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Abstract

Abstract

Lung cancer is the most prevalent cancer in term of mortality in developed countries.
This is due to the quietness of symptoms at early stage. Thus, the majority of patients
are only diagnosed at an advanced stage, resulting in a poor prognosis. As the
curability of lung cancer is highly dependent on early diagnosis, there is, therefore,
an urgent need to develop earlier diagnostic screening tests allowing detection of

lung cancer at a more curable stage.

Human exhaled breath contains several hundreds of volatile organic compounds
(VOCs) that can be seen as a fingerprint that could possibly be used to differentiate
between individuals exhibiting various health statuses. Breath analysis has been
shown to be usable to highlight possible markers of specific diseases in these
individuals. Such an approach is particularly adapted to potential early diagnosis of
cancer because its low level of invasiveness and relative eases of implementation on a
large scale basis. The implementation of an early diagnostic procedure for cancer
screening by means of breath analysis could thus contribute to increase the survival

rate of diagnosed patients.

Comprehensive two-dimensional gas chromatography coupled to time-of-flight mass
spectrometry (GCxGC-TOFMS) has been reported to be able to isolate more than a
thousand VOCs from one single human breath. Such an approach is, however, still
far from clinical use as it still has to go through full clinical validation. Additionally,
the routine use of GCxGC-TOFMS in hospitals for cancer screening is probably not
the way to go, as other more simple techniques can be implemented to screen for
markers of illness (e.g. e-noses, selected ion flow-tube mass spectrometry, ...).
Nevertheless, GCxGC-(HR)TOFMS is a key step in extracting a list of reliable
markers from the complex mixture made by breath VOCs prior clinical use. We are
using GCxGC-(HR)TOFMS for the analysis of exhaled air samples taken from lung
cancer patients, as well as from the headspace of cancer cell cultures. Solid-phase
micro extraction (SPME) and thermal desorption (TD) are used for sampling. Several
data mining approaches and statistical tools (Fisher ratio, random forest, principal
component analysis, clustering...) have been implemented to digest the large amount
of data generated. A short list of potential markers has been extracted among the
large number of features detected initially to bring breath analysis closer to clinical

use.
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Chapter 1: Introduction

1.1 Cancer

Cells are the basic unit of all living organisms. They constitute the building blocks of
life. They multiply themselves and die in a coordinated way known as apoptosis [1].
This process allows the organism to keep its number of cells stable. However,
sometimes cells undergo some mutations. At this point, they are no longer involved
in the good functioning of the organism and they also stop following the apoptosis
process, forming an aggregate of cells called tumors (Figure 1). There are 2 kinds of
tumor. When cells stay localized in the tumor and stop to grow, it is called a benign
tumor. No major problem is caused by them. But when cells continue to increase
without any control, it becomes a malignant tumor. This localized cancer disturbs
normal cells around them, leading to an overall malfunctioning of the tissue.
Moreover, this tumor can move to other tissue or organs across the organism and
create new sources of cancer cells called metastases. The Result of malfunctioning in

an organism caused by cancer cells leads to death.

Normal Cell Division Cancer Cell Division

e CEN N U N
- EXTEEIEEEX]

(cell death)

Figure 1: Cell division for normal and cancer cells

Cancer is one of the most deadly diseases that exist today [2] and is present all
around the globe (Figure 2). In the United States, cancer is responsible for about one
quarter of deaths per year. Figure 3 illustrates the estimated new cases and deaths by
gender for US residents in 2018 [2]. Other industrialized countries of the world show
similar statistics. Therefore, on average, individuals have almost 50% of chance of
developing cancer throughout entire lifetime [2]. The size and colonization degree of
cancerous cells is defined in four stages I, II, III and IV depending on the degree of
advancement of the pathology. Cancers diagnosed at an early stage (I and II) have a
better chance of being cured compared to later stages (III and IV) (Table 1)[3].
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Table 1: Five-year survival rate for cancer according to the diagnostic stage

Stage I Stage II Stage III Stage IV

92% 70% 39% 17%

For example, the mortality rate for breast cancer for women is relatively low
compared to its incidence. This is because this cancer is easier to detect at an early

stage (Figure 3).

Cancer affects all tissues of the organism. Even if the cancer development is the same,
each organ reacts differently to the presence of the pathology. As a result, there is no
global cancer diagnosis for the first stages. Researchers and clinicians are then forced

to establish a specific early diagnosis for each type of cancer.

The Americas - -~ ’W
14.4% W :
Number of deaths:
1371000 ?

Europe

20.3%

Number of deaths:
1943 000

Africa Asia
7.3% - 4 57.3%
Number of deaths: 7 9.6 million t Number of deaths:

C Ll cancer deaths o ‘¥e5477000
Oceania
0.7%
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70 000

Estimated number of deaths, both sexes,
all cancers including non-melanoma skin cancer,
for all ages, worldwide

Figure 2: Estimated number of global cancer mortality in 2018 (www.uicc.org)
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Estimated New Cases

Males Females

Prostate 164,690 19% Breast 266,120 30%

Lung & bronchus 121,680 14% Lung & bronchus 112,350 13%

Colon & rectum 75,610 9% Colon & rectum 64,640 7%

Urinary bladder 62,380 7% Uterine corpus 63,230 7%
Melanoma of the skin 55,150 6% Thyroid 40,900 5%
Kidney & renal pelvis 42,680 5% Melanoma of the skin 36,120 4%
Non-Hodgkin lymphoma 41,730 5% Non-Hodgkin lymphoma 32,950 4%
Oral cavity & pharynx 37,160 4% Pancreas 26,240 3%
Leukemia 35,030 4% Leukemia 25,270 3%

Liver & intrahepatic bile duct 30,610 4% Kidney & renal pelvis 22,660 3%
All Sites 856,370 100% All Sites 878,980 100%

Estimated Deaths

Males Females

Lung & bronchus 83,550 26% Lung & bronchus 70,500 25%
Prostate 29,430 9% Breast 40,920 14%

Colon & rectum 27,390 8% Colon & rectum 23,240 8%
Pancreas 23,020 7% Pancreas 21,310 7%

Liver & intrahepatic bile duct 20,540 6% Ovary 14,070 5%
Leukemia 14,270 4% Uterine corpus 11,350 4%

Esophagus 12,850 4% Leukemia 10,100 4%

Urinary bladder 12,520 4% Liver & intrahepatic bile duct 9,660 3%
Non-Hodgkin lymphoma 11,510 4% Non-Hodgkin lymphoma 8,400 3%
Kidney & renal pelvis 10,010 3% Brain & other nervous system 7,340 3%
All Sites 323,630 100% All Sites 286,010 100%

Figure 3: Ten leading cancer types for the estimated new cases and deaths by gender in the
United States in 2018 [4]

1.2 Lung cancer

This study only focuses on lung cancer because this pathology is the second most
common cancer in term of incidence and it is the number one cancer in terms of
mortality for men and women [2, 5]. This is due to its typical silence early on in the
course of its development [6, 7]. Therefore, the majority of patients are diagnosed at
an advanced stage, resulting in poor prognosis [8]. Statistics reveal a 70% 5-year
survival rate for patients diagnosed at an early stage compared to 10-15% at stage IV
[9]. In 2018, in the United States only, lung and bronchial cancer deaths are estimated
to more than 154,000 [4]. There is, therefore, an urgent need to develop earlier
diagnostic screening tests allowing for detection of lung cancer at a more curable

stage.
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1.2.1 Type of lung cancer

Different types of cancer can affect the lungs. Non-small cell lung cancer (NSCLC)
and small cell lung cancer (SCLC) represent the most common lung cancers in term
of incidence. NSCLC represent around 85% of lung cancer cases and includes
adenocarcinoma, squamous cell carcinoma and large cell carcinoma. SCLC
represents around 15% of lung cancer cases. Even if it less common than NSCLC, it
grows faster, forming metastases more easily. Their treatments are not similar.
Usually, SCLC is cured by chemotherapy and radiotherapy whereas NSCLC is cured
by surgery [10, 11].

1.2.2 Causes of lung cancer

Lung cancer may be caused by different factors and the most popular is smoking [12-
15]. Before 1878, lung cancer represented only 1% of cancer deaths. But since that
date, it has increased due to smoking [16]. 75% of diagnosed lung cancers are due to
smoking [17, 18]. It is because cigarette smoke contains about 4,000 chemical
compounds, including more than 100 mutagens or carcinogenic compounds, such as
benzene, arsenic, chrome, formaldehyde and toluene [19, 20]. The relation between
the incidence of lung cancer and smoking is clearly defined (Figure 4). Advertising
about the dangers of smoking has led to a decrease in the number of smokers these
last few years, leading to a clear decrease in estimated new lung cancer cases [21-23].
Inhalation of secondhand smoke from non-smokers individuals also increases the
risk of lung cancer. Moreover, other factors described below also lead to this

pathology and its incidence remains high.

Exposure to chemical substances is another cause of lung cancer, especially over a
long period of time. People living or working in a polluted air environment from
industry and vehicles increase their risk to develop lung cancer [24]. Asbestos
exposition also increases the risk of lung cancer. This buildings materials has been
used extensively in the past but but it is now known that exposure to it may induce
lung cancer [25-27]. Since 1987, it was classified as a group 1 carcinogen by the
international agency for research on cancer and is currently forbidden in building

materials.
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A Lung Cancer — Contemporary Cohort
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Cigarettes per Day Age at Smoking Cessation (yr) Cigarettes per Day Age at Smoking Cessation (yr)

Figure 4: Relative risks of lung cancer among current smokers, according to number of
cigarettes smoked per day, and among former smokers, according to age at the time of
quitting [28]

Exposition to radon radiation is also often found as a cause of cancer. This
radioactive element is a natural gas resulting from the disintegration of uranium in
some soils [29]. It is responsible for the largest proportion of human irradiation
(about 40% in France)[30]. Radon is related to more than 20,000 cases of lung cancer
deaths in the US every year. It mainly affects miners and populations who live on
uranium-bearing lands. Usually, the maximum level of radiation tolerated in most
countries is 200 Bq / m? [31, 32]. However, these doses may be largely carcinogenic
[33-35].

Finally, individuals with family history of lung cancer can raise the likelihood of

developing lung cancer [22].

1.2.3 Diagnosis and Treatment for lung cancer

There are several methods for diagnosing lung cancer. Traditional methods include
medical imagery like pulmonary radiology, computed tomography (CT) and
positron emitted tomography (PET) [36]. These methods cannot be used to screen
large population of individual because they are expensive, time consuming and
require high skill operators. Most of the time, patients undergo radiology or CT for
another health problem and lung cancer is detected by ‘chance” at the same time.
Then, the presence of cancer has to be confirmed by PET scan, blood testing, sputum
testing or biopsy. A biopsy shows which cancer type and stage is present and helps

to determine which treatment is the most appropriate for the patient.
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Pulmonary radiography is a common medical imagery method using x-ray to
display lung infections and lung or cardiac pathologies. It could be used to detect
lung cancer but it leads to false results and does not detect cancer at the early stage
[37]. CT scan is another medical imagery techniques based on x-ray where patient is
surrounded by a x-ray beam and a detector (Figure 5)[38]. A computer reconstructs
an image of the thoracic cage as a function of the absorbance intensity of the beam. It
is possible to detect lesions as small as a millimetre size. However, it also leads to
false results, it is expensive and there is a putative risk of radiation from long time

exposure [39-41].

N vy

-4
r ] N
), \ - ‘,/
a 7 .
o [ {
, k Y E
A — a7
/'\ < - .
Bronchial cancer (white areas) —— 3 )
in the lung (black area)
Secti |
S ,?,% L;S;maoéieelsv{ CT scanner
S *ADAM.

Figure 5: On the left image obtained by tomodensitometry and on the right a
representation of the instrument (www.nlm.nih.gov)

Positron emission tomography (PET) is a medical imaging method based on the
functioning of the lungs. The first step consists of injecting a radioactive tracer
compound into the patient’s body. This injection is carried out one hour before the
analysis. The typical tracer in the diagnosis of cancer will be fluorodeoxyglucose
labelled with radioactive Fluor 18 (F-FDG). Indeed, this molecule is similar to
glucose and will accumulate in cancerous tissues that consume more glucose because
of their increased metabolic activity. Once the marker has accumulated in the tissues,
the patient is scanned using a PET camera. The positrons emitted by the radioactive
element of the marker will annihilate in contact with the electrons present in the
medium in order to release two photons of opposite directions and with a well-
defined energy (511 keV). A computer reconstructs a functional regions map of the
thorax in order to locate the pathological region. It is also possible to couple this
equipment to the CT scanner to precisely map the tumor [42, 43]. This method can
determine how far the tumor has spread and help the clinician to choose the best

solution to cure the patient. However, as PET scan use radioactive element, it is not

7
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recommended for pregnant patients. Synthesis of the radioactive element through a

cyclotron makes this method more expensive than other methods.

Usually, next to these analyses, a lung biopsy is performed on the patients to
determine the type of cancer cells affecting them. A biopsy is a very invasive technic
which consist of sampling a piece of tissue for further analysis. A biopsy can be
applied in different ways depending on where the lesion is located. One option
consists of a needle inserted through the rib cage to take a pulmonary sample,
guided by a CT scan (Figure 6). It is also possible to perform an open lung surgical
biopsy under anaesthesia. Finally, another common way is to perform a
bronchoscopy of the lungs combined with the biopsy. It consists of observing the
inside of the respiratory ducts by means of a bronchoscope apparatus consisting of a
camera and a lamp at the end of a flexible hose. The sample is taken directly by the
bronchoscope [44, 45].

Punclure site Biopsy needle

Figure 6: On the left, biopsy needle use for sampling tissue and on the right, its used on
patient (www.nlm.nih.gov)

Bronchoscope

However, these methods are not suitable for early diagnosis of lung cancer because it
is not possible to screen large population due to the large amount of resources
needed to perform them. These methods are more use to confirm the presence of
lung cancer for suspicious patients after a discussion with their regular physician.
Therefore, other early alternative methods have to be investigated [46, 47]. The use of
gene and protein profiling provides new techniques to detect cancer [48-50].
However, it has some limitations due to tumor heterogeneity, complex interpretation
of tumor-host link and redundancy of signal emitted by tumor-cells including
epigenetic, genetic, and micro environmental impacts. Moreover, those methods are

expensive, require large amounts of biological tissue and are time-consuming,.


http://www.nlm.nih.gov/

Chapter 1: Introduction

Medical principles say pathology induces variations all across the body [51]. Hence,
it is possible to monitor specifics compounds to detect pathologies. This is already
the case with blood analysis [52]. For example, it has been demonstrated that the
level of the protein CKAP4 is higher in the blood of lung cancer patients than in
healthy individuals. This statement is valid for patients with stage I tumor. Hence, it
is possible to monitor the level of CKAP4 in the blood as an early detection of lung
cancer [53]. Based on the same idea, it is also possible to monitor compounds present
in the exhaled breath to develop early diagnosis of diseases [51, 54]. This relative new
way to detect diseases offer several advantages compare to blood analysis and is

further describe in the following sections.

1.3 Breath analysis
1.3.1 History of breath analysis

Although Breath analysis has been central to much of the research carried out during
the last decade, its origins comes from antiquity, when Hippocrates made the link
between fetor oris and fetor hepaticus and breath odor [55]. The fruity smell emitted in
the exhaled breath of diabetic ketoacidosis patients is well known by doctors. Lack of
insulin induces the production of ketones because of the inability of the body to
prevent the absorption of glucose, and this ketone production is responsible for the

specific fruity smell found in exhaled breath [56, 57].

In 1971, Linus Pauling had the great idea to analyse human exhaled breath by GC
[58]. He discovered the presence of several compounds, and laid the foundations for
modern breath analysis. Since then, several researches programmes have
investigated this promising field (Figure 7) and several markers have been already
reported [59]. For example, ®C-urea breath test provides a reliable test to detect
Helicobacter pylori infection [60]. Monitoring nitric oxide for asthma, hydrogen for
small intestinal bacterial overgrowth or fructose and lactose malabsorption, CO for
neonatal jaundice provide new tools for the diagnosis of such pathologies by breath
analysis [61-65].
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Figure 7: Number of publications per year found in Pub med library with "breath analysis"
keys word from 1970 to 2019

Cells, tissues and microbiomes synthetize and release VOCs. They can be a
promising source of information about the healthy status of an individual [66, 67].
Hence, scanning such compounds in exhaled breath provides new opportunities for
the diagnosis of diseases [68-73]. Moreover, linking VOCs found in exhaled breath
and the status of pathologies may lead to a better understanding of how diseases
affect the body [74]. Scientific consensus compares healthy volunteers to patient
cohorts to seek variation between both groups [75]. It was demonstrated that the
pathology affects the VOC profile by comparing VOC profile of cancer patients

before and after surgical removal of the tumor [76].

