/GC-MS in the heart cut mode for the 20 biomarkers. All

MTB and NTM strains were spiked at the same absolute amount of 1 x 106

mycobacteria in 100 µL final volume of 10x concentrated sputum after de-

contamination. Because the injection volume was 40 µL of spiked sputum

(spiked with 1 x 106 mycobacteria/100 µL of 10x concentrated sputum af-

ter decontamination), the absolute amount of bacteria introduced into the

MD-THM-GC/GC-MS analysis was 4.0 x 105 bacteria. Figure 5.3 shows

a representative example of the chromatograms (extracted ion m/z 101 for

mycocerosates) in MD-THM-GC/GC-MS of non-spiked blank sputum (blue
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Figure 5.2. The 1st dimension FID chromatogram of a sputum sample
in direct (no transfer) mode (pink curve) and in cut mode with 16 cut
positions for 20 target compounds (black curve). The total ion current
chromatogram of the (methylated) fatty acids in the 2nd dimension of
the heart cutting mode with MS detection is shown in Figure 5.2B.

curve), blank sputum spiked with MTB 162 strain (pink curve) and blank

sputum spiked with MTB 178 strain (black curve).

The two characteristic doublets for mycocerosates at m/z 101 were only

detected in sputum spiked with MTB 178. Direct MD-THM-GC/GC-MS

analysis of cultures of MTB 178 and MTB 162 shows that the levels of my-

cocerosates in MTB 178 are approximately five times higher than in MTB

162. The direct MD-THM-GC/GC-MS analysis of the 20 MTB cultures
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Figure 5.3. MS chromatogram of the second dimension of the multidi-
mensional GC-MS (extract m/z fragment 101) is shown. This fragment 
is specific for mycocerosates; decontaminated non-spiked blank sputum 
(blue curve), blank sputum spiked with MTB 162 strain (pink curve) 
and blank sputum spiked with MTB 178 strain (black curve). MTB 162 
and MTB 178 cultures were spiked at a level of 1 x 106 mycobacteria/100 
µL of 10x concentrated sputum after decontamination.

used in the spiking experiments again confirmed that the mycocerosate lev-

els can vary by as much as 20-fold among the different MTB strains (data not

shown). The spiking results indicate that MD-THM-GC/GC-MS can only

detect the mycocerosates in sputum if the levels of mycocerosates are suffi-

ciently high. Most MTB strains with moderate amounts of mycocerosates

were very hard to detect in spiked sputum, while MTB strains containing low

levels of mycocerosates were not detected. Despite the fact that the heart

cutting-mode was applied, some matrix compounds still interfered with the

detection of mycocerosates in MTB strains, further complicating the analysis

of strains with moderate to low levels of mycocerosates.

Using direct MD-THM-GC/GC-MS analysis, mycocerosates were also found

in the cultures of 2 M. kansasii strains (NTM strains). However, myco-

cerosates were not detected in any of the sputa spiked these M. kansasii
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strains. The high background of related interfering compounds in the spu-

tum matrix prevents direct MD-THM-GC/GC-MS from the detection of my-

cocrosates when these compounds are present at low levels. Since we cannot

detect mycoserosates in the MTB spiked sputum samples with moderate to

low levels of mycocerosates, we are unable to differentiate between a blank

sputum, a sputum spiked with MTB or an NTM or special NTM, such as M.

kansasii (containing mycocerosates like MTB) spiked sputum. As a result,

the detection limit and selectivity from the direct MD-THM-GC/GC-MS

was not good enough to detect the mycocerosates in very complex matrix

from sputum. To improve the performance of the method, further removal

of interfering sputum compounds and enrichment of the mycobacterial lipids
is needed.

