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Chapter 1 

General introduction 
 

 

Summary	

Analytical chemistry is one of the oldest fields in chemistry dating back to the 
medieval times or even earlier. “Modern” analytical chemistry began in the 
early 20th century. Analytical chemistry can serve many purposes and provides 
different types of information. The field comprises several separation- and 
characterization techniques, different sample preparation methods and 
numerous qualitative and quantitative detection systems. Examples of the 
wide range of analytical techniques include electrochemical and thermal 
analysis, spectroscopy, microscopy, separation techniques like 
chromatography and electrophoresis, mass spectrometry, flow injection 
analysis etc. Many of the techniques can be coupled together resulting in 
hyphenated systems and recently new developments in microfluidics enabled 
the construction of integrated miniaturized analytical systems also know as 
“lab-on-a-chip”. 

Considering that the area of analytical chemistry is very extensive, in this 
thesis we mainly focus on the application of chromatographic systems to 
answer today’s challenges, challenges here from the public health sector and 
art conservation sciences.  

In this chapter we briefly describe the history of chromatography and list the 
most commonly employed techniques. Moreover, we summarize some of the 
most important developments in the diagnosis of tuberculosis and in the study 
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of oil-based paintings. Throughout this thesis these two applications will be 
described in much more detail.   

 

1.1 Chromatography: history and techniques 

Chromatography today represents one of the most widely used techniques for 
separation. It was first developed by the botanist Mikhail S. Tswett in 1906 for 
the separation of plant pigments, such as chlorophylls and xanthophylls [1]. 
Tswett’s pioneering work opened several possibilities and over the years to 
follow chromatography became a very powerful separation technique. 
However, the concept of chromatography, as we know today, was only fully 
described in 1941 by Martin and Synge with the development of liquid-liquid 
partition chromatography and gas-liquid chromatography, usually designated 
as gas chromatography (GC) [2]. In gas chromatography the sample is 
vaporized and injected at the head of the column where elution is based on the 
partitioning of the analytes between the gaseous mobile phase and the stagnant 
viscous liquid stationary phase. Likewise, other techniques were also 
developed as liquid chromatography (LC) in the 1960s and affinity 
chromatography in the late 1970s. Within the realm of chromatography, 
specific systems based on different separation mechanisms emerged, including 
size-exclusion chromatography (SEC). 

Furthermore, depending on the needs of the modern society that started to 
grow in the late seventies of the previous century, special techniques such as 
reversed-phase LC (RPLC), normal-phase LC (NPLC), ion-exchange 
chromatography (IEC), hydrophobic interaction chromatography, chiral 
chromatography, supercritical fluid chromatography (SFC), pyrolysis-GC and 
more recently hyphenated systems (LC-LC, GC-GC, LC-GC) and two-
dimensional chromatography (LC×LC, GC×GC, LC×GC) started to arise.  
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Due to these excellent achievements, the applications of chromatography are 
now endless, and the technique is extensively used in areas including 
environmental and forensic analysis, natural compound research, food and 
health care products, pharmaceutical, petrochemical, biomedical, energy and 
fuel industry and in art sciences.  

In this thesis we mainly focus on the development of a diagnostic test for 
tuberculosis and on characterization studies of oil-based networks in art works 
(paintings). 

 

1.2 Developments in diagnostic tests for tuberculosis 

Tuberculosis (TB) today still is one of the most lethal diseases in the world 
[3]. The World Health Organization (WHO) estimates there are over 10.4 
million new cases per annum, among which 1.0 million children, with 1.4 
million people dying from TB in 2015 [4]. Even though the disease is treatable 
and curable, late diagnosis is the number one cause for such recurrent and 
increasing numbers. TB occurs mainly in countries where the access to health 
care systems is difficult or non-existing. These countries, for example South 
Africa, Mozambique, Angola, Vietnam, India, Bangladesh and Indonesia, are 
referred by the WHO as the list of countries that together have around 80% of 
arising TB cases [5]. Moreover, the disease is associated with several factors 
other than poor resources in the public health sector, as human 
immunodeficiency virus (HIV), poverty, drug and alcohol misuse, 
homelessness and a history of prison and refugee status.  

Several attempts to diagnose TB in the early stages by the detection of the 
responsible mycobacteria, Mycobacterium tuberculosis (MTB), have been 
made, yet still unsuccessful. Direct-smear microscopy, solid/liquid culture, 
nucleic acid amplification techniques (NAAT), chest radiography and 
tuberculin skin testing are a few examples. Among these, microscopy is by far 
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the most commonly used diagnosis method in developing countries where 
staining of the infected cells is performed, known as Ziehl-Neelsen staining. 
Recently in a Portuguese newspaper, an improved detection method was 
reported that was able to identify a total of 9.500 new TB cases among 
children, which represented an increase of 58% compared to 2015 in 
Mozambique, while in Luanda 500 new cases per day were detected by the 
specialized hospital unit [6,7]. This new method uses a gastric lavage followed 
by a GeneXpert MTB/RIF test that can simultaneously identify MTB and the 
resistance to rifampicin (RIF) by nucleic acid amplification (NAAT). 