1.3.2 Composition of exhaled breath

Exhaled breath has almost the same composition than the air present in the
environment. The biggest difference in term of concentration comes from the transfer
of oxygen to carbon dioxide in the lung. Thus, exhaled breath is mainly composed of
of N2 (~75%), Oz (~15%) and CO: (~5%). However, it is also contains VOCs, inorganic
species, vapor and other aerosols [77, 78]. VOCs are defined by article 2 of the
directive 1999/13/CE from the European legislative body as “any organic compound
having at 293,15 K a vapor pressure of 0,01 kPa or more or having a corresponding
volatility under the particular conditions of use”. They are often analysed in different
tields, like in forensics [79, 80], petrochemistry [81], the food industry [82], tobacco
combustion [83], medicine [59, 84], environment control [85], etc.
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VOCs present in the exhaled breath can come from two different sources. They can
be inhaled from the surrounding air and then released during expiration. They do
not give any information on the healthy status of individual and are more seen as
contamination. Next to them, other possible forms of contamination include VOCs
from diet, smoking, lifestyle [86-89]. Those compounds do not point to a healthy
status in an individual and they are called exogenous VOCs. For example,
acetonitrile had been reported to be present only in the breath of smokers [90].
Sometimes, studies require patients to refrain from eating or smoking for a period of
time before taking a sample of the exhaled breath in order to avoid/ reduce the
impact of such contaminations. However, it is not possible to complexly remove
those exogenous VOCs because some of them can enter the body through the skin

and are releases into the breath few hours after their assimilation [7].

The second source of VOCs present in the exhaled breath are call endogenous VOCs.
Metabolism occurring in the body releases some sub-products in the blood. When
blood comes to the lung to transfer CO: and absorb O, it releases these small
molecules too (Figure 8). Hence, those compounds are present in the exhaled breath.
They reflect the healthy status of an individual as pathologies induce trouble in the
body that its translated by a variation of his/her VOC profile [91].

irculation

Figure 8: Schematic representation of the exchange of VOCs from the blood to the exhaled
breath by using the respiratory system. Bacteria and local cellular metabolism also impact
the composition of the VOC profile emitted through the exhaled breath [92]
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It is possible to characterize VOCs from all parts of the body as they are transported
by the blood to the lungs before being expelled during expiration. Their intensity
fluctuates in accordance with the way we breathe. When we exhale, the first part of
the gas phase comes from the upper part of the respiratory system (including mouth,
nose, pharynx, trachea and bronchi). This is called dead space and represents a
volume of around 150 mL. Then, the second part of the expiration coming from the
lung is exhaled. The gaseous part of this is called alveolar air. Deeper breath brings
more important quantities of alveolar gas, increasing the intensity of endogenous
VOCs [91]. Therefore, there are different ways to collect exhaled breath samples: to
sample its alveolar air and to sample its total volume. When sampling the total
breath of a patient, the ambient air dilutes the alveolar air, and the endogenous
VOCs are found in a lower concentration. When sampling the end of the expiration,
this alveolar air is found in greater quantity and is therefore more representative of
the endogenous VOCs released by the patient. It is possible to sample the alveolar air
by measuring the amount of exhaled CO: released in the exhalation. Indeed, at the
beginning of the exhaled breath, the concentration of CO: release increases until it

reaches a plateau (Figure 9). And at this point, only alveolar air is present [17, 93, 94].

mm Hg .Mixed expiratory” sampling
PCO; - >
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Figure 9: The amount of CO: expelled in the exhaled breath in relation to the breathing step
[91]. The majority of VOCs are exhaled during phase III
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Around one thousand VOCs are detected in a single breath [92] and a majority of
studies used multiple breaths to record the VOC signal because their concentrations
range from pptv to ppmv [86, 95-98]. However, it is also possible to use one single
breath to detect VOCs [99].

Finally, non-volatile compounds emitted in breath can also be detected with exhaled
breath condensate (EBC). This method involves collecting the breath, cooling it down
to create an accumulation of condensed fluids consisting mainly of soluble and non-
volatile compounds. The genomic, transcriptomic, proteomic and metabolomic
methods can therefore be applied in order to analyse different molecules present in

these condensates to highlight certain pathologies [100-103].

1.3.3 The advantages and disadvantages of breath analysis

Conventional diagnostic procedure uses blood sampling or tissue biopsies. These
invasive methods are not always welcomed by patients and providing a non-
invasive technique like breath analysis could solve this problem (Figure 10). Several
pathologies have an impact on the integrity of exhaled breath. Hence, developing a
method to characterize the breath matrix could be used in multiple clinical fields.
Moreover, like in the case of blood, it could be possible to screen several factors of
diseases through one single breath sample. A study reported the segregation of
different cancer patients and also healthy volunteers [104]. This method also has
several other advantages. It is pain free, easy to use for the clinician and the patient,
inexpensive and easily accessible to all [66, 68]. It can be performed at any time and is
unlimited, which it is not the case for the urine matrix or liquid biopsy techniques
[105].

Invasiveness

Exhaled Exhaled breath Induced Bronchoalveolar Bronchial Transbronchial Openlung
breath condensate sputum lavage mucosabiopsy lung biopsy biopsy

Figure 10: Classification of medical analysis method by their invasiveness
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However, these screening methods are not yet able to be used at the clinical level,
because the lack of standardized methods or devices for breath collection hampered
the robust identification of VOC markers [106-108]. This is partially due the variation
in the volume of the exhaled breath collected, the method of sampling (Tedlar® bag,
Mylar® bag, home-made device, etc.) and the part of exhaled breath collected
(alveolar and total breath). Impact of exogenous VOCs or contamination arising
during the storage of breath samples also plays a harmful role in the discovery of
putative VOC markers. High variability between samples also leads to difficult data
interpretation. Age, gender and smoking, all play an important role in the variability
between individuals [109]. The water present in the exhaled breath could potentially
condense depending on the sampling method and absorb some VOCs [110, 111]. The
high variability from the healthy groups, used for comparison with the patient
cohort, induced by smoking factors (non-smokers, ex-smokers or smokers) or higher
age variability also lead to difficult data interpretation and make the discovery of

putative markers more delicate [86].

1.3.4 Sampling exhaled breath

There are two major ways to analyse exhaled breath samples. With on-line analysis,
the sample goes directly from the patient to the instrument to be analysed. Therefore,
this kind of analysis does not require sample storage. Usually, proton transfer
reaction mass spectrometry (PTR-MS), selected ion flow tube mass spectrometry
(SIFT-MS) and e-nose technologies are the most common choice because their time

analysis is relatively short and display results in short delay.

On the other hand, in the case of off-line analysis, breath samples are collected and
stored before being injected into the instrument. Tedlar® bag is the most common
choice to trap breath samples even though other alternative methods could also be
used, such as Mylar® bags or homemade devices. These bags consist of an inert
membrane of polyvinyl fluoride and are not supposed to change the integrity of the
gas sample. They are easy to use for the clinicians because they do not require
specific formation or additional equipment to fill them. It is also easy for the patient
to blow into them. Different volumes are available (one litre, two litres or five litres
for example) and can be selected in accordance with the goal of the study. This kind
of equipment is relatively cheap, and it is possible to use a bag several times after
cleaning it. However, several studies indicate that they leak and release compounds.

Phenol and N-N-dimethyl acetamide are commonly cited in the literature to be the
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main compound released by those bags [112-114]. Other studies use alternative bags

of alumina foil sheet, known as Mylar® bag, to overcome this issue [8, 115, 116].

There are three main ways to transfer the VOCs collected in the Tedlar® bag to the
instrument. The most common choice is using thermal desorption (TD) tubes [117-
119]. These tubes are stainless steel or glass tubes filled with one or more adsorbents.
These sorbents can be of several types [120]. They may consist of activated carbon,
polymer and a carbon molecular sieve which trap the gas inside its structure. All of
these sorbents have different properties such as polarity or pore size. This allows the
absorption of volatile or semi-volatile organic compounds. VOCs are transferred
from the Tedlar® bag to the TD tube by deflating the bag with a pump. Then, the
tubes are placed in the thermo desorption unit to allow the heat to release the VOCs
trapped inside the tube into the instrument of analysis. The large loading capacity of
the sorbent and the absent of solvent are the two main advantage of this technique
[121]. The high stability of the trapped VOCs means these can be stored in those
tubes in order to inject all samples during a same session into the instrument, to
decrease the instrumental variability. These tubes can be conditioned by heating
them at high temperature (depending on the nature of the sorbent, usually around
300-350°C) and purged with a nitrogen flow. On the other hand, thermal
decomposition of compounds might occur during the heating step necessary to
release the compounds from the sorbents to the instrument. And during thermal
desorption, polymeric sorbents might depolymerized because of the high
temperature. This reaction will release monomeric units and decrease the trapping
performance of the tubes for the next samples [122]. For gas analysis, as this technic
does not use concentration step, it is necessary to use it with large sample volume to

overcome the low concentration of compounds [123].

The second common option is to insert a solid phase micro extraction (SPME) fiber
inside the Tedlar® bag through a specific valve to trap some VOCs on the surface of
the fiber [90, 124-131]. The SPME technique was invented by Arthur et Pawliszyn in
1989 and consists of a fused silica fiber coated with an sorbent polymer capable of
catching and trapping the VOCs present in a gas phase [132]. The coating could be a
single sorbent or a mix of different ones. The choice of the coating depends on the
kind of compounds analysed [133]. Usually SPME is used to analyse the headspace
(HS) of solid and liquid phase or also gaseous phases. It can be applied in the
analysis of semi-polar, non-polar, semi-volatile and volatile compounds. It should be
noted, however, that the sorption of the SPME fibers is governed by distribution

constants and that these fibers are not designed for exhaustive media analyses [134].
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Compare to TD tubes which use absorption, trapping of compounds is mainly
dictated by adsorption but it might have some competition with absorption
depending on the type of fiber used. In addition, the total sorption capacity of the
tibers is very limited compare to TD tubes. Coating choice, needle penetration, time
of exposition of the fiber above samples and desorption time have to be optimized to
reach optimal trapping of compounds. However, this technique is fast, inexpensive,
does not consume solvent and could be automated [129, 135-137]. Another advantage
is that integration, extraction, concentration and introduction of the sample is carried
out in one step, which constitutes a considerable time saving factor in the
preparation of the sample (Figure 11). For VOCs analysis, the concentration step
allows detection of compounds present at low concentration even with small sample
volume [122]. Like with TD tubes, a further advantage is the absence of solvent,
deleting the solvent peak in the chromatogram, the dilution of compounds and also
the solubility problem induced [138]. However, degradation of thermally unstable
compounds inside the injector may occur. This method shows its capacity to

characterize VOCs present in human biological specimens [84].

—
) .

s

523 K

Figure 11: Diagram of the use of SPME fiber to sample the HS of the liquid sample [139]

The last common option to collect VOCs is to use a needle trap device (NTD)[140].
This method consists of using a needle where VOCs can be trapped inside the needle
by diffusion of the gas on sorbent. With its small diameter, the needle is introduced
in GC inlet to thermally desorb the sample. This method combines the low volume
require to perform the sampling like with SPME fiber but it does not have the
concentration step. And like TD tubes, it is possible by increasing the sample volume
to increase its sensitivity but it is limited by its loading sorbent capacity compare to
TD tubes [110]. This is why this method is less popular than SPME and TD and only
few publications reported its use [110, 141-143].
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Other sampling devices were developed but remain less popular than the technique
described above. For example, Markers had developed its own device to trap exhaled
air call Bio-VOC™. Breath is collected in a plastic cylinder of 88 mL free from plastic
emissions. Then, a TD tube is connected and a piston allows to transferring VOCs
from the cylinder to the tube (Figure 12). It is also possible to connect a SPME fiber to
collect those VOCs [144]. This kind of device could be used to analyse VOCs with a
high concentration but is not suitable for majorities of VOCs found in exhaled breath

due to its limited volume [145].

Figure 12: Bio-VOC™ from Markes (www.markes.com)

Owlstone medical in Cambridge (UK) developed its own sampling device, called
ReCIVA™, where exhaled breath was directly collected in several TD tubes (Figure
13). Absence of intermediate trapping items reduces the risk of contamination. The
presence of the CO: pressure sensor makes it possible to select the part of the breath
sampled to normalize the amount of endogenous VOCs collected. It contains a
single- use masks adapted from children or adults and also includes a bacterial filter
to prevent any cross-contamination. This device available since the end of 2017 has
been used at over 100 clinical sites around the world and tend to appear to be the

standardized method to collect exhaled breath sample.
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Figure 13: ReCIVA™ sampling device for breath analysis design by Owlstone medical
(www.owlstonemedical.com)

Sometimes sampling devices record the amount of CO: expelled to normalize the
intensity of the VOCs as explained in the previous section. Other teams developed

their own device to sample and analyse breath based on the use of e-noses [146-148].

1.3.5 Instruments for exhaled breath analysis

There are several ways to analyse exhaled breath and all instruments have their
advantages and drawbacks. The first parameter to take into account is the type of
sampling. For on-line analysis, an instrument which displays fast results is needed.
Whereas it is not the case for off-line analysis but usually those instruments give a
better characterization of the breath matrix. Hence, off-line analysis is most of the
time dedicated to untargeted analysis to discover new VOC markers [17]. Those
markers could be detected with another instrument by means of on-line analysis
directly in the hospital and deliver results to help clinicians in their diagnostic

process.

On line analysis mainly includes soft ionization mass spectrometry with selected-ion
flow tube (SIFT-MS) [149-151] or proton-transfer reaction mass spectrometry (PTR-
MS)[85, 152-157]. On the other hand, GC-MS and IMS are the most common choice
for off-line analysis [158]. GC is known as the golden method and represents the
major method used for breath analysis in general (Figure 14). All these instruments

are briefly described below.
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Figure 14: Percentage of the most conventional methods used in publication to characterize
breath analysis from lung cancer patients

1.3.5.1 Gas chromatography coupled to mass spectrometry

The golden method to inject and analyse the breath matrix is gas chromatography
coupled to mass spectrometry (GC-MS) [70, 84, 159-161]. In this method, VOCs are
injected into a chromatography column and transported through it by a carrier gas
(He or Hz). The compounds will be separated according to their affinity with the
stationary phase of the column and reach the MS, which serves as a detector, at
different times. Structural information obtained from mass spectra is used to
determine the nature of the VOCs. It is also possible to use the retention time of
compounds in the column to determine their structure. GC-MS is characterized by
high sensitivity and good robustness and enables qualitative and quantitative
analyses. However, the time of analysis for one sample is around one hour and it is
necessary to preconcentrate the sample. It is possible to use fast GC runs to reduce
the analysis time to few minutes. But the separation power will decrease and, due to
the complexity of the sample, it is not possible to use such an alternative for

untargeted analysis.
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1.3.5.2 Comprehensive two-dimensional gas chromatography

Some studies also used comprehensive two-dimensional gas chromatography
(GCxGC) instead of 1D-GC-MS to overcome the issue of the co-elution induced by
the complexity of breath samples [111, 141, 162-168]. Phillips demonstrated the utility
of such an instrument compared to conventional GC-MS for breath analysis [165]. In
his study, he underlined the fact that the exhaled breath sample is very complex by
the number of different VOCs constituting this matrix and using GC-MS may miss
some crucial information due to the high number of co-elution occurring. Moreover,
the sensitivity of GCxGC is higher than with 1D-GC, which is another advantage for
samples with low concentration as in the case of exhaled breath analysis. The major
drawback of GCxGC-MS is to extract the essential information across the large set of

data generated.

1.3.5.3 Proton Transfer Reaction Mass Spectrometry

Proton Transfer Reaction Mass Spectrometry (PTR-MS) is a soft ionization
spectrometric method often used for VOC analysis [74, 85, 153, 156, 169]. It consists
of using chemical ionization of VOC by using HsO* (Equation 1). This reaction occurs
because the affinity of H* is higher for VOC than for H2O or ambient air. Then,
protonated VOCs go through the mass spectrometer part to be separated according

to their m/z (Figure 15).