The first route investigated to improve the isolation of mycobacterial lipids 
from decontaminated sputum consisted of an extraction with chloroform/

methanol/(1.0:2.0:0.8 /v,v,v), a standardized procedure developed by Bligh and 
Dyer several decades ago [14]. In these experiments twenty microliters of the 
chloroform phase and the methanol/water phase were analyzed using THM-GC-
MS. The chloroform layer contains all the lipids and the non-polar lipid precursors 
whereas the methanolic layer contains all the highly polar com-pounds. In these 
experiments we found that our target biomarkers for MTB, the mycoserosates and/
or their precursors, were extracted by the chloroform. Unfortunately, this phase 
not only contains the mycobacterial lipids, but also the lipids from the sputum 
matrix. Apparently the interfering compounds from the sputum matrix are 
extracted together with the target biomarkers. This shows a lack of selectivity of the 
Bligh and Dyer extraction method for extraction of the mycobacterial lipids and 
precursors from sputum. In other words, no improvement of the detection limit for 
the analysis of our target biomarkers was obtained by using this extraction method. 
We tested other extraction procedures to extract only the mycobacterial lipids and 
not the sputum lipids. Better results were obtained with hexane/methanol/water 
extraction than with chloroform/methanol/water extraction. The target biomarkers 
were found in the hexane phase. The lower number of peaks and their lower 
intensity in the hexane extract of decontaminated sputum (shown in Figure 5.4B) 
show that hexane provides a slightly more selective extraction of mycobacterial 
lipids when compared with the chloroform extraction (Figure 5.4A). The 
methanol/water phase from the hexane extraction was also
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Figure 5.4. Representative examples of total ion current (TIC) chro-
matograms of THM-GC-MS of chloroform extract of a decontaminated
sputum with chloroform/methanol/water extraction (A) and of hexane

extract with hexane/methanol/water extraction (B).

directly analyzed by THM-GC-MS. It gave an almost empty chromatogram

with a few peaks only that were found to belong mainly to sugar compound

(data not shown, Biomarker 9, Table 5.1). Therefore, hexane/methanol/wa-

ter extraction was preferred over chloroform/methanol/water extraction for

the extraction of mycobacterial lipids from sputum. Additionally, hexane

has the advantage of more favorable regarding safety aspects and is easier to

combine with normal phase SPE procedures.

Hexane/methanol/water extraction gave a better result with less interference

by sputum matrix compounds than chloroform/methanol/water extraction.

However, unsatisfactory results were obtained when low levels of mycobac-

teria were present in the sputum. The detection limit was estimated was to

be approximately 1 x 105 bacteria/mL sputum before decontamination.
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Interference from high background levels of similar lipids from sputum ma-

trix prevented accurate analysis of our 20 marker compounds. We then

introduced normal phase solid phase extraction (SPE) as an additional clean-

up step after the hexane/methanol/water extraction. Ideally the SPE step

would allow further removal of interfering lipids from sputum and allow more

accurate and sensitive detection of mycobacterial lipids. Figures 5.5A, B, C

and D show the chromatograms of four SPE fractions from decontaminated

sputum with MTB using SPE-THM-GC-MS. Clearly the THM-GC-MS chro-

matograms of these extracts with SPE clean-up are much less complex com-

pared to those of direct sputum THM-GC-MS. The THM-GC-MS analyses

of the SPE fractions show that fraction 2, the fraction eluted with 20%

diethyl ether in hexane, is the most important fraction. It contains the my-

cocerosates, our most important markers for MTB from the 20-compound

list (the insert in Figure 5.5A). In addition, this fraction contains some of

the other target biomarkers as e.g. TBSA and hexacosanoic acid.

