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Summary

In the first part of this chapter the role of analytical chemistry in society

is briefly described. There are a huge number of analytical techniques in

use nowadays which significantly contribute to the expanding application

of analytical chemistry. Gas chromatography -mass spectrometry (GC-MS)

techniques have become one of the ideal choices for tackling the great chal-

lenge of the analysis of very complex samples due to their high sensitivity

and selectivity. Unfortunately, the data collected from these samples are far

too information-rich for the human brain to process. Therefore chemometric

tools have been introduced. These present a crucial means of visualizing and

interpreting the rich data from hyphenated chromatographic systems and

ultimately reveal the relevant information contained therein. In the second

part of this chapter a summary of recent developments in the diagnosis of

tuberculosis (TB) is presented. It is clear that there is a strong need for a

more accurate, point-of-care TB diagnostic test that is applicable in TB and

HIV endemic areas. The aim of this thesis is to introduce a new approach

for discovering new biomarkers for diagnosis of TB in bacterial cultures and

directly in sputum using GC-MS and chemometrics. The work then proceeds

towards the development of an affordable, accurate and ‘simple to use’ point

of care test for diagnosing TB using a small (trans)-portable or hand-held

device based on GC.
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1.1 Analytical chemistry and its role in society

With the rapid developments in electronic equipment and materials in the

20th century, the application of analytical chemistry has significantly ex-

panded in numerous areas such as chemicals, food, environment, pharma-

ceuticals and recently life sciences. There are a huge number of analytical

techniques in use nowadays which attempt to characterize and predict spe-

cific properties such as chemical composition, physical state and in-use prop-

erties of materials. Identification and quantification of target compounds in a

complex sample remains a great challenge for analytical chemistry. From the

analytical perspective sample complexity is caused by the fact that the ana-

lytes of interest are present at trace levels in a complex matrix with numerous

other compounds present that may interfere with the qualitative/quantita-

tive determination of the analytes of interest.

Selectivity and detection limit are the key words in the compositional analy-

sis of complex samples. Selectivity here refers to the ability to distinguish the

compounds of interest from the numerous other species present. Detection

limit refers to the ability to accurately quantify low or very low levels of the

analyte of interest. Selectivity and detection limit can be introduced in the

chromatographic experiment at multiple stages and in many different ways,

e.g. through the use of columns that efficiently separate all compounds and

elute them as narrow peaks, but selectivity and detection limit can also be

introduced in the sample preparation step or at the detection stage, e.g. by

using detectors that only respond to one specific compound or compound

group. To eliminate or minimize the effects from interfering species, sev-

eral sample pretreatment techniques have been developed. These include

methods such as Liquid-Liquid Extraction (LLE), Solid-Phase Extraction

(SPE), Solid-Phase-Micro-Extraction (SPME) [1], Stir-Bar-Sorptive Extrac-

tion (SBSE) [2], etc. Extraction methods like these are still widely used to

isolate the target compounds from the matrix, to concentrate them and to

modify the target molecules to a chemical form with improved character-

istics for further analysis. In daily analytical practice sample preparation

usually is a tedious, time-consuming, laborious and expensive step in the

analytical procedure. Nowadays new sample preparation methods that are

developed should be efficient, fast, cheap and easy to use. The most recent
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developments in sample preparation therefore have focused on aspects as au-

tomation, miniaturization and on-line combination of the sample preparation

step with the actual chromatographic separation.

Hyphenated techniques, especially the coupling of chromatography to mass

spectrometry have been widely utilized for compositional analysis. Liquid

chromatography coupled to mass spectrometry or gas chromatography-mass

spectrometry (GC-MS) offers a very high selectivity which allows most of the

compounds in very complex samples to be separated and detected as pure

analytes. Moreover, mass spectrometry offers a very good sensitivity. As a

result, these techniques could help to significantly reduce the requirements

to be imposed on sample preparation and hence the work involved in sample

preparation procedures.

Properly developed methods in which sample preparation, chromatographic

separation and (mass spectrometric) detection are combined in a well-balanced

manner provide relevant information on complex samples that can aid in an-

swering difficult questions such as the diagnosis of a disease state or identi-

fication of biomarkers in a complex sample for future diagnosis of a disease.