VOC + H:0 -> H.O + HVOC~ Equatlon 1

This method has the advantage of not requiring any method of separation or
preconcentration of the sample. In addition, the compounds present in high
concentration in air such as Nz, CO2, O: and H2O do not interfere with the
measurements. Finally, this method has a very high sensitivity. However, it is only

suitable for targeted analysis as it is necessary to know what is sought beforehand.
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Figure 15: Schematic illustration of a proton-transfer reaction mass spectrometry (PTR-MS)
instrument [170]

1.3.5.4 Selected Ion Flow Tube mass spectrometry

The selected ion flow tube mass spectrometry (SIFT-MS) works in much the same
way as PTR-MS. With SIFF-MS a mass filter is interconnected to select the ionization
agent (Figure 16). In the result, it is possible to use H:O*, NO* or O as precursor
ions. Those precursors are then sent to the flow tube to be mixed with VOCs and
undergo chemical ionization. Finally, like with PTR-MS, VOC ions go through the

spectrometer to be separated according to their m/z [169, 171].
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Figure 16: Schematic illustration of a selected ion flow tube (SIFT) instrument [170]

1.3.5.5 Ion mobility spectrometry

Ion mobility spectrometry (IMS) consists in subjecting ionized molecules to an
electric field in a gas stream. The ions move according to the electric field at a rate
which depends on their interaction with the gas, their mass, their size and their form.
Hence, compounds are separated according to their mobility (Figure 17). IMS is a fast
and sensitive method with low detection limits (ng to pg / L). It does not requiring
preconcentration of the samples. This method is often coupled to one-dimensional

chromatography to analysed exhaled breath samples [158, 172-180].
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Figure 17: Schematic illustration of ion mobility spectrometry (IMS) instrument [181]
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1.3.5.6 Training dogs

There is also a somewhat less conventional method currently being studied in order
to analyse breath samples: the canine olfactory sense. Domestic dogs have been
trained by humans for thousands of years. They have been selected and raised
during all those years to help their masters in daily tasks and this has been made

possible by their ability to learn and cooperate with humans.

Smell plays a fundamental role in most animals (finding food, detecting predators,
identifying individuals, reproducing, communicating, etc.). Their olfactory sense
plays a crucial role in most of the tasks where dogs are used. Indeed, dogs are
commonly used today to detect various substances such as explosives, drugs,
smuggled food, cigarettes, alcohol, but also search for individuals in the event of
landslides, avalanches and even search for human remains. These dogs are also used

for more unusual purposes such as the detection of mold or insect pests in buildings.

In 1989, Williams and Pembroke hypothesized that the dog might be able to detect
cancer in humans through their sense of smell [182], observing a dog that had shown
an interest in a person who turned out to have melanoma. After removal of this
melanoma by surgery, the dog no longer showed an interest in the person. This
hypothesis has given rise to interest on the part of the scientific community for the
use of canine smell in cancer screening. Different laboratories have conducted studies
on trained dogs to detect different cancers in various matrices (breath, urine, cancer
tissue) but the results remain mixed [183]. However, the development of analytical
methods and sensors will probably make the use of these dogs obsolete, but it is very
important to note that the complexity of canine smell can inspire us in the

development of sensors for the detection of these molecules [17, 184].

1.3.5.7 E-nose

Electronic noses (e-nose) are devices containing chemical or semiconductor sensors
that will selectively respond to certain properties of analyses. These devices often
include several different sensors that provide combined information. Indeed, an
individual sensor is generally not selected for a particular compound. The device
combines the information of all the sensors in order to obtain information on the
chemical composition of the analyses. Therefore, e-nose used another approach to
develop an early diagnosis of lung cancer. Instead of looking for VOC markers of

lung cancer as in another method described above, e-nose rather tries to characterize
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a pattern of the VOC profile emitted by individual [185].

These devices are generally portable and cheap, have a high sensitivity, perform a
rapid analysis and allow trace molecules to be determined. It has a high sensitivity
and a rapid return to equilibrium. However, the repeatability of this device is
problematic. This device presents risks of contamination and problems of some
sensors against water (loss of sensitivity) and too-high concentrations of a compound
[186]. In addition, the response of some sensors may change over time and therefore
have a short lifetime. The use of these devices can be found in many fields such as
cosmetics, food, medicine, forensics and the environment [17, 184]. These devices
measure several types of properties like optics, thermal pellistor, electrochemical
(chemisistivity, potentiometry), gravimetric, etc. by different devices such as quartz
microbalance sensors coated with different molecules, dyes, metal non-particles,
polymer-based sensors [187, 188]. Gold nanoparticles e-nose is very common and
two instruments, the TECNION and the Cyronose 320 were used in several studies
[189].

1.3.6 VOC markers already reported for lung cancer

Currently, various markers of lung cancer have been highlighted in the literature.
Since the study by Gordon et al in 1985, which has pointed out the possibility of
developing a diagnosis of lung cancer on the basis of breath analysis [190], many
laboratories have been working to create lists of lung cancer markers. The
comparative table of the 207 markers of lung cancer published is presented in the
annex part. To display the variety of putative VOC reported, they were classified
according to their chemical function (Figure 18). An important fact to note is that
each study highlights several putative markers and not only one. It is because single
markers can usually not be accurate enough on their own to detect lung cancer.
Instead, a combination of several markers can be used to detect the presence of
cancer through exhaled breath [191].
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Figure 18: Chemical function abundance for VOC markers of lung cancer reported in the
literature [85, 90, 99, 109, 117, 118, 124, 126, 128, 129, 135, 144, 148, 158, 187, 190, 192-209]

Aldehyde, carboxylic acid, ester and ketone are grouped together as carbonyl
compounds. One compound could belong to several groups. For example,
acetophenone was classified in aromatic and carbonyl compounds. As most VOCs
contained an alkyl group, we decided to classify alkane compound as VOCs which
only contain alkyl groups, like decane for example. On the other hand, hexanol only
belongs to the alcohol group and was not been considered as an alkane compound.
To illustrate this classification process, the list of biomarker reported in the literature
present in the annex section was classified according to it. With this classification,
alkane and carbonyl VOCs represent almost 50% of the chemical function of putative
markers of lung cancer detected in exhaled breath. Aromatic compounds are well-
represented and are putative compounds to help in the understanding of how the
pathology evolves and how the body reacts to it. Indeed, the impact of the pathology
will lead to different biochemical syntheses and therefore to a variation of the sub
products emitted. Hence, the detection of such compounds in breath could also help
clinicians to gain a better understanding of the biochemical process of the pathology.
However, those sub-product compounds may undergo some reaction with other
species before being released in the exhaled breath and lead to a more complicated
interpretation of exhaled breath. The higher stability of aromatic compounds could
allow them to avoid these reactions. Finally, halogen, sulfurous and nitrogen
compounds represent a tiny part of the chemical function display in putative VOC

markers of lung cancer found in exhaled breath.
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1.4 Origin of VOCs

The link between VOCs found in exhaled breath and their origins is not clear. Several
metabolic processes were proposed to explain the origin of some chemical family
such as how the lipid peroxidation of polyunsaturated fatty acids (PUFA) from cell

membranes induces the formation of different alkane and aldehyde (Figure 19) [78].
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Figure 19: Metabolization of alkanes VOCs with lipid peroxidation of polyunsaturated fatty
acids [91]
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The production of alcohol compounds could be partially explained by the pyruvate
metabolism via the glycolytic fermentation (Figure 20). Alcohol VOCs could also
originate from some metabolization occurring in the liver and may react to form

carbonyl compounds like aldehydes and ketones by lipid peroxidation.
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Figure 20: Production of alcohol VOCs during the glycolytic fermentation of pyruvate [210]

Sulphur compounds are produced during the incomplete metabolism of methionine
and nitrogen compounds come from the transformation of urea [211, 212]. No

biochemical pathways explain the origin of aromatic or halogenated compounds in
the exhaled breath.

Nonetheless, there are several biochemical pathways to explain the origin of
chemical function families. For example, many studies reported on the presence of
isoprene in exhaled breath. It seems to be the case that this VOC could be formed
during the synthesis of cholesterol (Figure 21).
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Figure 21: Formation of isoprene during the synthesis of cholesterol [91]

It is also possible to relate the presence of acetone in exhaled breath with the lipid
peroxidation of acetoacetate occurring in the liver and the muscles. Indeed,

decarboxylation of acetoacetate leads to the formation of acetone (Figure 22).

Although isoprene and acetone formation can be explained, it is not possible to
explain the biochemical syntheses of all VOCs detected in exhaled breath.
Discussions between physicians, biochemists and chemists could help in the
discovery of new understanding of VOC origins. Moreover, cell culture analysis
could also help in this direction as cell cultures are known to emit a large number of
VOCs that could thus be studied in this context [213, 214].
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Figure 22: Formation of acetone during the lipid peroxidation of acetoacetate [215]

1.5 Impact of smoking on exhaled breath

The majority of lung cancer patients are or were smokers. Several studies have
demonstrated that smoking induces a variation in the VOC profile of individuals.
Hence, it is important to pay attention to the smoking factor when seeking for
putative markers of lung cancer by being sure that the presence of such markers is
due to the pathology and not to the smoking factor [216]. To overcome this problem,
it is necessary to include non-smoking patients in a lung cancer cohort and also
smokers in a healthy volunteer cohort. Several VOCs have already been reported to

be found in smokers or ex-smokers (Table 2).

Table 2: Smoking VOCs markers reported in the literature

# Name Reference # Name Reference
1 1,3-Cyclohexadiene [109] 6 Furane 2 methyl [141]

2 acetaldehyde [199, 200] 7 Furane 2,5 dimethyl [109, 199]
3 acetone [109] 8 o-xylene [109]

4 Acetonitrile [90, 109] 9 Toluene [109]

5 Benzene [199]
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1.6  Goals and objective of the thesis

The aim of this thesis was to contribute to the development of an early and non-
invasive diagnosis of lung cancer by using exhaled breath analysis. Two central lines
were investigated. The first pillar consisted in the analysis of exhaled human breath.
Investigation of the background level coming from the environment using sampling
bags was reported. Then comparison of the exhaled breath of lung cancer patients
and healthy volunteers was used to highlight putative markers of such disease.
Different statistical tools like Fisher ratio and random forest approaches were applied
and compared to help in the data treatment of such datasets. Results related to this

pillar are reported in Chapter 2.

The second line focused on the analysis of the headspace of cell cultures. The goal
was to compare the VOC profile emitted between different types of cancer cell lines
and also between normal and cancer cell lines. Those results were also compared to
the VOCs detected in the exhaled breath of individuals. Results related to this pillar
are reported in Chapter 3.

Due to the large number of VOCs found in both types of samples, GCxGC-TOFMS
techniques were used to overcome the limited peak capacity issues induced by 1D-
GC-MS. An important part of the research was devoted to setting up an efficient data
treatment approach. This enabled correct processing and interpretation of the
complex sets of data collected by the multi-dimensional system from large classes of
samples. The following part of this chapter describes in detail the different principles

of methods and techniques used during this thesis.

1.7 Comprehensive two-dimensional gas chromatography
1.7.1 Multidimensional methods

It is in human nature to move forward and solve challenges. It is especially true in
the field of science. Scientists have been confronted with problems in the separation
of complex mixtures such as petrochemicals [217, 218], agro-industry [82, 219, 220]
VOC food, perfumery [221, 222], breath [223-225], cigarette smoke [226, 227], forensic
[228-230] and pollution [81]. Scientists have therefore developed the so-called multi-
dimensional analysis techniques which consist in separating the compounds
according to several criteria, and not according to a single one, as is the case with
conventional methods. The aim of these techniques is to obtain a better separation

power of the analytes and thus allow the separation of compounds which would
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normally co-elute together [231]. For this, these methods are called exhaustive or

even "comprehensive" and must follow the rules of Giddings [232].

1. All analytes must be separated by at least two dimensions that separate
according to different criteria. These dimensions are called orthogonal.

2. All analytes separated in the first dimension must also be separated in the
second dimension.

3. The separation obtained according to the previous dimensions must be

maintained throughout the process.

The notion of orthogonality must also be introduced. This describes the dependence
between the separation criteria used in different dimensions [233]. Thus, a technique
that has two dimensions must have different separation criteria according to its

dimensions to be orthogonal.

1.7.2 Principle of comprehensive two-dimensional gas chromatography

Comprehensive two-dimensional gas chromatography, also called GCxGC, is a
separation method developed by J. Phillips and X. Liu in the early 1990s [234]. This
technique is similar to conventional gas chromatography but differs in the fact that
analytes are separated not by a single column, but by two. The aim is to obtain a

separation based on two criteria to increase the peak capacity.

In practice, GCxGC looks like conventional GC, except that in this case there are two
columns of different stationary phases which are coupled together in series through

an interface called "the modulator" (Figure 23).

Inj Modulator Oven Det

Figure 23: Schematic design of a GCxGC device. Dotted line represent the optional
secondary oven for independent temperature control compare to the main oven [235]
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The aim of GCxGC is to obtain a better chromatographic resolution by increasing the
number of theoretical peaks that can be separated due to the second dimension.
When analytes elute at the end of the first column, they are split in different fractions,
refocus and reinject, one after the other, in the second column thanks to the
modulator. Access to the second dimension leads to analysis of complex mixtures
which in conventional 1D-GC would give rise to peak co-elution problems. Three-
dimensional chromatograms are obtained, the XY plane of which represents the
separations according to the two columns. The Z-axis gives it the intensity of the
peaks. It is also common to visualize these data in the form of a two-dimensional
chromatogram in which the intensity of the peaks is represented by contour curves,
the XY plane always representing the separations according to the two dimensions.
Using this multidimensional method, the separation obtained is not on one axis but
on a plane (Figure 24). Finally, the modulation step also increases the sensitivity of
the system. Before arriving at the modulator, analytes go through the first column,
where they have enough time to be spread. Resulting from a certain width of the
peaks of the analytes. Refocalisation and reinjection in a shorter column reduces the
width of the peak, leading to higher intensities and a better sensitivity. A gain from
two to five has been estimated from using GCxGC-TOFMS instead of 1D-GCMS
[236].

1D chromatogram
(at first column outlet)

u 1. Modulation
v v
I ¥ =

N § .
Raw 2D chromatogram
(at second column outlet)

3D plot

&
e,(\

6\&
2D colour plot
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3. Visualization

Second-dimension chromatograms
stacked side by side

Figure 24: Diagram illustrating the modulation principle of GCxGC and peaks reconstruction
on 2D chromatogram [237]
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However, a high acquisition frequency is required because the analytes leaving the
second column have a peak width of the order of 100-200 ms. As it is recognized that
it is necessary to acquire at least six to ten data points to properly characterize an
elution peak in chromatography [238, 239], it requires the use of a detector having an
acquisition speed of at least 25 Hertz. In order to place themselves under more than
comfortable analysis conditions, the use of detectors having acquisition speeds of

about 100-200 Hertz is a conventional choice.

1.7.3 Modulators

Although the principle remains relatively simple in theory, this is unfortunately not
the case in practice. The coupling between the two columns is a key point of the
experimental set-up which must allow the analytes leaving the first column to be
refocused before being injected into the second dimension while keeping the
separation achieved in the first dimension. This is made possible by a device called a
"modulator”. Different types of modulators exist and all of them have their specific
advantages and disadvantages [240-243]. They operate on different mechanisms but
have the same role of collecting for a short time the analytes coming out of the first
column, in order to refocus them and inject them into the second column. This
relocation time is called the "modulation period" (Pm) and is chosen to insurance of at
least three to four cuts per peak of the first dimension by the modulator. Usually, Pu
is generally around two and eight seconds. If Pu is too long, the separation achieved
in the first dimension is lost and rules of Giddings are not applicable anymore. On
the other hand, if Pmis too short, new analytes are introduced in the second column
when analytes from the previous Pwm are still present in the column. This effect is
called wraparound and increases the risk of co-elution. To prevent this effect to
occur, it is required to use fast GC analysis in the second dimension. Thus, the
second column has a smaller internal diameter and length than those of the first
column. The purpose of this is to reduce the retention time of the analytes in the
column and thus to prevent them from spreading out. In this way, the GC conditions

in the second column are similar to fast GC analysis.

The most common modulators are the cryogenic systems. In practice, such
modulators rapidly cool, using cryogenic liquid (usually liquid nitrogen),
compounds which leave the column in order to immobilize them. Then, they reinject

these analytes into the second dimension by means of a hot jet.
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In this work, chromatographs are equipped with a cryogenic modulator. The one
installed in the Pegasus 4D is a 4-jet thermal modulator (Figure 25). First, a cold jet
blocks the compounds at the inlet of the second column. Then the first cold jet
becomes a hot pulse to allow these analytes to get back into motion. The next step
consists of a second cold jet to stop the analytes again. Finally, the first jet becomes
cold to prevent the analytes leaving the first column from returning to mix with the
compounds released during the previous modulation period. The latter are re-
injected into the second dimension by means of a high-temperature pulse. The cycle

is repeated throughout the chromatographic analysis and forms a modulation

period.
©) Cold Cold
ODOO o o o o@ l ! 1
1# pim PRECR IR e 2" Dim
Delay Loop
® Cold {
{1 gHot o Cold Jet Nozzle 1! Stage
3,000 o o B I
1% Dim BSOSO o 8 =0 oo o 2" Dim
@ Cold
Hot 2"d Stage
9,005 0 0 d I Hot Jet
15 Dim BERCOIONN o "o 'd . o oo S 2" Dim Cold Jet

Figure 25: Principle of a four-jet modulator on the right and a loop modulator on the left
[123, 244]

The AccuTOF™ GCv 4G from JEOL uses another cryogenic modulator called a “loop
modulator”. This modulator, designed by Zoex, is a dual-stage thermal modulator
where hot and cold jets are used to trap, focus and reinject peaks from the first
dimension to the second one. The idea is to use a loop, make with the column call the
“delay lop”, to use the same cold jet to stop the analyte at two different locations of
the column instead of using two different cold jets like with the 4-jet thermal
modulator (Figure 25). Peaks coming out of the first dimension are trapped with cold
jet and then reinjected into the delay loop by means of a hot jet. A second cold jet,
from the same cryogenic jet, trap peaks after moving through the delay loop. Pm ends
with a second hot jet to reinject peaks into the second dimension. This jet also allows
the next Pu to go through the delay loop. In this study, this modulator used the
Peltier effect instead of liquid nitrogen to produce a cold jet. Trapping is less effective
for very volatile compounds, starting at Ce, as the reached temperature is higher than
with liquid nitrogen. On the other hand, it is cheaper to use and more

environmentally friendly.
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1.7.4 Injectors

Like with 1D-GC, there are different ways of injecting the sample into the column.
Two methods were used during this study. Thermal desorption (TD) technique for
breath analysis and headspace with solid phase microextraction (SPME) for cell

culture analysis.