Figure 5.6 shows the extracted ion chromatograms (extracted ion m/z 101

for mycocerosates) of three different sputum samples pretreated using differ-

ent sample preparation procedures. The first sample was the hexane phase

of a direct hexane/methanol/water extraction, with no additional clean-up

using SPE. The two MTB infected sputum samples from patients in South

Africa were pretreated using hexane/methanol/water extraction followed by

the SPE clean-up procedure. In the SPE-THM-GC-MS chromatograms only

the fraction eluted with 20% diethyl ether in hexane is shown in Figure 5.6

because this fraction contains the mycocerosates, the most important mark-

ers for MTB in sputum. The zoom-in picture of the full chromatograms in the

insert of Figure 5.6 shows that the background and the background instabil-

ity in the direct hexane extract (black chromatogram) was higher than those

in the SPE fractions (blue and pink chromatograms). This shows that the

SPE clean-up procedure is more sufficient than only hexane/methanol/water

extraction to reduce the level of instrument contamination and background

from interfering components from the sputum. Clearly the signal of the

mycoserosates in the SPE extract of ZN 1+ sputum (blue chromatogram)

was much lower than the background noise level in the direct hexane extract

(black chromatogram). As a result, if only using the direct hexane extraction

method we cannot detect mycocerosates in ZN 1+ sputum because of the
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Figure 5.5. Total ion current (TIC) chromatograms of a decontam-
inated sputum from a patient with tuberculosis using SPE-THM-GC-
MS with fractions of A: 20% Diethyl ether in hexane; B: 50% Diethyl
ether in hexane; C: 100% Methanol; D: Chloroform/methanol/water.
The insert in Figure 5.5A shows the chromatogram of ion m/z 101

characteristic for mycocerosates.
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Figure 5.6. Extracted ion chromatograms (extracted ion m/z 101 for
mycocerosates) from three different sputum samples pretreated using
different sample preparation procedures. Black curve: hexane phase of
direct hexane/methanol/water extraction with no additional clean-up
of a blank sputum spiked with MTB 124 at a level of 1 x 106 bacte-
ria/mL. Pink curve: 20% diethyl ether in hexane SPE fraction using
SPE-THM-GC-MS of sputum from a patient with tuberculosis from
South Africa with ZN 3+. Blue curve: 20% diethyl ether SPE fraction
using SPE-THM-GC-MS of sputum from patient with tuberculosis from
South Africa with ZN 1+. The insert shows a zoom-in picture of the

full chromatogram.

high and instable background signal. In contrast, very low levels of back-

ground found for the SPE fractions (blue chromatograms) allow us to detect

very low amounts of mycocerosates in the ZN 1+ sputum. Therefore the SPE

clean-up step significantly improves the detection limit of the method for de-

tection of mycocerosates directly in sputum. Moreover these results indicate

that our hexane/methanol/water extraction followed by SPE-THM-GC-MS

procedure allows us to perform an efficient clean-up and isolate selectively

the mycobacterial lipids from sputum samples with a sufficiently high selec-

tivity.

It is clear that our new method has the potential to be used for the detec-

tion of mycocerosates in sputum of patients with suspected pulmonary TB.

MTB detection directly in sputum is crucial for adequate diagnosis of TB

in case of suspected patients. A set of C29 and C30 mycocerosates as well

as two isomers of C32 mycocerosate (shown in Table 5.1) were reported as
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good biomarkers for tuberculosis in previous studies [12, 15]. In our own