Information on the disease status of a patient can be present in specific

compounds in a bio-fluid or tissue sample or be spread out over the entire

fingerprint of this sample (the pattern of a large number of known and un-

known compounds). Analysts especially initially often face the situation that

useful information is hidden in the thousands of individual compounds in a

sample instead of simply in one or two known analytes.

Several analytical methods have been developed to obtain the required infor-

mation from very complex samples. GC-MS techniques are ideal because of

the very detailed level of information they provide on very complex samples

due to their high sensitivity and selectivity. The detailed GC-MS analysis

of natural products was reported as early as 1963 [3]. However, the high

cost of MS instrumentation and the incompatibility of the rather high flow

rates from packed columns with the vacuum requirements of the mass spec-

trometer hindered the progress of GC-MS for decades. The introduction of

capillary columns and relatively inexpensive but reliable equipment for GC-

MS made GC-MS more attractive, and provided a crucial impetus to expand

the GC application area. Over the years the GC-MS application area has

become broader and has expanded towards separation of significantly more

complex samples such as biological and environmental samples. However, a
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key drawback of GC is the fact that it requires the analytes to be volatile

and thermally stable. Polar compounds and thermally labile analytes need

to be derivatized to become sufficiently volatile and thermally stable before

GC analysis. Matrix compounds that can contaminate the GC system also

need to be eliminated through appropriate sample preparation and clean-up

procedures prior to GC analysis. For the analysis of large "particles", includ-

ing for example bacteria, methods are needed that convert such systems into

meaningful smaller compounds. Moreover, fingerprinting analyses generally

require analyzing a rather large number of samples. Therefore automated

methods for sample preparation and derivatization are needed.

1.2 The role of chemometrics in processing com-

plex chromatographic data

Today GC is well established and is reliably applied in numerous application

areas. GC-MS has found wide utilization in qualitative and quantitative rou-

tine analysis. Several recent developments in GC and MS have increased the

use of GC in application fields for analysis where very complex samples are

encountered. However, the data from these cases are far too information-rich

for the human brain to process. Hence, without some form of chemometric

treatment it is essentially impossible to more than just scratch the surface

of the information contained therein. Thus, chemometric tools have become

a crucial means of visualizing and interpreting the rich data from complex

chromatographic systems and ultimately revealing the relevant information

contained therein. Yet the application of chemometrics to chromatographic

data sets is not without difficulties. There are many factors that may obscure

the relevant information and the validity of the results, the most important

ones being retention time shifts, poorly composed sample sets (e.g. num-

ber of samples for training, validation and testing), chemical variations (e.g.

matrix peaks) and non-chemical variations (e.g. baseline shifts). Therefore

one of the major challenges in handling complex chromatographic data uti-

lizing chemometric tools is the appropriate pre-processing to eliminate as

many non-chemical- and irrelevant chemical variations as possible. Shifts

in retention times can be minimized by proper instrument operation and
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maintenance. However, even with the proper precautions, some retention

shifts will always occur. This in turn means that correction methods, usu-

ally referred to as alignment techniques, have to be applied prior to chemo-

metric analysis. Widely used alignment software programs are MetAlign

[4], XCMS [5], MZmine [6] and METIDEA [7]. A non-zero baseline sig-

nal often arises from GC column bleeding and/or electronic noise. Baseline

correction is hence necessary to separate the signals of the analytes from

the background baseline signal. Although GC-MS, and particularly compre-

hensive two dimensional GC (GC×GC), provides a much higher separation

power, unresolved peaks from co-elution of two or more compounds may still

occur in very complex mixtures. For these cases, different deconvolution

approaches for resolving overlapping peaks have been introduced to deter-

mine the contribution of each individual compound [8–11]. After proper data

alignment and deconvolution there are many opportunities to apply chemo-

metric techniques for extracting valuable information from the complex, rich

chromatographic data, but it is a joint responsibility of the chromatographer

and the chemometrician to ensure that all steps from the producing of data

to data interpretation are optimized. This optimization should not be done

technique by technique, but should take into account mutual interactions

between e.g. sample preparation and detection or chromatography and data

alignment.