1.7.4.1 Thermal desorption tubes

According to the type of compounds analysed, sorbents are selected. In this study, a
mix of carbopack® B and Tenax® GR were chosen. This sorbent combination was
already reported in the literature for the VOCs analysis [245]. Tenax is a porous
polymer of 2.6-diphenylphenol, synthetized with a high level of purity and is stable
at high temperatures (up to 350° C). The porous volumes are able to properly trap
VOC from Csss to Cz0. Thereby 30% of graphite are added to the polymer. Carbopack
is an adsorbent based on graphitized black carbon, which can trap compounds from
Csto Cao.

In practice, the sample goes through the tube by using a gas flow, making it possible
to trap VOCs onto the sorbent(s) via absorption. Samples can be transported and
stored before being thermally desorbed due to the stability of the VOCs inside the
tubes. These advantages are needed as samples were collected in the University
Hospital of Liege over long periods of time and were sent to the laboratory of
Organic and Biological analytical chemistry laboratory to be analysed. Another
advantage of TD tubes is their large loading capacity as compared to other

techniques allowing more exhaustive analysis.

1.7.4.2 Solid phase microextraction

Three different kinds of fibres were used and investigated in this study to
characterize = the headspace of cell culture media: the 65 pum
polydimethylsiloxane/Divinylbenzene (PDMS/DVB) fused silica fibre, the 100 um
polydimethylsiloxane (PDMS) fused silica fiber and the 50/30 pm
Divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) StableFlex fiber.
Those fibres were already reported in the literature for the analysis of the headspace

of biological matrix [246, 247]. Optimization of their use is described in Chapter 3.
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1.7.5 Detectors

All detectors used in conventional GC are not necessarily applicable to GCxGC,
because they must have a high sampling rate, since the peaks in the second
dimension are very narrow (50 to 600ms). At the first step of GCxGC field, flame
ionization detectors (FID) and element-selective detectors were commonly used.
Nowadays, mass spectrometer detectors are the most common choice, but new

technologies of UV-visible detectors are also now available.

1.7.5.1 Mass spectrometers

Using mass spectrometers as detectors in GCxGC field is called GCxGC-MS and is
the most common choice for VOC analysis. There are several types of mass
spectrometers but generally time-of-flight (TOF) spectrometers are used as they have
a high sampling rate, which is require to proper integrated the short peak elute from

the second column [248].

Mass spectrometry used the mass-to-charge ratio of ions to detect them. Thereby, the
first step in mass spectrometry is to create ions. There are different ways to ionize.
Electron ionization (EI) was the method used during this study. This ionization
method consists of a stream of thermionic electrons emitted from a resistively heated
tfilament under vacuum. These electrons are accelerated and interact with gas phase

molecules to form molecular ions.
M+ e -» Mt + 2e”

Electrons get energy of 70 electron volt (eV) and transfer between 10 and 20 eV to the
molecule to form the cation. The excess of energy allows fragmentations of the ions

and provides structural information.

1.7.5.2 Time-of-flight mass spectrometer

The first time-of-flight mass spectrometer was proposed in 1955 by Wiley-McLaren
[249]. TOF analysers measure the time-of-flight of ions in free-field region under
vacuum called the flight tube, after applying a difference of potential (Vs) to
accelerate them. The potential energy (Ee) given by the electro field to the ions
depends on their mass (m) and total charge (q=ze). Ions convert this potential energy
into kinetic energy (Ex) (Equation 2). As ions have different mass (m), they will have
different velocities (v) (Equation 3). Like ions flight the same pathway inside the
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flight tube (L), it is possible to transform their speed into time (t) they need to go

through the analyser (Equation 4) (Figure 26).

Thus, a relation between the time that ions take to reach the detector and their ratio

mass on charge is demonstrated (Equation 5). Calibrations with standard like

perfluorokerosene (PFK) or perfluorotributylamine (PFTBA) are performed to tune

the system. Thus, it is possible to separate ions with different mass to charge ratio by

letting them pass through the flight tube.

Eoy=2ZeV;=qV; = > Equation 2
V= (ZZeI/;/m)l/z Equation 3
t=L/v Equation 4
=" ol Equation 5
= 7 \2e1; quation
grid
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Figure 26: Diagram of Time-of-flight mass spectrometer [250]
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TOF has several advantages. Its high transmission efficiency compared to scanning
analysers helps to reach high sensitivity, which is important with samples with low
concentration analytes as often the case with VOCs. But the main advantage is its

high rate acquisition, necessary for GCxGC analysis.

Mass spectrum recorded with this analyser are compared to library to give
attribution name to peaks. This attribution depends on the resolution (R) of the
instrument. It can be calculated by the relationship between time of flight of ions and
their ratio m/z (Equation 6). Derivation of such a relationship according to the mass
and the time (Equation 7) leads to a new equation (Equation 8). Thus, the resolution
can be calculated (Equation 9), where Am is the peak widths, At is the time scale and

Ax is the thickness of an ion packet approaching the detector.

m 2eV. .
= ( ¢ S/L2> t? Equation 6
1
Z dm =2t (281/5/L2> dt Equation 7
m t
Im = 2dt Equation 8
m t L

- =~ Equation 9
R=3m = 28c ~ 2% quatt

Increasing the drift region length will increase the resolution of the instrument.
However, it will also increase the loss of ions. What is reducing the sensitivity of the
instrument. Usually, 1- or 2-meter length for the drift region is a good compromise to
get good resolution and sensitivity. Use of reflectron and orthogonal acceleration also

helped to achieve a better resolution.

A reflectron is an electrostatic reflector, which works like a mirror by creating a
retarding field. This field deflects and sends ions back to the flight tube. Thus, ions

with higher speed penetrate deeper inside the reflectron, which is increasing their

38



Chapter 1: Introduction

flight distance compared to ions with lower speed. The goal is to refocus ions with
the same m/z which have different kinetic energy, due to energy dispersion, before
being accelerated by the difference of potential. Therefore, ions with same m/z will

reach the detector all together, increasing the resolution (Figure 27).
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Figure 27: Scheme of time-of-flight mass spectrometer using reflectron [251]

Orthogonal acceleration makes it possible to send ions into the drift tube with a zero
kinetic energy in the direction of the flight tube. Ion beams leave the ion source over
a narrow slit, which only selects ions with a right direction. Other ions collide with
the walls of the slit. Positioning the detector to an orthogonal direction compared to
the direction of the beam of ions passing through the slit allows them to have a

negligible speed compare to the direction of the flight tube (Figure 28).
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Figure 28: Diagram of time-of-flight mass spectrometer using orthogonal acceleration [251]
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Deconvolution is an algorithm which can subtract mass spectrum from multiple
mass spectra acquire in the same time. Thus, if several compounds reach the ion
source at the same time despite the use of 2 GC columns, it is always possible to
separate them according to their mass spectrum. This is particularly useful in non-
targeted analysis as in the case of this study. Deconvolution is more easily applicable
when proper mass spectra are recorded. Non-scanning instruments like TOF acquire
mass spectrum without any shift intensity. Whereas scanning instrument, such as
quadrupole-type analyzers, offer potentially skewed mass spectrum. Which gives

more complicated access to deconvolution process.

1.8 Sampling breath for analysis

Exhaled breath samples were collected in CHU Liege and analysed in another
building in the OBIAChem laboratory. Therefore, off-line analysis was preferred.
Exhaled breaths of patients were collected in Tedlar® bags and afterwards transferred
to TD tubes with a pump at an approximate flow of 300-400 mL/minute (Figure 29).
Tubes were sent to the OBIAChem laboratory and stored at room temperature in the

dark waiting to be injected.

Figure 29: Representation of the exhaled breath sampling with on the left the collection of
breath in Tedlar® bag and on the right the transfer on TD tube via a pump

40



Chapter 1: Introduction

1.9 Cell culture

Cell culture corresponds to the maintenance outside the organism of dissociated cells
which are not organelle in tissues but capable of dividing in vitro. It has several
advantages. It is possible to control the surrounding environment by injecting
specific compounds like hormones or controlling the pH. Homogenous populations
are obtained, and it is possible to observe cells while they remain alive. Ethical issues
are less important than directly working with the human body. On the other hand,
cells are genetically unstable and may undergo mutations after several
multiplications. In vitro environment cannot perfectly mimic the in vivo conditions

and therefore induce a shift in the development of the cells.

1.9.1 Types of cell culture

First, tissues are removed from animals or plants. It is necessary to extract cells of
interest from these tissues with enzymatic and mechanical processes. Then, it is
possible to use cell a culture facility to allow these cells to grow. Cells used in this
tirst culture are called primary culture. When cells occupy almost all the space
dedicated for their proliferation, they are transferred to a new vessel. This subculture
step turns primary culture into cell line nomenclature. Isolating cells from tissues is
difficult to do. Thus, many cell line varieties are available on the market. All the cells

investigated in this study come from cell lines.

The cell is the building block of living beings. They associate with each other to form
tissues, which in turn form organs. Even though cells have a basic common structure,
it is possible to classify them according to their principal function and morphology.
In this study, only cells from epithelial tissue, call epithelial cells, were investigated
to limit the variability between them and to easily highlight the differentiation in the

data process.

1.9.2 Cell culture conditions

In practice, cells grow into specific flasks, treated with hydrophilic surface to
facilitate the attachment of cells to it. Flasks are filled with culture media which
sometimes have to be changed to keep a constant proliferation of the cells. Culture
media contains everything cells need to develop. The principal component is water
where several amino acids, vitamins, sugar, ions and oligo elements are dissolved.
The culture medium used during this study was the Dulbecco’s modified Eagle
medium (DMEM) with GlutaMAX™ and is described in the annex section.
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Serum is added to DMEM to complete the media. Serum usually comes from the
soluble coagulated plasma of bovine foetal matter. It contains growing factor,
inorganic elements, hormones, minerals and trace elements. Variation from one batch
of serum to another is important. It is necessary to use the same serum during all

experiments to keep the same culture condition for all cells.

The culture medium used for all cell culture experiments consists of DMEM with
GlutaMAX™ and sodium pyruvate from Thermo Scientific (Belgium) and was
supplemented with 10% of foetal bovine serum (FBS) and 1% of antibiotic (penicillin—

streptomycin 10 000 U/10 000 mg/mL) from Lonza (Belgium).

The culture media also provides a suitable environment for the development of
bacteria or other small organisms. Aseptisation methods are used to avoid theses
contaminations. All cells manipulations are done under a hood with a laminar flow

cleaned with ethanol and each item used must be sterilized.

At the beginning of the culture, cells are introduced into the flask filled with fresh
DMEM to reach a surface (confluency) of 30%. Around two or three days are
necessary to reach a confluency of 80% depending of the speed of growth of the cells.
During this step, cell numbers have to be reduced to avoid problems induced by an
overly high concentration of cells. Cells were removed from the flask. Firstly, the
medium was removed with a pump while cells stayed attached to the surface. Cells
were detached with the addition of trypsin during a short time to avoid auto
digestion of the cellular membrane. Then, cells were transferred into fresh media to
be separated by centrifuge. Cell pellets were recollected with fresh medium and were
able to be used to start new cell culture. Usually at this step, some of the cells were
preserved in liquid nitrogen. Addition on DMSO as cryo-conservator at 5% is
necessary. This entire procedure is called “the passage” and has to be counted to

compare similar cells as they may undergo mutations.

Cell development is observed with a microscope. It also helps to know when cells
reach the confluency. As confluency is just based on visual information, one tiny part
of the cells obtained in the pellet during the passage were counted by using blue
trypan coloration. This compound only colorized dead cells, this method worked in
two steps. Firstly, 50uL of solution were mixed with this colorant and analysed by
UV method to determine the concentration of dead cells. Then, 50 pL of new solution
were also mixed with trypan blue and trypsine to induce cellular death. Results
obtain from the UV analysis made it possible to determine the number of cells by

subtracting the concentration found with the first step.
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1.10 Statistical tools

Breath analysis or cell culture headspace analysis by GCxGC-TOFMS generates a
large amount of data. With the objective of highlighting putative markers of lung
cancer, essential information had to be extracted from the initial data set. Usually,
multivariate analysis can be applied to extract relevant information. Unsupervised
methods including principal component analysis (PCA) and hierarchical cluster
analysis (HCA) was the first step in data analysis. The goal was to visualize trends
grouping and outlier detection. Then other statistical tools can be used to find

relevant information.

1.10.1 Principal component analysis

This multivariate statistical tool enables two or three-dimensional visualization of the
data using main component axes, which represent a linear combination of the
dispersions of the different variables analysed in such way as to express most of the
variance within the data set. We went from an "n" dimension system that was not
possible to visualize to a three- or two-dimensional system that attempted to best
reflect the reality of the initial data. There are two ways to use PCA analysis. When
samples are separated in accordance with principal component axes, it is called score
plot analysis and makes it possible to visualize sample groups and trends. But it is
also possible to display a loading plot where all variables are presented and scattered
according to their own influence in the separation of samples. This representation
makes it possible to spot which variables play a significant role in the separation of

samples and which do not.

1.10.2 Hierarchical cluster analysis

This hierarchical classification displays samples in a dendrogram where they are
separated according to a calculated distance between them. Ward’s Method consists
of classifying each sample in a different cluster and then grouping the two clusters
with the lower variability together. Then the process is repeated until we get a single
cluster. By deciding the similarity cut-off, which divides the dendrogram into
separate clusters, HCA can be used for classification. By comparison with PCA, no
overlapping of groups can occur. However, the main disadvantage of HCA is that it
does not deliver the information about which variables are responsible for the

separation between samples as PCA does with the loading plot.
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1.10.3 Date reduction with Fisher ratio approach

Normally, the number of samples (n) must be five times higher than the number of
variables (p) when statistical tools are used. As the number of samples collected is
low and the number of features detected is high, it is not possible to satisfy this
condition. However, it is possible to reduce the initial data set to reduce the data
over-fitting issues by using Fisher ratio [252]. This statistical tool calculates the
variation in samples belonging to one group (Equation 10). Where X; is the mean of
the ith class, x is the global mean, niis the number of measurements in the ith class

and finally k is the number of classes.

, SE-O'm

o4 = k=1 Equation 10

Then, the variation between the variable across all samples is also calculated
(Equation 11), where Xx;; is the ith measurement of the jth class and N is the total

number of samples.
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Finally, the ratio between the two terms gives the FR value (Equation 12).

2
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FR =

Equation 12

0-827"7"
The higher the Fisher ratio value is, the higher is the specificity of the feature for one
class. To determine if a feature is considered as specific to one class, it is necessary to
compare its FR value to the critical FR (Feit). This Fait depends on the number of class
and samples per class (i.e.: degree of freedom) and also on the level of significance
(a). All features with a FR value greater than Feit are declared to as statistically
significant for one class at the level of significance selected. An a value of 0.05 is
usually used. After the Fisher ratio selection, between 5 to 20 % of features remain.
This reduced list can be screened feature by feature to highlight putative markers.

Box plots are calculated for each feature and show the distribution of the intensity of

samples from a same group. If it is possible to observe significant difference between
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groups, a feature is kept and considered as a putative marker. The advantage of box-
plot is that it is based on the medium compared to the Fisher ratio. Leading to a
reduction in the impact of outliers on the data set. It does not depend on the number
of group samples and displays direct results. However, calculated box-plot for each
feature is time consuming and explains why it is used on the reduced data set and

not immediately on the initial feature table.