20 compound classification model we recently developed for differentiating

MTB from NTM (shown in Table 5.1), these mycocerosates play a key role

[10]. Unfortunately, we found that the pattern of mycocerosates in some

M. kansasii strains resembles that in MTB [10, 11]. Thus if only the four

above mentioned mycocerosates are used as biomarkers for the detection of

TB, false-positive results will be obtained if M. kansasii is present. In our

20-compound model hexacosanoic acid (C26) has a strongly negative Beta-

coefficient (Table 5.1), meaning that this compound is much more abundant

in MTB compared with NTM. Therefore, this compound could be a good

candidate for distinguishing M. kansasii from MTB. In Chapter 4 of this the-

sis we introduced a decision tree model based on 9 compounds to distinguish

MTB from NTM in bacterial cultures [11]. Unfortunately, hexadecanoic acid

(compound ]3 in Table 5.1) cannot be used as a marker because it is present

in considerable amounts in the sputum matrix. To develop a decision tree

model for distinguishing MTB from NTM directly in sputum, a series of spik-

ing experiments in which sputum was spiked with M. kansasii, M. avium and

MTB were performed. In these experiments absolute amounts between 1.0

x 104 and 1.0 x 107 M. kansasii and 1 x 103 and 1 x 106 M. avium and MTB

211 were spiked in 1 mL of three different blank sputum samples after de-

contamination. No mycocerosates were detected in any of the SPE fractions

of the sputum samples spiked with M. avium. As expected, a similar pattern

of mycocerosates was obtained in the 20% diethyl ether in hexane fraction

(fraction 2) of sputum samples spiked with M. kansasii and with MTB 211.

Fortunately, we found that the ratios of C26 to each of the four last myco-

cerosates in fraction 2 of the SPE procedure are different between sputum

samples spiked with the NTM M. kansasii and with MTB 211. This allows

differentiating between these two types of mycobacteria. Finally, we built a

decision tree to enable clinical samples to be classified as sputum without

mycobacteria, sputum with MTB infection or sputum with NTM infection.

The method is based on peak areas of TBSA, C26 and the four last myco-

cerosates (compounds ] 17-20) from the 20-compound model summarized in

Table 5.1. The tree diagram derived in this way is given in Figure 5.7.

Next, a series of experiments were performed to evaluate the robustness of our

novel SPE-THM-GC-MS method and establish the detection limits of this

procedure. To do so, three different sputum samples were decontaminated
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Figure 5.7. Decision tree to enable differentiation between sputa
containing no mycobacteria, MTB or NTM using SPE-THM-GC-MS.

and then spiked with MTB 211 at levels ranging from 1 x 104 to 1 x 107 bacte-

ria. These spiked sputum samples were subjected to hexane/methanol/water

extraction followed by SPE-THM-GC-MS method. Also three decontami-

nated blank sputum samples and MTB culture used for spiking experiments

were applied to the same sample preparation procedure and analyzed. For

these experiments the MS was operated in full scan mode to provide whole

mass spectra of each compound and obtain better insight into any impuri-

ties still present after sample preparation. Despite the significant reduction

of background issues in the analysis of the sputum samples thanks to the

novel clean-up procedure we developed, in the identification of the target

biomarkers a careful assessment of the chromatograms remains crucial. This

is, especially so for the last four mycocerosates (compounds 17-20 in Table

5.1), our most important biomarkers for detection of MTB in sputum. Incor-

rect chromatographic peak assignments can cause an increase of both false

positive and false negative incidents. In this study we applied strict criteria

for the detection of these mycocerosates to minimize misclassifications when

these compounds were present at levels close to the detection limit of the

method. A peak was only positively identified as a mycocerosate if all of the

following criteria were met: i) the presence of the characteristic double peaks
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Figure 5.8. Total ion chromatograms of sputum spiked with different
amounts of MTB 211.

for both m/z 101 and m/z 88 at the retention times for the last four my-

cocerosates in our 20-compound list; ii) a rigorous match in retention times

for the two characteristic doublets at m/z 101 and m/z 88 in the sputum

samples and in MTB culture; iii) a match in peak shape and relative size of

the two characteristic doublets and finally iiii) the correct intensity ratio for

the ions m/z 101 and m/z 88 in the two C32 mycocerosates, i.e. within 30%

of the ratio determined from culture. If one of these features was not met,

the peaks were not identified as mycocerosates, and the sample was deemed

not to contain MTB.

The mycocerosates are the most important markers for the detection of MTB

directly in sputum; therefore we used the levels of mycocerosates to deter-

mine the detection limit of our method. In a previous study we found a

significant variation in the amount of mycocerosates in different strains of

MTB [11]. Thus, for our spiking experiments we used MTB 211, a Bei-

jing strain that contains moderate levels of mycocerosates. Blank sputum

samples were decontaminated then spiked with different levels of MTB 211.