Despite the efforts made over the years, the control of this disease is still very 
difficult. In the last 10 years, chromatography has been applied in order to 
tackle this issue and successful separation methods have been developed. 
Examples include thermally assisted hydrolysis and methylation-gas 
chromatography-mass spectrometry (THM-GC-MS) methods for sputum-
based diagnosis [8–10], improved sample preparation procedures prior to GC-
MS [11–13], comprehensive and hyphenated chromatography systems (LC-
GC/LC×GC-MS) [14] and mass spectrometry techniques as matrix-assisted 
laser desorption ionization (MALDI) [15,16]. Even though significant 
progress has been made in this topic, the fight against TB will continue for 
future generations.  

 

1.3 Developments in oil-based paintings in art sciences 

Oil-based paints have two key ingredients, pigments and drying oils. Pigments 
are essential for giving color to paints. They range from iron oxide earth 
pigments in pre-historical times to synthetic dyes in modern society. However, 
in order to bind these pigments a drying oil is necessary. Before the 15th 
century, gelatin, beeswax or combinations of water, egg yolk and/or animal 
glue were used for this purpose. Afterwards, prior to the industrial revolution, 
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these binders were replaced with vegetable oils, particularly linseed oil. 
Linseed oil contains triacylglycerol units (TAG) with high levels of 
polyunsaturated fatty acids that undergo auto/photo-oxidation when subjected 
to specific conditions, e.g. light, temperature or high levels of oxygen [17,18]. 
During the oxidation process, these fatty acids decompose into highly reactive 
hydroperoxides and radicals that in turn can recombine and form cross-linked 
species with high molecular weights, i.e. a polymeric network [19]. The study 
of such complex networks can be very challenging, since several formation 
routes can have taken place. Moreover, the network tends to be strongly 
connected and thus insoluble. In analytical terms, spectroscopy and mass 
spectrometry have been the techniques of choice for the characterization of 
such polymerized structures. Nevertheless, the use of chromatography to study 
lipid oxidation and polymerization has been increasing over the years, with 
SEC, LC-MS and GC-MS being widely used. More recently, other science 
fields started to be used for developing understanding of these polymerized 
networks. These include in particular also mathematics. Mathematical models 
have been proposed for the study of branched polymer architectures as well as 
for the prediction of molecular weight and degree of branching distributions of 
low-density polymers [20,21]. In addition, in 2014 a mathematical model 
describing the molecular connectivity of the oil network was developed [22]. 
However, some of these models lacked experimental validation. Therefore, we 
believe that the findings described in this thesis are complementary to the 
model data.  

 

1.4 Scope of the thesis 

The aim of this thesis is to describe novel chromatographic methods for the 
diagnosis of TB, based on gas chromatography with emphases on sample 
preparation methods (LC, SPE and an original micro extraction method), and 
in art conservation, with the study of temperature/light-induced 
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polymerization of vegetable oils as a model for the aging of paints in old 
paintings.  

In Chapter 2 a detailed review of the history and principles of hyphenated 
techniques, focusing mainly on GC-MS, is given. The different GC columns 
with their respective stationary phases, the available selective- and universal 
GC detectors and the various injection modes are fully discussed, next to the 
discussion of the wide range of mass separators currently in use in hyphenated 
GC-MS. 

In Chapter 3 the development and the validation of a novel sample 
preparation technique, based on solid-phase extraction (SPE), prior to THM-
GC-MS analysis for the diagnosis of tuberculosis is explained. The validation 
study focused on the detection of only five specific biomarkers in sputum. 

Chapter 4 reports in full detail the development of a very powerful two-
dimensional technique as comprehensive LC×GC-MS. In this chapter we 
describe the use of LC as a sample clean up method prior to THM-GC-MS 
analysis with the ultimate aim of improving the early diagnosis of TB. 

Inline with the above-mentioned chapters, Chapter 5 outlines the pursuit for 
easy to use and/or cheaper sample preparation methods (e.g. as different solid-
phase extraction steps and SEC), the potential of simpler detector systems (for 
example flame ionization detector), and finally the use of other matrices (urine 
and serum) for the diagnosis of tuberculosis. Chapter 6 concludes this search 
by discussing the development of polyurethane foams as new phases for 
microextraction. The performance of these very promising phases with their 
unique characteristics for the trace level extraction of herbicides and 
fungicides in surface waters is discussed. 

Chapter 7, on the other hand, illustrates the powerful use of chromatography 
together with mass spectrometry for understanding the early stages of 
polymerized oil-based networks. Normal phase liquid chromatography-ion-
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mobility-time-of-flight-mass spectrometry (NPLC-IM-TOF-MS) is used for 
the first time in the study of the polymerized structures that are formed upon 
lipid oxidation and subsequent polymerization of a simpler compound model 
as methyl linoleate.  

Finally, Chapter 8 describes a feasibility study regarding the development of 
a new technology for studying reactions induced by light. The possibilities and 
limitations of a new light reactor cell for light-induced lipid polymerization 
are evaluated using off-line coupled SEC.  
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