1.3 Recent developments in the diagnosis of tu-

berculosis

Tuberculosis (TB) remains a major global health problem with an estimated

8.6 million people developing TB and 1.3 million people dying from TB in

2012 [12]. Early diagnosis and rapid treatment is essential to control the

disease. There are several diagnostic tests available for TB such as direct-

smear microscopy, solid/liquid culture, chest radiography and tuberculin skin

testing. Chest radiography and tuberculin skin tests show poor specificity

[13]. Culture of Mycobacteria tuberculosis (MTB) in clinical specimens gives

a high sensitivity, but this method is time-consuming (10–14 days for liquid

cultures and 3–4 weeks for solid cultures) [14]. Sputum-smear microscopy
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is still the most common diagnostic test for TB in low- and middle-income

settings. However, the major drawback of this method is its poor sensi-

tivity which strongly depends on the experience of the operator and varies

significantly in the range of 30% and 70% [14] . Moreover, sputum-smear

microscopy is unable to distinguish MTB from non-tuberculous mycobacte-

ria. Recently GeneXpertr MTB/RIF (Cepheid Inc., Sunnyvale, CA, USA),

a rapid molecular diagnostic test, has been introduced to detect TB and

rifampicin-resistant TB [15]. This method is fast and highly accurate, but

unfortunately its applicability in most developing countries is limited be-

cause of its high cost. Clearly there is a strong need for a more accurate,

point-of-care TB diagnostic test that is applicable in TB and HIV endemic

areas.

The discovery of reliable molecular TB biomarkers has become one of the

most promising new routes for diagnosis as well as for monitoring the efficacy

of therapy and progress of TB disease. For TB diagnostic tests, the biomark-

ers are required to be specific for only MTB and should not be confounded

by concomitant illnesses or therapies. Biomarkers can be of either host or

pathogen origin, depending on the approaches developed. Biomarkers for TB

can be antigenic proteins, fatty acids or other (volatile) organic compounds.

Related to the use of GC techniques for the diagnosis of TB, a wide range

of biomarkers has been proposed. Tuberculostearic acid (TBSA), a char-

acteristic constituent of mycobacterial cell walls, was used as a biomarker

for MTB in many studies [16–18]. In 2009, Kaal and coworkers proposed

a combination of TBSA and hexacosanoic acid as biomarkers for diagnosis

of TB in sputum from Vietnam [19]. Recently O’Sullivan and colleagues

used a characteristic profile composed of trimethyl C29 and tetramethyl C30

and C32 mycocerosates derived from the phthiocerol dimycocerosate family

of complex mycobacterial lipids for detection of MTB in sputum from Zim-

babwe [20]. Different volatile organic compounds in breath samples were

also proposed as biomarkers for TB in several studies published by Phillips

[21, 22]. From all this work it is clear that single biomarkers often give poor

sensitivity and specificity. The result can only be improved by a combination

of two or more biomarkers.



8 Chapter 1

1.4 Scope of this thesis

Despite persistent efforts over the last 125 years to develop a simple tool for

the rapid diagnosis of tuberculosis, the ideal method has proven elusive. It is

clear that GC-MS offers considerable advantages for the analysis of complex

biological samples. In this thesis we discuss two main areas in which progress

is sought. The first is the discovery of novel biomarkers for diagnosis of tu-

berculosis using GC-MS and chemometrics. The second is the development

of an affordable, accurate and ’simple to use’ point of care test for diagnosing

tuberculosis using a small (trans)-portable or hand-held device based on GC

technique.

Chapter two of this thesis presents a summary of the current status of tuber-

culosis diagnostics research and future aspects in the use of GC-MS in the

search for novel biomarkers of MTB. Biomarkers could be volatile organic

compounds in the headspace of bacterial culture or in samples of breath,

serum or urine. A number of such biomarkers have been found in patients,

with unfortunately little consistency in the various studies to date. Repro-

ducibility is difficult; the impressive results found initially with a few patients

are rarely reproducible when a larger sample series is tested. A number of

studies reported break-down products derived from mycobacterial lipids as

biomarkers of tuberculosis. Monitoring these compounds offers promise for

distinguishing MTB from non-tuberculous mycobacteria (NTM) directly in

sputum and does offer the potential for the development of a much simpler,

near-bedside test that could be widely used in resource-constrained countries.