Figure 5.8 shows a detailed view of the full scan chromatograms (extracted

ion m/z 101) obtained for a sputum sample spiked at different levels.

The results clearly show a non-linear correlation between the amounts of bac-

teria spiked and the peak areas of the marker compounds. It is most likely
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that this reflects variations in the quantity of mycobacteria. The mycobac-

teria tend to clump together, making it difficult to obtain the exact amount 
required. Based on the mycocerosates, the detection limit of our method is 
approximately 1 x 104 bacteria spiked into 100 µL of 10x concentrated spu-
tum after decontamination (Figure 5.8). This detection limit is lower than 
that of microscopy and is sufficient for early detection of MTB directly in 
sputum. To investigate if the detection limit of our method varies accord-
ing to the method of spiking, MTB 211 was spiked either “before” or “after” 
decontamination. Spiking the sputum samples with bacteria before the de-
contamination better mimics the situation in the analysis of real sputum 
samples. Three different sputum samples were used for this spiking experi-
ment. Two different blank sputum samples were spiked with MTB 211 before 
decontamination and another blank sputum was spiked with MTB 211 after 
decontamination. The spiking levels of MTB 211 ranged between 1 x 103 

and 1 x 106 bacteria/mL sputum. After spiking, the three spiked sputum 
samples were subjected to hexane/methanol/water extraction followed by 
SPE-THM-GC-MS procedure. Based on the mycocerosates, we could detect 
MTB 211 at levels of 1 x 104 bacteria/mL in all three spiked sputum. We 
could not detect MTB 211 at the lower level of 1 x 103 bacteria/mL. The 
detection limit of our method is therefore approximately 1 x 104 bacteria/
mL.

In a final series of experiments sputum samples from 32 patients from South 
Africa with suspected TB were blindly tested using the newly developed 
SPE-THM-GC-MS procedure. The results are summarized in Table 5.2. 
Separate portions of the samples were analyzed by microscopy after Ziehl-
Neelsen (ZN) staining and were cultured in the Desmond Tutu laboratory 
in South Africa. Figure 5.9 shows the SPE-THM-GC-MS chromatogram 
of fraction 2 (20% diethyl ether in hexane) from the SPE procedure of the 
sputum samples from two patients, one with, one without TB. This fraction 
contained all the mycocerosates and part of the TBSA and C26 markers. The 
results show that the method developed can correctly detect the presence of 
MTB in all ZN-positive and MTB culture-positive sputum samples. Even 
the ZN-scanty but MTB culture-positive samples could be classified cor-
rectly with our SPE-THM-GC-MS method. All sputum samples that were 
ZN-negative and culture-negative were also correctly identified as negative
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in THM-GC-MS. One ZN-negative sputum sample that was positive in cul-

ture for MTB could not be correctly classified with THM-GC-MS. We have

tested this sample in the selected ion monitoring mode (SIM) to see if we

could detect the presence of mycocerosates in this more sensitive detection

mode. But even in this (SIM) experiment it was still negative. At this point

it should be emphasized that the amount of sputum we received from this

patient was effectively only 330 µL, since the sputum samples were diluted

with Sputagest. We speculate the MTB strain in this sputum probably con-

tained very low levels of mycocerosates which, together with the low number

of bacteria and the volume of sputum for our SPE-THM-GC-MS method,

resulted in the issues with the detection limit. Overall, our results show this

new SPE-THM-GC-MS method to be promising. The test sensitivity is bet-

ter than that of microscopy (microscopy 1 x 104 mycobacteria/mL) and the

detection limit is between that of culture (10 – 100 mycobacteria/mL). More

samples need to be tested to evaluate the sensitivity and specificity of the

method, particularly with regard to the reliability of the classification rules

developed here.
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Figure 5.9. Total ion chromatograms of sputum samples from a pa-
tient with TB (Top chromatogram) and a patient without TB (Bottom
chromatogram) from South African obtained using SPE-THM-GC-MS.
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Table 5.2: Solid phase extraction THM -GC-MS results of 32 spu-
tum samples from patients suspected of tuberculosis compared
with the Ziehl-Neelsen and MTB confirmed Culture results in
South Africa