1.10.4 Date reduction with random forest approach

Random forest (RF) is a multivariate machine-learning approach build on the
decision tree approach. A decision tree consists in describing how to classify a
dataset in a homogenous class by using discriminant parameters. At each node of the
tree, a different parameter is used to classify the dataset. Based on the quality of the
classification, it is possible to judge how effective the role of the parameter is to
discriminate the dataset into homogeneous classes. These decision trees are
calculated automatically with an algorithm on large datasets, where they can extract
the most relevant parameters to classify the population. With RF, multiple decision
trees are created and merged together to obtain a more accurate and stable prediction
called a forest. After the construction of the classification trees, the variables were
ranked according to their importance and their effect on the classification accuracy.

Thus, it is possible to extract significant features [253].
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Analysis of exhaled breath from lung cancer patients
and healthy volunteers by TD-GCxGC-TOFMS
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Chapter 2: Exhaled breath analysis

This chapter discusses the results obtained by means of exhaled breath analysis. The
aim was to highlight markers of lung cancer capable of segregating healthy
volunteers and lung cancer patients. This study investigates the impact of the
background level coming from the environment using breath sampling bags. The
contaminations induced by the bags’ membrane and environmental migration
during the sampling were investigated. Next, a TD-GCxGC-TOFMS methodology
has been used to characterize and compare human breath from 15 lung cancer
patients to 14 healthy volunteers. On the processing side, Fisher ratio and random
forest approaches were applied and compared with regard to their ability to reduce
the data dimensionality and to extract significant information. All experimental
parameters and data processing information related to this chapter can be found in

the appendix.

2.1 Repeatability of breath sampling

Results linked to the detection of VOC markers of lung cancer by mean of breath
analysis are not repeatable from one publication to another, even when same
laboratories are involved. The origin of this issue is partly due to the fact that the
essential chemical information is hidden under massive amounts of irrelevant signals
that make the isolation of putative markers of disease from breath a real analytical
challenge. Indeed, such irrelevant signals are made of significant amounts of
endogenous VOCs issued from the basic metabolism of the individual and
exogenous VOCs related to factors such as food habits, hygiene, tobacco
consumption, and ambient air [70, 111, 129] . Access to samples is limited and it is
very difficult to get several samples from a same patient in order to replicate analyses
to estimate the variability inside such replicates. However, it is easy to get exhaled
breath from healthy volunteers. Thus, the first step of this chapter was to
demonstrate that exhaled air sampled from the same people over short sampling
time, to avoid variation of breath, show low variations. In practice, 5 individuals
blew twice into five-litre Tedlar® bags. A pump with an approximate flow of 300
mL/min was used to transfer VOCs from the bag to the TD tube. All samples
collected in this study using Tedlar® bags were transferred with the same pump.
Then, the samples were injected into the AccuTOF 4G and processed with GC-Image
(see annex part for injection parameter). The feature table obtained from the
cumulative image of all 2D-chromatograms was used to display a dendrogram
(Figure 30). Samples from the same origin showed low dispersion, indicating that

variations observed in the literature do not come from the non-repeatable issues
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related to the collection of exhaled breath. Thereby, it was possible to use one single

sample per patient to discover putative markers from breath analysis.
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Figure 30: Dendrogram performed with a duplicate breath sample from five patients (P1, P2,
P3, P4 and P5) to show the repeatability of samples record by breath analysis

2.2 Tedlar® bag investigation

The second part of this chapter investigated the sampling capacity of Tedlar® bags.
Although these bags are easy to use and represent the most common choice for
trapping exhaled breath, they are known to possibly be the source of issues in terms
of cross contamination, leaching (phenol and acetamide N,N dimethyl) and leaking
[114, 254]. A specific exhaustive search of such features and other possible
contamination analytes to control and decrease the impact of the use of Tedlar® bags
on air sample integrity was conducted. Therefore, the first part of this study was
dedicated to the characterization of the background VOC noise of new
(unconditioned) Tedlar® bags to know if the membrane was free of VOC
contaminants which may alter the integrity of the gas sample. These bags were filled
with nitrogen (purity of 99,999%) and kept at room temperature for two hours before

using a pump to collect the gas from the bag to the thermal desorption tube.

As observed in Figure 31, phenol and acetamide N,N dimethyl, which are commonly
cited in the literature to be leaching from Tedlar® bag, were the 2 major features
found in the 2D-chromatogram. However, with GCxGC analysis, it was also possible
to detect other features and this lead to a better characterization of the background
VOC noise emitted by Tedlar® bags. In the three bags investigated, 2D-
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chrommatograms contained an average number of features of 426. It is important to
notice that all features detected in these chromatograms do not necessarily come
from the Tedlar® bag but could also come from the nitrogen, tubes, the pump and
different GC instrumental parts. However, a cleaning step was necessary to reduce
the intensity of the background VOC noise emitted by Tedlar® bags.

4

Second retention time (s)
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10 _ 20 0 . 30 40
First retention time (min)

Figure 31: 2D chromatograms of new and clean one-liter Tedlar® bags filled with nitrogen.
Clean bags display lower intensity features than new bags

The cleaning step consisted of filling bags with nitrogen, waiting around fifteen
minutes, and then deflating them. This procedure was repeated twice to achieve a
better cleaning process. To investigate the impact of such cleaning protocol, three
other new Tedlar® bags, from the same pack of those used to characterize Tedlar® bag

background noise, followed the double-cleaning with nitrogen. They were filled
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again with nitrogen and kept at room temperature for two hours. Gas phases were
trapped on the TD tube and injected onto the AccuTOF™ GCv 4G as for the previous
study. The comparison between uncleaned and double-cleaned bags revealed a
decrease in the intensity of contaminant features (Figure 31). Most intense
compounds found in bags are reported in Figure 32. This analysis shows that the
Tedlar® bag is leaching and releases more compounds than reported in the literature.
These compounds need to be taken into account in the data process because they

change the integrity of gas samples.
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Figure 32: Comparison of the relative intensity of the major features found in new (grey) and
twice-cleaned (red) Tedlar® Bags

The second part of this study focused on the permeability of the membrane of
Tedlar® bags. It has been reported that the concentration of compounds trapped
inside Tedlar® bags decreases over time, underlying limitations of the permeability of
the membrane and limited storage potential [114] (Figure 33). However, as far as we
know, no studies have yet investigated the resistance of the bag membrane against
outside environmental contaminations. To evaluate this effect, 12 Tedlar® bags filled
with nitrogen were placed in a box in which the atmosphere was saturated in
toluene, methanol, hexane, and dichloromethane. Every two hours, three bags were
pulled out of the box and deflated on TD tubes to be analysed. The kinetic study
illustrated in Figure 34 shows how relative intensities of solvent peaks increase over
time. This time-trend study shows that the relative intensity of each solvent inside
the bags increased in accordance with the exposure time. The membrane of Tedlar®
bags is thus also prone to permeation of chemicals from the environment to the bag.
It can be concluded that the amount of time the sampled breath is kept inside the

bags should be kept to a minimum to ensure low impact of the sampling procedure
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on sample integrity. Based on the result obtained in this study, no major

concentration increase of outside environmental contaminations compounds was

detected in the breath sample for a storage time of maximum 8 hours. Furthermore,

storage conditions should carefully be described in studies using such bags.
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Figure 33: Changes in the concentration of compounds during 78h of incubation in Tedlar®
bags [114]
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Chapter 2: Exhaled breath analysis

With these results about Tedlar® bags, we demonstrated that it is possible to pursue
the goal of trapping exhaled breath in such dedicated bags for VOC measurements.
However, they have to be cleaned with nitrogen before being used to reduce
background noise and technical staff has to transfer samples onto the TD tube as fast
as possible to ensure its integrity. Therefore, breath samples collected in this study
were transferred from the bag to the TD tube on the same day of sampling to avoid

such sample alterations.
2.3 Lung cancer patient breath analysis
2.3.1 Exhaled breath samples collection

The rest of this chapter was dedicated to the analysis and comparison of exhaled
breath from healthy volunteers and lung cancer patient to spot specific putative
markers of such disease. The exhaled breath of a total of 29 individuals including 15
lung cancer patients and 14 healthy volunteers was investigated. All subjects were at
least 18 years old and they all signed an informed consent to participate in this study
after being informed about its goals. The study was approved by the Ethics
Committee of the University of Liege (BECT B707201420493) and conducted in
conformity with the Declaration of Helsinki. Patients with abnormal chest X-rays
who were scheduled for bronchoscopy, in addition to age and gender matching
controls, were sampled using Tedlar® bags of 5 L at the pneumology unit of the
university hospital of Liege, in Belgium, between January and May 2014 in a series of
three sampling campaigns (January, March and May). Each healthy volunteer
exhaled breath samples were collected in the same time than the exhaled breath of a
lung cancer patient and came from the individual who accompanied the patient,
usually his wife and her husband. This procedure helped us to decrease the
variability between the patient and the healthy volunteers as we assume that both of
them were subject to similar contamination from exogenous VOCs. None of the
patients had received any form of anticancer therapy or medication before the
sampling. Prior to the sampling, Tedlar® bags were flushed twice with nitrogen
(purity >99.99%, Air liquid, BE) to decrease residual contaminants. Characteristics of
the study population are reported in Table 3. Exhaled breath was transferred from
the bag to a sorbent tube containing Tenax GR and Carbopack B (Markes
International Ltd, UK) with a pump at a flow rate of 300 mL/min directly after the
sampling to avoid alteration of the samples [80, 245].

53



Chapter 2: Exhaled breath analysis

Table 3: Information about the set of patients

Lung cancer patients Healthy volunteers
Number (%) 15 (52%) 14 (48%)
Age (year), mean (+ SD) 62+7 58 + 11
Gender (M/F) 12/3 9/5
Smoker/ Ex-smoker/ Non-smoker 3/12/0 1/6/7
Sampling period (January/March/May) 8/4/3 8/3/3

2.3.2 Utilization of GCxGC-TOFMS for breath analysis

The eight pairs of breath samples injected in January 2014 were used to corroborate
the use of gas chromatography to compare two populations of samples and discover
which compounds are responsible for such segregation. After injections into the
Pegasus 4D, data was processed in ChromaTOF® software and different signal to
noise ratios (S/N) were used to determine which one allows for a better
characterization of breath samples. A S/N value of 100 has been selected. This choice

explained below in the section 2.3.6.1.

Finally, these 16 samples were also used to show the advantage of using GCxGC-
TOFMS instead of 1D-GCMS. 2D-chromatograms reported an average of 1078
features. Although all features are not related to one VOC because of
chromatographic artefact and columns bleeding, GCxGC offers a better
characterization of human breath than 1D-GC. GCxGC-TOFMS ensures lower co-
elution issues, leading to better feature detection (Figure 35). A Pum of 4 seconds is a
wise choice as most of the features have a second retention time range from 0 to 3.5
seconds. We could conclude that the experimental aspects used to analyse breath
samples and the method of data handling generated was suitable to achieve the aim
of this study.
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Figure 35: 2D-Chromatogram from the exhaled breath of a lung cancer patient. Each feature
is represented by a black square

2.3.3 Analysis of breath samples

Then, other samples of the first set were injected in March and May 2014. A total of
29 samples were used to develop a reliable way to handle data treatment and extract
a putative list of markers of lung cancer. The data generated was also imported into
ChromaTOF® software for feature detection, mass deconvolution, integration
features and library name attribution. As previously mentioned, S/N of 100 was
used. The feature table generated by means of the statistical comparison feature of
ChromaTOF® contained a total of 1350 features. A non-supervised PCA was
performed based on this data set and the resulting plot can be seen in Figure 36. The
visualization of such an unsupervised processing showed a clustering of the data
according to three apparent batches, each of which appeared to be related to a
sampling period (January, March and April) independently of the nature of the
samples (patients and controls). This phenomenon demonstrated that the influence
of the presence of various levels of background of exogenous VOCs during the
sampling was higher than any possible differences related to the health status of the
sampled patients, despite the fact that all samples were taken in the same room at the

same hospital, with the same method and by the same operating staff.

The hypothesis was that, during the sampling, patients intake VOCs from the
environment and then release these VOCs in exhaled breath. As environment VOCs
fluctuate daily, it was possible to separate patients in accordance with the sampling
period. This hypothesis reinforces the fact that putative biomarkers present in the
literature are not coherent and vary a lot from all studies. This might be due to the
presence of exogenous VOC which interfere with the detection of putative

biomarkers.
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Figure 36: PCA performs with the first set of breath samples (15 lung cancer patients in red
and 14 healthy volunteers in blue). Samples were recorded during 3 different periods (batch
1 in January, batch 2 in April and batch 3 in March) and show dispersion according to this

criterion

Deeper analysis of this feature table reveals that 671 features were related to
sampling periods (Figure 37). Using PCAs with time dependence features displays
clear influence of the period of sampling (Figure 38). Moreover, it was also possible
to remove these features from the initial feature table to get a new feature table free
of sampling period contamination features, and process PCA to show that it is
possible to regain the separation between samples according to cancer/non-cancer

criteria (Figure 38).

However, although this technique gave good results, it is time consuming. And more
problematic as, in this case, there was a clear difference between the three sampling
periods because there were one or two months between each of them. But studies
recorded during long time periods without the interaction of a sampling process will
lead to less clear contamination periods differences and more difficult visualizations
of time-dependent features. It was necessary to find other strategies to negate the
impact of exogenous features in a goal to detect VOC markers of lung cancer. Three

different strategies were tested to keep the essential VOC information.
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Figure 37: 8 examples of time dependent features with their intensity (from healthy
volunteers in blue and lung cancer patients in red) related to the period of sampling (P1 =
January, P2= March and P3= May)
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Figure 38: On the left PCA with non-dependent time-sampling features and on the right PCA
with dependent time-sampling features for the first set of breath samples
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2.3.4 Subtraction blank sample

The first option to delete contamination consisted in collecting blank samples from
the room and subtracting this background signal from the VOC profile sample.
During the sampling schedule of breath samples, the air of the room, called blanks,
were also collected. Results demonstrate that VOC fluctuations profile of the room
cannot be fully subtracted using these kinds of methods (Figure 39). For example,
with feature 1, variations in this feature intensity found in the room did not reveal
the same trend variation in patient-exhaled breath. Feature number 8 shows a
relatively stable feature intensity from patients, whereas it shows an important
intensity dispersion from room samples. This may be due to the fact that everybody
does not react in exactly the same way with the environment. Furthermore, it is
highly possible that all exogenous VOCs do not have the same absorption degree and
simple blank subtraction cannot fully recover the integrity of exhaled breath samples.
Due to the results obtained, this strategy has been abandoned. This information also
revealed that exogenous VOC intensity is not stable over time and subsequently,
sampling exhaled breath in a same room at different periods will induce a variation

that will be difficult to avoid or control.

2.3.5 Medical Air

The second option consisted in using medical air to flush the lungs of patients just
before the sampling with the objective of removing all VOCs coming from the
environment and having the same background noise for all patients leading to easier
seeking of markers. To confirm this original approach, 3 individuals were sampled
together outside, in an organic chemistry laboratory corridor and inside an analytical
chemistry laboratory where VOC backgrounds were different. Each individual was
sampled twice for each area, one after 2 minutes in the specific area to get the
equilibrium between the lung and the VOCs present in the environment. And a
second breath sample was collected immediately after by breathing medical air
during 2 minutes before blowing into a Tedlar® bag. The medical air used came from
an air liquid cylinder (Belgium) and was involving the use of a mask and a check
valve. Samples recorded were analysed by TD-GCxGC-TOFMS. The feature table
obtained from this dataset was used to create a dendrogram (). All samples coming
from the first sampling (i.e. without breathing medical air) are not classified
according to individuals. It demonstrates the impact of VOC intake from the
environment on the VOC profile and may at least partly explain why markers found

in the literature are not repeatable from one study to another.
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Figure 39: Histograms of 10 features found in exhaled breath (in dark) and room blank (in

grey) samples for 5 different days

Moreover, samples are not grouped in accordance with the area, corroborating the
fact that each person reacts differently with the environment and using a subtraction
of the blank of the room of sampling cannot recover perfectly the impact of
exogenous VOCs. Analysis of the samples recorded after breathing medical air
shows similar results (Figure 40). Thus, it seems not possible to neglect the impact of
exogenous VOC intake from the environment. This means there is no major variation
between samples with or without the breathing of medical air before sampling. This
experiment demonstrates that breathing medical air for 2 minutes cannot efficiently
reduce the noise induced by the surrounding environment. Increasing the time of
flushing the lungs may decrease the influence of VOC contaminants. However, in
terms of providing an easy diagnosis for lung cancer, this way was not thorough

enough.
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2.3.6 Statistical data treatments

The final strategy investigated to reduce VOC contaminant was to use additional
data treatments. Data pre-processing and batch effect correction was implemented to
reduce the impact of exogenous VOCs. First, all data were normalized using
probabilistic quotient normalization (PQN) and log-transformed [255]. The
normalization step is a preprocessing method required to scale all samples with the
same virtual reference so that they can be compared to each other. And the log-
transformed algorithm was used to transform the skewed data to a normal
distribution, which is required to have to apply further statistical tools. Then, each
batch was individually mean-centred in order to smooth the impact of the sampling
dates. This step was possible due to the parallel sampling between patients and
controls. This means that the correction was affecting the two classes in the exact
same way and it did not generate any overfitting. The corrected data made it possible
to more efficiently extract putative biomarkers from the initial raw data. Following
this pre-processing step, two different data-processing approaches were investigated:
1) a univariate feature selection tool based on Fisher Ratio calculation; 2) a
multivariate approach using random forest algorithms and feature importance

ranking.
23.6.1 Fisher ratio approach

Due to the large amount of data and features, Fisher ratio calculation was used to
decrease the amount of data while maintaining the information about the differences
between the two classes. By using a cut-off based on critical Fisher ratio (Feir) with a
significant level of 5% [256], it was possible to extract a narrow list of 95 features
from the initial list of 1350 features for the first batch of exhaled breath collected
(Figure 41). Those features got a retention time in the first dimension ranging from
the first minute of the run to the end. Hence, it was not necessary to only apply data
treatment on a specific part of the chromatogram. This reduced list could be used to
visualized the data reduction by using a PCA (Figure 42). Performing that way

resulted in a separation of samples according to cancer/non cancer criteria.
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Figure 41: Fisher ratio value for each feature detected in the feature table from the first set of
exhaled breath samples according to their retention time in the first dimension. The red line
represents the threshold fixed by the critical Fisher value
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Figure 42: PCA performed with the restricted list of features from the first set of breath

samples obtained with Fisher ratio selection
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Although Fisher ratio no longer have to demonstrate their ability to reduce the
number of datasets while keeping essential information [80, 83, 245, 257-259], the
robustness of this statistic tool was test on the data set collected in January with the
different S/N investigated. A higher S/N will only detect the most intense feature.
Whereas smaller S/N will detect more features but will lead to more difficult data
interpretation due to the large amount of features detected. Four S/N were
investigated (50, 100, 250 and 1000) and several hundreds of features were detected
for all S/N due to the use of GCxGC-TOFMS.