Chapter three of this thesis describes a novel approach to the identification of

new biomarkers for differentiating MTB and NTM using a fully automated

procedure based on thermally-assisted hydrolysis and methylation followed

by gas chromatography-mass spectrometry (THM-GC-MS) and advanced

chemometrics. We used early cultures of 15 MTB and 29 NTM strains

from the Netherlands grown in Middlebrook 7H9 liquid medium to identify

the biomarkers for distinguishing MTB from NTM. The THM-GC-MS data

set of 44 mycobacterial strains was initially aligned by MetAlign software

and then submitted to partial least squares discriminant analysis (PLSDA)
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to build a classification model for differentiation between MTB and NTM.

The possibility to obtain reliable methods by working with a combination

of specific compounds as potential biomarkers was investigated. Biological

interpretation of all potential markers that were found to contribute to the

model was also performed to link this finding to the biomarkers proposed by

previous studies for diagnosis of tuberculosis and to reduce the risk of chance

correlations.

Chapter four of this thesis describes the validation of the 20-compound model

developed in chapter 3 using two independent sample sets, one consisting of

56 isolates (39 MTB and 17 NTM) from the Netherlands, the other com-

prising 103 isolates (91 MTB and 12 NTM) from Stellenbosch, Cape Town,

South Africa. The 44 samples in the training set used to build the model

were the Dutch mycobacterial strains. Therefore this study focused on two

points. First it was investigated how the classification model performs for

differentiation between MTB and NTM for another independent Dutch sam-

ple set. The second aim was to examine differences in the performance of

the model between Dutch and South African MTB and NTM strains and

ultimately suggest the settings required to obtain optimal performance of

the model.

Chapter five of this thesis focuses on the development of hexane/methanol/wa-

ter extraction followed by solid phase extraction as a clean-up procedure prior

to THM-GC-MS (SPE-THM-GC-MS) for detection of the previously identi-

fied 20 potential biomarkers for diagnosing tuberculosis directly in sputum

from South African patients. Sputum sample spiked at levels of 1 x 104

to 1 x 107 bacteria/mL of each MTB, M. kansasii and M. avium strains

were used to optimize the SPE-THM-GC-MS procedure. Finally, 32 sputum

samples collected in South Africa from patients suspected of having tubercu-

losis were analyzed and the results were compared with the results obtained

with sputum smear microscopy and the Mycobacteria Growth Indicator Tube

(MGIT) liquid culture system.

Chapter six of this thesis describes the development of a miniaturized GC-

based prototype device for detection of potential biomarkers for tuberculosis.
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This chapter will demonstrate how an ATAS GL gas chromatography inlet is

connected to a Qmicro heated micro-GC column cartridge and a flame ion-

ization detector. Separations of a number of compounds including low- and

high-boiling point species were performed on this device. Initial results for

these separations are shown and future approaches are suggested for further

improvements of the device and the separation it delivers.

Chapter seven of this thesis finally focuses on the use of SPE-THM-GC-MS

for the detection of Mycobacterium avium subspecies paratuberculosis (MAP)

in cow feces samples. Twenty strains of so-called “surrounding mycobacte-

ria” (not MAP) usually found on farms were included in this study. Initially,

seven MAP and 20 surrounding mycobacterial strains were tested using direct

THM-GC-MS. Manual chromatographic inspection and univariate analysis

were applied for these data sets to identify potential biomarkers for MAP.

Subsequently, these proposed biomarkers were used for detection of MAP in

cow feces samples. An important part of the study was the development of a

selective SPE-THM-GC-MS procedure for detection of MAP in the complex

cow feces samples focusing on a number of the specific proposed biomarkers.

31 cow feces samples were analyzed using this SPE-THM-GC-MS procedure

and the results were discussed. Suggestions for further refinement of the

method are given as well.
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