Amount of ZN results in Culture SPE-THM-GC-MS
Date of SPE GC-MS code Sputum code sputum for SPE South results in results in
Amsterdam Amsterdam1 South Africa2 THM-GC-MS3 Africa4 South Africa5 Amsterdam6

13-02-2014 1 207436 1.01 negative negative No MTB
13-02-2014 2 207245 0.93 negative negative No MTB
13-02-2014 3 207289 0.44 negative negative No MTB
13-02-2014 4 207293 0.27 negative negative No MTB
13-02-2014 5 207296 0.43 negative negative No MTB
13-02-2014 6 207401 0.57 ZN 3+ positive MTB
13-02-2014 7 207415 0.48 negative negative No MTB
13-02-2014 8 207560 0.84 ZN 1+ positive MTB
13-02-2014 9 207250 0.35 negative negative No MTB
13-02-2014 10 207261 0.51 scanty positive MTB
13-02-2014 11 207290 0.45 ZN 3+ positive MTB
13-02-2014 12 207297 0.41 negative negative No MTB
13-02-2014 13 207409 0.78 negative negative No MTB
13-02-2014 14 207418 0.53 negative negative No MTB
13-02-2014 15 207431 0.62 negative negative No MTB
13-02-2014 16 207547 0.62 negative negative No MTB
15-02-2014 1 207294 0.49 negative negative No MTB
15-02-2014 2 207416 0.48 ZN 1+ positive MTB
15-02-2014 3 207253 0.39 negative negative No MTB
15-02-2014 4 207402 0.60 negative negative No MTB
15-02-2014 5 207410 0.50 negative negative No MTB
15-02-2014 6 207269 0.24 ZN3+ positive MTB
15-02-2014 7 207421 0.46 negative negative No MTB
15-02-2014 8 207557 0.97 negative negative No MTB
15-02-2014 9 207551 1.10 ZN 1+ positive MTB
15-02-2014 10 207549 0.96 negative positive No MTB
15-02-2014 11 207556 0.91 negative negative No MTB
15-02-2014 12 207592 0.88 negative negative No MTB
15-02-2014 13 207562 0.79 negative negative No MTB
15-02-2014 14 207295 0.49 negative negative No MTB
15-02-2014 15 207249 0.59 negative negative No MTB
15-02-2014 16 618113 1.20 ZN 2+ positive MTB
1Code of sputum sample given in Amsterdam
2Code of sputum given in South Africa by barcode
3Amount of sputum used for SPE sputum was 2 times diluted in South Africa
4Ziehl Neelsen result of direct smear in South Africa before dilution
5Culture results in South Africa in MGIT medium M. tuberculosis was confirmed by positive 
Bioline test
6Solid phase THM-GC-MS results in Amsterdam. Samples were blindly tested.
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5.4 Conclusions

We have successfully developed a procedure based on liquid extraction and

solid phase clean-up followed by THM-GC-MS (SPE-THM-GC-MS) for the

detection of biomarkers of MTB directly in sputum. The decision tree devel-

oped here based on only six biomarkers provides a simple approach for the

classification of sputum samples into three different groups: no mycobac-

terial infection, infection with MTB and infection with NTM. The results

from the analysis of sputum samples from 32 patients with suspected TB

from South Africa show that this procedure holds potential for detection of

MTB directly in sputum. The possibility of fully automating the procedure

using our biomarkers means that a point of care test is a viable option for

the future, even in limited-resource settings.
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