Table 4: Number of features in samples from January 2014 with different S/N investigated

S/N 50 100 250 1000

Number of features 1494 1131 733 380

For all different S/N, a better PC1 and PC2 were obtained for PCA calculated with
the restricted list than with all features (Figure 43). It is possible to reduce the amount
of data without losing the essential information allowing the separation between the
two groups of samples. Moreover, the best separation occurred with S/N of 100,

which leads to select S/N during the data processing.

Fisher ratio values were calculated by the statistical comparison feature from
ChromaTOEF® software and sometimes features got an undefined value instead of a
numerical value (42 features out of the 1350 features). Investigation of these
undefined features revealed that some of them are very specific to one group and can
putatively be markers of lung cancer (Figure 44). This phenomenon occurs for a
feature when it is not present in any samples for one class or just in one sample. This
is because when a feature is not found in a sample, ChromaTOF® does not give a
zero-volume value but simply does not consider the sample for this feature.
Therefore, when the software considers no samples or just one, it cannot calculate a
standard deviation resulting in an undefined value to this feature. Unfortunately,
undefined features also contain features which normally lead to low FR (Figure 44).
It is therefore impossible to directly select undefined features as putative markers. In
order to remedy to this situation, Fisher ratio were calculated in Excel where a zero-
volume value was given to features not present in some samples. Thus, undefined
features received a numerical Fisher value and were selected with the Feit. Features
represented in all samples were given the same value with the two software
calculations. It confirms the absence of mistakes in the formula written in the Excel
sheet. But for features, with at least on zero value in one sample, a shift between the

two values given by the two software programmes was observed.
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Figure 43: PCAs performed with the four S/N investigated for all feature tables and selected
features with Fisher ratio selection
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Figure 44: Examples of some undefined features with their intensity for all samples from the
first set of breath samples. Specific features related to one population of sample are situated
on the left and non-specific features on the right

A theoretical example of such phenomena is explained to illustrate this point. For

two classes defined by one variable in three samples. Where at least, one of these

variables has a zero value in one of these classes. It is possible to demonstrate the

difference of determination for the FR value by means of the two software

programmes (Table 5).

Table 5: Theoretical example of two classes defined by one variable in three samples

Class 1 Class2
Sample 1 13 36
Sample 2 0 33
Sample 3 11 41
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To calculate the FR value, Formula from Synovec paper was used (see chapter 1)
[252]

With Excel With ChromaTOF®
Mean class 1 (13+0+11)/3=8 (13+11)/2=12
Mean class 2 (36+33+41)/3= 36,66 (36+33+41)/3= 36,66
Global Mean (13+0+11+36+33+41)/6= 22,33 (13+11+36+33+41)/5= 26,8

Inter variation  ((8-22,33)2 *3 + (36,66-22,33)2*3)/  ((12-26,8)2 * 2 + (36,66-26,8)2 *3)/

(2-1)=1232,1 (2-1) =730

Inter variation  ((13-22,33)2 + (0-22,33) + ((13-26,8)2 + (11-26,8)2) —
(11-22,33)2) — ((8-22,33)2*3) + ((12-24)2*2) + ((36-26,8) +
((36-22,33)2 + (33-22,33)2 + (33-26,8)2 + (41-26,8)2) —
(41-22,33)2) — ((36,66-22,33)2*3)) /  ((36,66-24)2*3)) / (5-2)
(6-2) = 94,65 = 361,52

FR 1232,1/94,65= 13,02 730/ 361,52 = 2,31

The result got by means of ChromaTOF® does not take into account the presence of
the variable with a zero value, even if this variable has a value in the other class. Start
to this point, it is normal to detect some divergence between the two software results.

Hence, Excel was preferred to perform the FR calculation.

After investigations on FR calculation and capability, the feature table obtained from
the exhaled breath of 15 lung cancer patients and 14 healthy volunteers was used to
extract 73 features. This list was still too large and had to be reduced again. To go
deeper into the detection of putative markers, a more selective cut-off was used with
1% of significant level instead of 5%. It was possible to extract a list of 29 features
from the 1350 initially present (Figure 45 & table 6). These selected features were
screened to avoid chromatographic artefact. No features related to Tedlar® bag
leaching were found. It was due to the use of Fisher ratio filters because Tedlar® bag
contaminations or even features from other contamination sources were not affecting
only samples from one class. Therefore, their Fisher ratio values were too low to be
above than the critical Fisher value. From this list, benzene and p-xylene were

removed because they are known to be an artefact of smoking. PCA analysis
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performed with these 27 features displays a clear separation between lung cancer
patients and healthy volunteers (Figure 46). This demonstrates that a proper feature
selection approach, such as FR, makes it possible to remove the impact of the

background and the extraction of significant information.
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1 7-Oxabicyclo[4.1.0]heptane, 2- 21  Cydopropane, 1,2-dimethyl-1-pentyl-
methylene- 22 3-Heptene, 2-methyl-, (E)-

2 1-Methyl-2-methvlenecyvclohexans 23 4, 5-Nonadiene
3 Furfural ) ) 24  Diglycolamine
4 Acetic aad, phenyl ester 25  Propanoic acid, phenyl ester
5 4Undecene, 5-methyl-, (E}- 26  Octanoic acid, ethyl ester
6  Anethole 27 2-Cydohexen-1-ol, 1-methyl-4-(1-
7 Heptadecane, 2-methyl- methylethenyl)-, trans-
8 Cydopentane, ethyl- 28 Isoborneol
9  Furfural 29  Levomenthol
10 1-Decene 30 Octanoic acd, ethyl ester
11 5-Hepten-2-one, 6-methyl- 31  Cydohexane, isothiocyanato-
12 Decane 32 1-Undecene
13 n-Tridecan-1-ol 33  Pentadecane
14 Eicosane 34 4-Hepten-2-one, (E}-
15 Hexadecane 35 2,5-cydohexadien-1-one, 2,6-bis(1,1-
16 3-Tridecene, (Z)- 36 dimethylethyl)-4-hydroxy-4-methyl-
17 Cydotetradecane 2,5-Cydohexadiene-1,4-dione, 2,6-bis(1,1-
18 Cydopentane, methyl- dimethylethyl)-
19 &-Pinene 37 2-Hexene, 3,5,5-trimethyl-

Figure 45: On the top, a reconstructed 2D-chromatogram with the 37 features highlighted,
with Fisher ratio in blue diamond, random forest in red square and with both approaches in
a green circlee On the bottom, the list of the correspondent feature numbers
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Figure 46 : PCA score plot with the 27 features highlighted with the FR approach in the

exhaled breath of healthy volunteers (controls) and lung cancer patients (patients)
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Figure 47: PCA score plot of the healthy volunteers (negative) and lung cancer patients

(positive) by using the 17 features highlight with the RF approach
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Table 6: Characteristic of the putative list of biomarkers highlighted

Method  t:(s) 2t (s) Proposed identification Cherrtlcal Match Probability
family factor
FR 1118 1.17 Isoborneol Alcohol 862 5091
FR 1134 1.07 Levomenthol Alcohol 918 2813
FR 1075 1.0 2-Cyclohexen-1-ol, I-methyl- ;3 ) 781 2182
4-(1-methylethenyl)-, trans-
FR 954 1.04 Octanoic acid, ethyl ester (1) FAME 902 7525
FR 1143 1.24 Octanoic acid, ethyl ester (2) FAME 867 568
FR 900 1.35 Propanoic acid, phenyl ester FAME 894 7192
FR 1195 1.10 1-Undecene HC 830 756
FR 686 1.05 Cyclopropane, 1,2-dimethyl- HC 850 1640
1-pentyl-
FR 1544 0.99 Pentadecane HC 929 1961
FR 625 0.94 a-Pinene HC 867 2011
FR 732 1.06 3-Heptene, 2-methyl-, (E)- HC 937 1471
FR 252 1.54 Cyclopentane, methyl- HC 846 910
FR 786 1.06 4,5-Nonadiene HC 857 1683
FR 1157 1.11 Cyclohexane, isothiocyanato- HC 939 9468
FR 1914 1.13 2-Hexene, 3,5,5-trimethyl- HC 827 8556
2,5-cyclohexadien-1-one, 2,6-
FR 1588 1.25 bis(1,1-dimethylethyl)-4- Ketone 764 2842
hydroxy-4-methyl-
FR 1572 1.33 4-Hepten-2-one, (E)- Ketone 980 8010
2,5-Cyclohexadiene-1,4-
FR 1611 1.27 dione, 2,6-bis(1,1- Ketone 788 5460
dimethylethyl)-
FR 812 0.64 Diglycolamine Miscelaneous 913 5245
FR 635 0.70 4-Amino-1-butanol Miscelaneous 904 2357
FR-RF 443 1.12 Furfural (1) Aldehyde 905 7713
FR-RF 722 1.32 Acetic acid, phenyl ester FAME 940 7818
FR-RF 1714 1.01 Heptadecane, 2-methyl- HC 940 1852
FR-RF 327 0.78 1-Methyl-2- HC 878 1233
methylenecyclohexane
FR-RF 235 0.74 7-Oxabicyclo[4.1.0]heptane, HC 849 2651
2-methylene-
FR-RF 1066 0.92 4-Undecene, 5-methyl-, (E)- HC 856 1301
FR-RF 1127 1.33 Anethole Miscelaneous 946 5433
RF 1329 0.97 n-Tridecan-1-ol Alcohol 861 2951
RF 410 1.08 Furfural (2) Aldehyde 410 9635
RF 231 0.84 Cyclopentane, ethyl- HC 918 7154
RF 582 0.90 1-Decene HC 946 3042
RF 1830 0.97 Hexadecane HC 866 1647
RF 1802 0.97 3-Tridecene, (Z)- HC 873 346
RF 1410 0.93 Eicosane HC 927 1570
RF 886 0.90 Decane HC 898 1410
RF 2546 1.33 Cyclotetradecane HC 800 458
RF 692 1.21 5-Hepten-2-one, 6-methyl- Ketone 902 9547
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The variability of the healthy volunteer cohort is higher than the variability of lung
cancer patients. This may be explained by the fact that healthy volunteer individuals
are less homogenous than lung cancer patients. Indeed, the age of both populations
shows clearly different dispersions (Figure 48) and it has been reported that age
induces variation in the VOC profile of breath [135, 260]. All lung cancer patients
were smokers or ex-smokers, but the healthy volunteer class contained non-smokers
too. Another factor is the way of life. Lung cancer patients should have quite similar
lifestyles as they are all sick, leading to more homogenous characteristics. Whereas,
the way of life of the healthy volunteer populations is not restricted by a pathology
and influences the composition of the VOC profile exhaled by individual. For
example, it has been proven that sport impacts on the VOC profile emitted through
the breath [261].
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Figure 48: Normal distribution of age from healthy volunteers and lung cancer patients for
the set of exhaled breath samples

2.3.6.2 Random forest approach

The second statistical approach for feature selection was based on the use of the
random forest algorithm (RF), a multivariate machine-learning approach built on a
decision tree approach. Hence, multiple decision trees were created and merged
together to obtain a more accurate and stable prediction. After the construction of the
classification trees, the variables were ranked according to their importance and
effect on the classification accuracy. The significant features were selected based on
this ranking and a cut-off value of 0.1 was set in mean decreased accuracy. This
resulted in the selection of a set of 17 significant features for the separation of the two

populations (Figure 45 & Table 6). As for the univariate FR approach, this RF
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demonstrates the potential of this multivariate feature selection approach to properly

cluster the two populations in the PCA space based on these 17 features (Figure 47).
2.3.6.3 Comparison of statistical treatment

The general workflow of the data treatment is represented in the Figure 49.

Data acquisition Data processing Statistical analysis

Patients

| 1350 features
Controls detected / / o

x
6{2? "\\00 Random Forest
& A2 ——
) N
N @
e &
SR
X
&

Figure 49 : Diagram of the general workflow used during the data treatment

Highlight features

The main difference between random forest and Fisher Ratio for feature selection is
the multivariate dimension. Indeed, the combination of decision trees makes it
possible to perform classification based on combined information from different
features. Moreover, random forest makes it possible to obtain direct classification
performance information in addition to the feature selection possibilities. Both uni-
and multivariate methods made it possible to reduce the impact of the presence of
variable amounts of exogenous VOCs related to the period of sampling to a level
that did not significantly interfere anymore with the extraction of biologically

relevant VOC signatures.

The 37 features selected by the two approaches were sorted according to their
chemical family (i.e.,, alcohol, aldehyde, fatty acid methyl ester (FAME),
hydrocarbon, ketone, nitrogen containing compounds). From these chemical families,
average intensities were calculated (Figure 50) and the ratio Patients-intensity on
Controls-intensity were evaluated. For FR features, the highest ratios were obtained
for FAMEs and ketones. The overexpression of these compounds in lung patient
samples could be explained by inflammation processes inside the lungs. The same

family classification process was applied to the 17 features highlighted by the
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random forest approach. Interestingly, the two major ratios were also coming from
the FAMEs and the ketones. This observation could indicate that the major processes
involved in the production of VOCs in the lung of cancer patients could be linked to
FAMEs and ketones. These chemical families were already identified in previous
studies and they are supposed to come from oxidative stress reactions. This family-
based approach in non-targeted screening provides insights regarding the general
trends of the samples, which is already informative. Indeed, for non-targeted studies,
the full identification of thousands of features is practically impossible, which made
the study-to-study comparison highly complicated. However, if a group of
compounds are found to be specific in different studies, it could orient the future

research towards a predefined group of molecules.

All features Fisher ratio Random Forest

4
any -

| Alcohol | Aldehyde ~ FAME
. Hydrocarbon . Ketone . Nitrogen

Figure 50: family importance for the selected features in both methods; Fisher Ratio only;
random forest only

Controls

From the lists of 27 and 17 features, a set of seven features was common to both
approaches (Table 6). One of these features, the 7-Oxabicyclo[4.1.0]heptane, 2-
methylene- was removed because the impact of this feature does not increase the

separation power between the two populations. The six features would be
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considered as the most representative markers of differentiation between the two
classes. As illustrated in Figure 51, a PCA based on these six markers results in a
separation trend between the two classes but the clustering is not as clear as when
either FR or RF models are applied separately. It can however be noticed that the
percentage of explained variance (67%) is higher than in both separated models.
Even if this PCA does not provide extra information, it demonstrates the importance
of the technique used for model building and the interest of applying different

models in order to validate the data-processing approach.

Only four of the reported features (both models included) are common to
compounds previously reported as a lung cancer human breath biomarker in the
literature : Cyclopentane, methyl- [118, 196], 2,5-Cyclohexadiene-1,4-dione, 2,6-
bis(1,1-dimethylethyl)-,[194] Hexadecane [99], and eicosane [135]. However, before
making link with biomarkers already reported in the literature, it is necessary to
confirm the identification of the features highlight during this work. For example, on
the list of 37 features (Table 6), two features get furfural name attribution. It is
impossible that both of them a related to furfural. Therefore, there is a miss-
identification for at least one of them. Same scenario applies for two other features
which get octanoic acid, ethyl ester name attribution. Others wrong identification of
compounds list in the Table 6 can be determine based on the retention time of the
compounds. For example, it is not possible, with this column set, that eicosane elutes
before hexadecane and pentadecane. Thus, utilization of high-resolution detectors
and retention index could overcome these miss-identifications and help to confirm

the name of the others features.
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Figure 51: PCA score plot of the healthy volunteers (negative) and lung cancer patients
(positive) by using the six features highlight with the RF and FR approaches
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Chapter 3:

Headspace analysis of cell cultures media by
GCxGC-(HR)TOFMS
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This chapter contains results obtained from the analysis of the headspace of cell
cultures. The aim was to detect specific VOCs emitted by different cell lines to help in
the conception of an early and non-invasive diagnosis of lung cancer. Cell cultures
analysis were performed in collaboration with the histology-cytology laboratory of
Dr Marie-Claire De Pauw from the University of Liege. The Pegasus 4D equipped
with an auto-sampler from Gerstel (MPS) was used for the development method,
where cell culture samples were injected manually in the AccuTOF™ GCv 4G. All
experimental parameters and data-processing information related to this chapter can

be found in the annex.

3.1 Sampling design

As a new field of exploration, the first step was to design a method to collect samples
from the headspace of a cell culture and then to optimize it to obtain the best
information about the VOCs emitted by cells. The sterile conditions needed for cell
culture induces limitations on techniques used for sampling. The hypothesis was that
cells interact with media by releasing VOCs into it. Recuperation of the media after
passaging cell step into an SPME vial can be used to trap VOCs emitted by the cell
through the media matrix. This method was easy to set and dealt with sterilization
conditions. SPME vials were heated to 120 ° C for 15 minutes and closed to be free
from biological contamination. Then, they were introduced into the laminar hood to
be open and filled with DMEM from cell culture. The only drawback of this step was
the necessity of cleaning their exterior surface with ethanol before introducing them
into the hood. Although alcohol was not present inside the vial, it was almost always
possible to find trace residue during the analysis. SPME vials had a capacity of 20 mL
making it possible to obtain at least 15 mL of DMEM per cell flask to leave enough
space to expose the fiber to the headspace. To produce enough DMEM, flasks with a
surface of 75 cm? were used as the usual condition is to fill them with 20mL of culture
media. Vials were moved from the cellular laboratories to the injection site (same
building) to be analysed. There were put into a water bath at 37 °C prior to and
during the fiber exposition. Afterward, VOCs were injected in the GCxGC system to
be analysed (Figure 52).
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Figure 52: On the left, a flask containing cells and culture media just before the step of
passing it inside the laminar hood. SPME vials were ready to be filled with culture media.
On the right, the introduction of the SPME fiber to the headspace of culture media

3.2 Headspace optimization

Several parameters in SPME-GCxGC-TOFMS could be optimized. Previous methods
of breath analysis by GCxGC-TOFMS was transposed to this study as the VOC
matrix was analysed too. Thereby, only SPME parameters were optimized such as
the coating fiber choice, the volume of DMEM introduced into the SPME vial, the

incubation time in the water bath, exposition or desorption time.

The fiber coating choice was selected on the free DMEM sample injected on the 4G
acutof from JEOL. Three SPME fibres were investigated;, 65 um
polydimethylsiloxane/Divinylbenzene (PDMS/DVB) fused silica fiber, 100 um
polydimethylsiloxane ~ (PDMS)  fused  silica  fiber, and 50/30 pm
Divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) StableFlex fiber.
PDMS and DVB/CAR/PDMS fibres were already report in the literature for the
analysis of the headspace of cell culture [246, 247]. PDMS/DVB fiber was also chosen
as it has been commonly cited for the analysis of the headspace of biological fluids.
The 50/30 um DVB/CAR/PDMS fiber was revealed to be the optimal choice and was
chosen for ulterior analysis because more features were detected and the intensity of
them was higher than for the 2 other fibres (Figure 53).
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Figure 53: 1D-chromatogram on the headspace of DMEM sample with 3 different SPME
fibers (A = PDMS, B= PDMS/DVB and C = DVB/CAR/PDMS)

Optimizations on other SPME parameters were applied on the Pegasus 4D connected
with an auto-sampler bench from Gerstel (MPS) with free DMEM samples.
Parameters were optimized by using the intensity of three features (A, B and C)
present in all chromatograms. These features were selected according to their
retention time in the first dimension (t:a= 4 minutes, 't:5= 16 minutes and 'trc= 32
minutes) to cover as much as possible the separation space and obtain the best

optimization.

Incubation time corresponded to the delay of heating the sample at 37 °C in the
thermal unit of the MSP2 before exposing the SPME fiber. As volatility of
compounds depends on temperature, increasing it made it possible to detect more
VOC. However, to be in similar condition to the human body and cell culture
growing, a maximum of 37 °C was selected. Two incubation times were selected (10
and 20 minutes) to make it possible to reach the equilibrium between the liquid and
the gas phase at 37 ° C. Very close results were obtained (Table 7: lines 1 and 2). It
was not necessary to use a longer incubation time than 10 minutes. Lower time was
not investigated as we assumed that at least a minimum of 10 minutes are needed to

go from room temperature to 37 ° C in the thermal unit.
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Longer exposure time made it possible to get higher feature intensity until reaching
the equilibrium between the headspace and the coating of the fiber. Table 7 (lines 2-5)
display the intensity of the three features for constant incubation time (10 minutes),
volume of DMEM (10mL) and storage time of sample (0 day) but several extraction
time (20, 50, 90 and 120 minutes). As expected, 20 and 120 minute extraction times
gave lower and higher feature intensities respectively. However, 50 minutes showed
relatively similar values compared to 90 and 120 minutes extraction time. Choosing
it, gave great feature intensity and also allows to fit the sample incubation time with
the GCxGC run time.

The next parameter investigated was the quantity of media introduced into the
SPME vial. Vials must be filled to maximize the VOC concentration in the gas phase.
The partition coefficient, named K, defines the equilibrium distribution of a
compound between the liquid and gas phase (Equation 13), where Cr is the
concentration of the compound in the liquid phase at the equilibrium and Cg is the

concentration of the compound in the gas phase at the equilibrium.

K= CL/
Cy Equation 13

Compounds with low K values will tend to be more present in the gas phase than
compounds with a higher K values. It is possible to decrease the value of K by
increasing the temperature. However, to mimic cell growing conditions, the
temperature was set at 37 °C. Another option for decreasing K is to add inorganic salt
to the liquid phase. High salt concentrations will decrease the solubility of polar
compounds in the liquid phase and then increase their concentration in the gas
phase. However, due to the initial presence of organic salts found in the culture
media, this route was not investigated. The concentration of a compound in the gas
phase is also driven by the phase ratio, named 3, where Vg is the volume of the gas

phase and Vi the volume of the liquid phase (Equation 14).
_ Y% /
b= VL Equation 14

Changing the volume of culture media introduced in the vial impacts the 3 value.

Adding more samples decreases (3 value. However, decreasing 3 value will not
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always improve sensitivity by increasing the response of compounds in the gas
phase. If the volume of the gas phase is too low, not enough compounds will be
trapped into the SPME fiber and therefore affect the sensitivity. Four volumes were
investigated and results (Table 7: lines 4, 6-8) displayed an optimum in features

intensity for 5 mL.

The delay between the sampling of DMEM in vial and analysis with GCxGC-TOFMS
may also have a role to play. Four samples with different volume of fresh media
were collected in vials and then stored at 4 °C. This temperature was selected
because fresh DMEM was kept in this condition and at low temperature to help keep
the integrity of VOC headspace. The result lead to same conclusion about the amount
of volume inserted in the vial (Table 7: line 9-12). Compared to direct injection (no
storage sample between the collection and the analysis), a diminution of features-

intensity was recorded.

The optimal condition for analysing headspace of cell culture was with a 50/30 pm
DVB/CAR/PDMS fiber exposed in a SPME vial of 20 mL fill with 5 mL of DMEM
during an extraction time of 50 minutes. An incubation time of 10 minutes to reach
the temperature sample at 37 °C was also needed. To confirm these results, another
injection based on optimum results with another fiber of 50/30 um DVB/CAR/PDMS
was performed and lead to the same features intensity (Table 7: line 13). For the
optimization process, design of experiment calculates the optimum for major
parameters in a minimum of experiments and showed a correlation between them.
This mathematical tool was not used in this thesis as incubation and extraction time
were limited to temporal constraints. Indeed, in practice it is also necessary to
optimize the number of injections per day. Like GCxGC run lasts around one hour,
the time lap dedicated for incubation and extraction time as to be around one hour
too. Storage time trends to be as short as possible to keep the integrity of the sample.
Thus, only amount volume of liquid phase parameter stay to be optimized. There
was no need to use design of experiments to optimize it as it was previously done.
This work was necessary to show the correlation between incubation and extraction
times of the feature intensity. It also makes it possible to know what was the best
fiber coating and what was the optimum amount of DMEM introduced into the

SPME vial to obtain the best chromatographic signal.
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Table 7: Set of experiences with parameters used to optimize the headspace analysis of cell
culture media by SPME based on the response of three features covering the space
separation (1tr,a= 4 minutes, 1tr,s= 16 minutes and 1tr,c= 32minutes)

Number Incubation Extraction Volume of Storage Intensity Intensity Intensity

time (min) time (min) DMEM (mL)  time (day) feature A featureB feature C
1 20 120 10 0 1,8 105 7,0 105 2,210°
2 10 120 10 0 1,7 10° 6,8 10° 2,210°
3 10 90 10 0 1,710 6,310° 2,110°
4 10 50 10 0 1,410° 6,210° 2,010°
5 10 20 10 0 1,310° 5,7 10° 1,510°
6 10 50 7,5 0 2,010° 6,210° 1,7 10°
7 10 50 5 0 2,010° 6,410° 2,510°
8 10 50 2,5 0 1,910° 5110° 1,510°
9 10 50 2,5 1 / 3,310° 2,510°
10 10 50 5 1 2,010° 5,010° 1,510°
11 10 50 7,5 1 1,810° 6,010° 2,010°
12 10 50 10 1 1,210° 6 10° 1,510°
13 10 50 5 0 2,010° 6,010° 1,510°

3.3 Proof of concept

With the optimized conditions, first cell culture could be initiated to demonstrate the
feasibility of such kinds of analysis and the utility of using GCxGC-TOFMS instead
of GC-MS. The goal was to compare the VOC profiles of 2 cancer cell lines,
adenocarcinomic human alveolar basal epithelial A549 (ATCC® CLL-185™) line and
caucasian breast adenocarcinoma MCF-7 subtype bos cell line was kindly provided
by Dr AM. Soto (Department of Anatomy and Cellular Biology, Tufts University
School of Medicine, Boston), to demonstrate that some VOCs emitted by them were
different. Cell-free control culture media headspace was also compared to the VOC
signature of these cell lines. These cells lines were cultured in triplicate in Nunc
EasYFlasks 75 cm? with caps equipped with filter membrane from Thermo Scientific
(Belgium) with 20 mL of prepared culture medium. Cell cultures were placed in an
incubator at 37 °C and 5% CO?%enriched atmosphere. On the first day of the culture,
the surface occupied by cells was around 20-30% for both cell lines. After 2 days,
when the culture was at around 50% of confluency, the culture medium was changed
and 20 mL of fresh DMEM was added (Figure 54). When the confluency reached
around 80-90%, cell flasks were introduced inside a laminar hood where DMEM was
removed and trypsin was used to detach cells from the surface of the flask. Then,
they were recollected all together in a flask of 50mL with fresh DMEM to undergo

centrifugation at 200 rpm for 5 minutes. DMEM was removed from the flask and the
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cellular base was mixed with 3 mL of fresh DMEM. Two cryogenic vials from Sigma-
Aldrich (Belgium) were filled each with 950 uL of medium containing cells and 50 pL
of DMSO. They were put inside liquid nitrogen for preservation. The 0.9 mL
remaining was split into three other new flasks to start a new culture with 25-30% of
confluency and completed with 20 mL of fresh DMEM. This procedure was repeated
once again for each of the cell lines and provided a total of 12 T-flasks per cell line
(six around 50% of confluency and six around 80% of confluency). These vials were
transported to the injection site and put on the tray of the MPS2 at room temperature
waiting to be injected onto the Pegasus 4D. The SPME-CGxGC-TOFMS methods can

be found in annex and were based on previous results.

=S
o0 L)) 4
L()\j s

< Q
RS

-
Y ¢

~ 22

\ﬂ

<)

A%

%Qﬁ =
&

P>

X

9

17
2
o
=
- 4
=
N

(S
[ ot
=
& Q

<
i \%{\C
‘>
g%
Jgg :

(@
&
9
243
b 7

Figure 54: Confluency of MCF7 cell line for the first, the third and fifth day of culture

3.4 Headspace analysis of A549 and MCEF-7

Firstly, this study investigated the stability of the sample in the SPME vial. As
sextuplicate samples from same origins were collected together and left on the tray of
the MPS at room temperature waiting to be injected, there might have been some
difference between the first sample injected and the last one. Figure 55 displays the
comparison of 2D-chromatograms of the first and the last sample injected of a row of
samples with 10 hours gap between these two injections. Only small variations in the
intensity of few features change in both chromatograms, meaning there is no

alteration of sample one the MPS tray.
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Figure 55: Comparison of the 2-D chromatograms of the first (A) and the last (B) samples of
A549 to show the stability of samples on the tray before injection (10hr gap between these 2
injections)

The second part of this study demonstrates that it is possible to use SPME-GCxGC-
TOFMS to analyse the headspace of cell culture media to detect some VOCs specific
to cell lines. A total of 225 features were detected in the feature table created from all
2-D chromatograms samples with a signal to noise ratio of 100. Without any data
treatment, this feature table was used to display a PCA (Figure 56). Clear differences
between samples origins indicated that it was possible to characterize specific cells
line VOCs from the headspace of the cell medium used during the growth.
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As all features from the feature table were not relevant to one kind of sample, Fisher
ratio with Feit threshold was used only to select features specific to one population
sample like with breath analysis study. This new feature table, including 116
features, was used to calculate box plot as explained in chapter 1. Only 15 features
were shown to clearly belong to one group (Figure 57). These box-plots indicate that
the hypothesis of observing VOCs belonging to cell thanks to the analysis of the
headspace of their growing media is correct. The feature attribution name was not
applied because the main goal of this study was to demonstrate that the difference of
VOC profile found in the headspace of cell culture by SPME-GCxGC-TOFMS could
be spotlight.
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Figure 56: PCA calculated with all features from feature table generated with S/N=100

New PCA and HCA analysis were calculated based on the 15 highlight features
(Figure 58). They displayed the same trend where samples were grouped according
to their nature. In HCA analysis, one DMEM sample was grouped with MCF-7
samples but it was not the case of the PCA analysis. Principal component one gave a
better representation of the variability for the PCA calculated with a short list of
features compared to the first PCA, confirming the use of Fisher ratio and box-plot to

extract essential information from the large amount of data initially present.
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Figure 58: PCA and HCA performed with a restricted list of 15 features from cell analysis

To evaluate the choice of the column set used, reconstructed 2D-chromatogram
display to which group features belong (Fisher ratio value higher than the critical
Fisher value, Fisher ratio value lower than the critical Fisher value and undefined)
and also display the intensity of Fisher ratio value (Figure 59). Thenceforth,
visualization of features and features of interest could be obtained. Moreover, the
number of undefined features represents almost 40% of the features, whereas for
breath analysis study it was around 10%. Lower numbers of samples per class and
higher number of classes lead more easily to no value for all samples from the same
class for one feature. As explained before in chapter 2, this phenomenon conducts

ChromaTOF® to attribute an undefined value in such a case.
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Figure 59 Reconstructed 2D chromatograms of all features detected in the headspace of
A549, MCF7 and DMEM samples. 2D-Chromatogram on the top displays the nature of the
FR (FR>Fait; FR<Feit and undefined features) and chromatogram on the bottom shows the
intensity of the FR with the size of the feature. As the undefined features have no values,
they are all given the same random size

To conclude this section, another interesting comparison was to investigate the VOC
profile emitted from the same cell line but at a different confluency (50% and 80%).
Cells did not interact in the same way in both situations (Figure 60). Reinforcing the
hypothesis that cells interact with culture media and this interaction can be observed
in the headspace of cells culture. For further analysis, it might be necessary to sample
all different cells lines at the same confluency to minimize the intra variability of each
type of sample. Counting cells after the passage step to get a “biological

“normalization of samples may also lead to a reduction in their intra variability.
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Figure 60: PCAs for same cell culture samples origin (A549 on the left and MCF7 on the
right) for 50% (triangle) and for 80% (square) of confluency

This section confirms the hypothesis that it is possible to highlight specific VOCs
emitted by cell lines using SPME-GCxGC-TOFMS and allowed us to go deeper in this

direction.
3.5 Headspace analysis of six cell lines

To isolate specific VOCs emitted by cell culture, six cell lines were chosen (Table 8)
MCEF-7 breast cancer cell line and A549 lung cancer cell line were again used. BZR
(ATCC® CRL-9483™) and Calu-1 (ATCC® HTB-54™) were also added to get a total of
three lung cancer cell lines. BEAS-2B (BEAS-2B ATCC® CRL-9609™) was the only
normal cell line investigated. BZR comes initially from BEAS-2B and was
transformed into cancer cell line by using a virus. Thus, these two cell lines are only
different in terms of the cancer/normal cell criteria and promised interesting
comparisons. Finally, HCT-116 colon cell line (HCT 116 ATCC® CCL-247™) was
investigated to compare cancer from different kind of tissue. All cell lines came from

epithelial tissues to minimize the variation between them.

Table 8: Characteristics of the six cell lines investigated

Cell lines Tissue Morphology Disease

A549 Lung Epithelial Carcinoma
BEAS-2B Lung Epithelial Normal

BZR Lung Epithelial Carcinoma
Calu-1 Lung Epithelial Carcinoma

HCT 116 Colon Epithelial Carcinoma
MCF7 Breast Epithelial Adenocarcinoma
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3.5.1 Sampling process

Cell lines were cultivated in triplicate with the same cell growing protocol as used
before. Sampling was executed at around 80% of confluency just before the
passaging step. 5 mL from each flask were transfer inside SPME vials of 20 mL. These
vials were previously heated to 120°C for 15 minutes for the sterilization process.
After the passaging step, one group of cells was used for cryo-conservation, one
other group was put back inside the cell flask for new cultivation and one other
group was used to calculate the number of cells to use “biological normalization “
during the data processing. Cells were counted by means of the trypan blue
coloration method (Table 9). Results revealed a high dispersion of the number of cells

“

collected during the passage step. Hence, using “biological normalization “ might

help to normalize the data and extract information. New cultures were launched
with around 30% of confluency and repeated twice to get a total of 9 samples per cell
lines (Figure 61). Nine blank growth media samples were also collected using the

;
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Figure 61: Representation of the design for the culture and sampling for one random cell line

Table 9: Number of cell at 80% of confluency for each triplicate

A549 BEAS-2B BZR Calu-1 HCT 116 MCE 7
5396 000 1152550 998 200 966 000 5965 000 1 590 000
3574 000 2 274 666 1940 666 3676 666 6 547 000 7 276 000
5241 000 4311 000 4 392 000 4 569 000 6 251 000 7 792 000
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3.5.2 Cell data Normalization

All vials were transported to the of injection site and put into a bath at 37° C waiting
to be injected onto the AccuTOF™ GCv 4G. Before injection, the internal
standardization method adapted from Zhao et al was used to normalize feature areas
during the data treatment [133]. ImL of 100ppm bromobenzene prepared with
methanol (HPLC grade, Sigma-Aldrich) was introduced into a SPME vial of 20 mL at
37° C. The fiber was introduced 30 seconds in the vial before being exposed to the
sample during 40 minutes at 37° C. Then the fiber moved to the inlet of the
AccuTOF™ GCv 4G. Parameters used for these injections and data processing are

detailed in the annex.

The feature table generated was exported to Excel® to follow normalization with the
internal standard. The stability of the signal for bromobenzene was investigated and
indicated low variation of its intensity (Figure 62). Therefore, the normalization

process based on it can be applied.

Control Value

1 6 11 16 21 26 31 36 41 46 51 56 61
Samples

Figure 62: Stability of bromobenzene feature intensity across all samples

Concentration of VOCs from the headspace of culture media depends on the number
of cell present in the media. And cells from different cell lines do not grow exactly at
the same speed. A second normalization was carried out with the number of cells for

each triplicate to delete the impact of the number of cells per sample.

With the AccuTOF™ GCv 4G instrument, it was possible to detect around 370
features per cell line. A total of 544 features were detected in the feature table
obtained from the cumulative 2D-chrommatogram after removing column bleed. A
2D-Chromatogram example from BZR cell lines show the complexity of such kinds
of matrix and justify the use of two dimensional techniques to characterize them
(Figure 63).
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Figure 63: 2-D chromatogram of the BZR cell line headspace

3.5.3 Intra cell variability

Then, as the goal of this study was to compare the VOC profile emitted by the
different cell lines investigated, variation inside one group of cell lines was also
reported to demonstrate the rightness of such comparison. The cell line selected to
verify this aspect was BZR cell line as it showed the most similarities with other cell
lines. In a first triplicate of BZR, around 300 features were detected in each 2D-
chrommatograms. Low variations between them can be observed (Figure 64), leading
to good repeatability of signal record from different samples with the same biological
origin. Another verification of the repeatability of samples through the different
triplicates of BZR cell lines was also investigated. To lead this second verification,
different triplicates were compared with each other with their average feature
volume inside their own triplicate. A higher dispersion of feature volume was
observed compared to the variation inside triplicate (Figure 64). Cells can undergo
small mutations between cell passaging and this may explain the origin of this higher
variation. However, variations between all samples for the same cell line are totally

acceptable and make it possible to compare different cell lines with each other.
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Intra variability Inter variability

H 0-20% RSD

H 20%-40% RSD

m 40%-60% RSD

W 60%-80% RSD

M 80%1-100% RSD
m>100% RSD

Figure 64: Intra and inter variation of BZR triplicates for each feature detected in their
headspace

3.5.4 Comparison of the headspace of the six cell lines investigated

As BZR and BEAS-2B are the same cell line only differentiated by the disease status
(respectively carcinoma and normal), special attention was paid to these 2 cell lines.
No major variation can be observed between them (Figure 65). Based on the result,
the VOC profile emitted by cells are not totally influenced by the type cancer/non-
cancer. As explained earlier in this document, some papers discuss the fact that the
exhaled breath of cancer patients are different from healthy patients and try to detect
which VOCs are responsible for such segregation [197]. According to the results, this
difference may come from the interaction of the cancer cells with the organism and

not directly from the cancer cells.
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Figure 65: PCA (on the top) and clustering (on the bottom) analysis for BZR and BEAS-2B
cell lines
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3.5.5 General trend for the six cell lines

PCA and HCA of all headspace samples display grouping of samples from the same
origin (Figure 66). Confirming it is possible to characterise cell lines through the
headspace of the media needed for their growth and also that the repeatability of the
samples from same cell lines is small enough to see a difference between cell lines. It
is important to notice relatively similar dispersion for BZR and BEAS-2B. Thus, the
kind of cell line is more important than the cancer/normal factor to segregate cell
lines according to their headspace analysis. Moreover, based on results gave by such
statistical tools, we observed that it is not possible to directly separate cell lines from
different tissue by their headspace analysis. Indeed, breast, colon and lung cell lines

are not grouped separately.
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Figure 66: PCA and HCA for the feature table obtained from the 6 cell lines investigated
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To find interesting VOCs able to make the difference between cell line categories,
statistical tools were used. The first step was to use Fisher ratio or random forest as
with breath analysis. However, the large number of classes present in this analysis
induces large amounts of the highlight features. Hence, it was not possible to use
such statistical tools. The initial feature table of 544 features was screened feature by

feature with box-plots.

It revealed that 2,2,5-trimethyl-3,4-hexanedione, 3-buten-2-ol and 3-decanone were
only found in all lung cancer cell lines (Figure 67). As 3-Buten-2-ol can follow a
tautomeric reaction to form 2-butanone, specific lung cancer VOCs are all ketone.
The over activation of the oxidase enzyme call “cytochrome p450” which catalyses
the oxidation of organic substances are well known for lung cancer and may be

related to the presence of ketone emitted by lung cancer cells.

1,3-dimethoxypropan-2-yl stearate, 2-decanone, 2-ethyl-1-hexanol, 2-octanone, 3-
heptanone, 3-nonanone, cyclohexanol, nonanol, octanol and p-xylene were only
detected in HCT-116. Expected for p-xylene, all specific VOCs from colon cell lines
own oxygen species. This is not the case for MCF-7 cell line, where only 1-propanol
contains an oxygen atom compare to 6-methyloctene, 2,2-dimethylpropanol, , 2,4-
dimethylheptene, benzaldehyde, 2-nitro-, diaminomethylidenhydrazone and 2,7-
dimethyl-furo[2,3-c]pyridine. However, as only one cell line for breast and colorectal
were investigated in this study, it hazardous to try to have a trend of the VOC profile
emitted by such cancer tissue. Characterizations with other cell lines of theses tissues

have to be accomplished in order to do it.

Acetone and 3-ethyl-3-methylnonadecane were detected in all cancers cell lines
investigated in this study. They may be due to a common sub product of
metabolization only occurring in cancer cells. Acetone is related to lipolysis, dextrose
metabolism and decarboxylation of acetoacetate, which is derived from lipid
peroxidation. Lipid peroxidation is also known to generate a straight-chain of
hydrocarbons from polyunsaturated fatty acids. Phillips established a list of nine
VOCs to differentiate the exhaled breath of lung cancer patients and healthy
volunteers mainly based on alkanes compounds [117]. The presence of 3-Ethyl-3-
methylnonadecane in cancers cells may be explained and corroborated by them.
These two VOCs and the three related to lung cancer are displayed with box-plot to

visually indicate their specificity to some cell lines (Figure 67).
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3.6 Comparison with Breath Analysis

From the list of putative markers established in chapter 2 to distinguish healthy
patients from lung cancer patients. There is no match between them and those
detected in this chapter. This could be due to several factors. The sampling method
used for breath and headspace cell culture was different. Using TD for both samples
may lead to more comparable results. Although in vitro analysis makes it easier to
study cells, there are some shifts with in vivo conditions because the environmental
aspect is not taken into account with in vitro study. Those shifts may explain why
there are no matches between the two central lines of this thesis. Additional normal
cell lines should be investigated to also highlight markers emitted by normal cell
lines and then try to make a relation between them and those found in the exhaled
breath of healthy volunteers. Alkane VOCs like decane, eicosane, hexadecane and 2-
methyl-heptadecane have been found in exhaled breath from lung cancer patients
and in the headspace of cancer cell lines. This chemical family should be investigated
in other studies to try to show the direct relation between cancer cells and VOCs
from the exhaled breath.
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Conclusion

The goal of this thesis was to help in the development of an early and non-invasive
diagnosis of lung cancer by using breath analysis. The innovative part was the use of
GCxGC-TOFMS instead of conventional 1D-GC-MS to analyse such sample matrices.

Gas samples were collected in Tedlar® bags and transferred into TD tubes to use
thermal desorption. The investigation of the membrane permeability of Tedlar® bags
revealed that VOCs from the environment could migrate inside the bag, changing the
sample integrity. It is therefore recommended to reduce the storage time as much as
possible. Then, exhaled breath samples from healthy volunteers and lung cancer
patients were compared to determine which VOCs were able to distinguish these
two populations. A cohort of 29 samples was used to demonstrate the utility of TD-
GCxGC-TOFMS on such samples. The main challenge was to extract the putative
VOC markers of lung cancer through the large amount of data generated by 2D-
Chrommatograms. The impact of exogenous VOCs on the breath profile was pointed
out and three strategies were imagined to negate their impact. Subtraction of blank
from the sampling room to the breath sample and breathing medical air before
sampling to flush lungs did not give good results. A robust statistical approach
however provided good classification performances, overpassing limitations such as
environmental contamination and sampling variability. By using a proper pre-
processing step, it was possible to neglect the influence of the exogenous VOCs. Two
different data analysis strategies (FR and RF) were applied to digest the initial data
set and PCA to point out the capacity of such statistical tool. From a feature table of
1350 features, a total of 37 features were detected with both methods and allow
distinguishing the two populations of individuals. Among them, six features were
detected by both statistical approaches and allowed to separate the two populations.
This part of the study underlined the need for analytical controls from sampling to

data processing in untargeted biological studies.

The second part of this study focused on the study of VOC profiles emitted by lung
cancer cell lines in order to compare them with breath analysis profiles. Firstly, a
sampling design using SPME fiber to trap VOC of A549 and MCF-7 from their
growing media was conducted, including constraints related to the sterilized
conditions required by cell culture to avoid any biological contaminations. SPME

parameters were optimized and GCxGC-TOFMS methods from breath analysis were

99



Conclusion

transposed and produced good chromatography results. A proof of concept revealed
with PCA calculation that the headspace from culture media, from one breast
adenocarcinoma cell line (MCF7) and from one adenocarcinomic human alveolar cell
line (A549) clearly indicated differences of the nature of VOC emitted. With box-plots
calculation, it was possible to highlight which VOCs were responsible for such
headspace composition differentiation. This proof of concept also underlined the
value of GCxGC analysis due to the high amount of VOC collected in the headspace
of cell cultures. It was shown that the number of cell present during the collection of
the culture media influenced the headspace composition. It was therefore necessary
to standardize the data obtained as a function of the number of cells present during
sampling. Another standardization with bromobenzene was also used when
introducing SPME fiber into the headspace in order to reduce instrumental
variability. A study of the intra and inter variability of the BZR cell line between the
various samples collected has shown that it would not interfere with the variability

present between the different types of cell lines studied.

Finally, this part of this study investigated and compared the headspace of one lung
normal cell line, three lung cancer cell lines and two other cancer cell lines (from
breast and colon) to point to the presence of ketone VOCs for lung cancer cell lines
and alkane VOCs for general cancer cell lines. Comparison of normal (BEAS-2B) and
cancer lung (BZR) clone cell lines indicated low variation between them, leading to
low dependence of the cancer or normal type on the VOC profile emitted.

Unfortunately, it was not possible to link these results with those of breath analysis.

Future work

The next objective is to validate the compromising highlighted VOCs with other
breath samples or moreover to use chemical family as an alternative to full
identification of large data matrix. Next exhaled breath samples should be collected
over long periods of time and in different hospitals to reduce the impact of
exogenous compounds. Quantification of such VOCs also needs to be performed but
required a more sophisticated sampling process. Indeed, in this study, Tedlar® bags
were not calibrated to be filled with the exact same volume, impacting the number of
VOCs trapped in the TD tubes. Moreover, as VOCs of interest are located in the lung
and the few first seconds of the expiration removes the air from the upper part of the
respiratory system, long or short expiration when filling the bag has also an impact

on the VOC concentration. It is possible to overcome this issue by calculating the
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amount of CO:z emitted to normalize the volume of exhaled breath collected. With
reference to what Wang suggested in 2012, a standard sampling method for breath
analysis should be established to allow easier comparison between all studies.
ReCIVA® breath sampler from Owlstone medical appear to be the standardize
method to collect breath sample since end of 2017. This device combines a reliable,
reproducible and universal sampling system, which can be used to reduce the

variability between studies.

The utilization of high resolution mass spectrometry technics to obtain accurate mass
information, close to ppm level, will also help to identify putative biomarkers with a
higher confidence as it measures the exact mass. Then, after biomarkers detection
and validation, implementation of specific detectors, such as e-nose, sift-MS, PTR-MS
or fast GC-MS, for VOC markers to facilitate their use in a clinical environment also

need to be investigated.

In parallel to exhaled breath biomarkers detection and validation, other studies
focused on cell cultures using other sampling methods or other cell lines to
corroborate results already reported and link the VOCs detected during breath
analysis. The idea of transposing the strategy used to detect biomarkers in the
exhaled breath by comparing a population of healthy volunteers and lung cancer
patients can also be considered for the cell culture. The comparison between BZR and
BEAS-2B cell lines has shown that the headspace composition of these two cell lines
is very similar. But it is nevertheless possible to observe differences. A promising
idea would be to carried out primary cell culture from normal and cancer tissue from
the same individual. This would reduce the variability between the two types of cell
to focus only on the cancer/non-cancer character. This ambitious approach must,
however, deal with the extraction and purification of the cells from the tissues. This
strategy can also jointly investigate the composition of the exhaled breath of a
particular lung cancer patient and in vitro release of compounds from his/her lung

cancer cells obtained from tumor resection.
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List of VOC markers reported in the literature

Annex

# Name Chemical classification References
1 1,10-(1-butenylidene)bisbenzene Alkene and aromatic [193]
2 10,11-dihydro-5H-dibenz-(B,F)-azepine Aromatic and nitrogen [194]
3 1,1-(1,2cyclobutanediyl )bis-benzene Aromatic [195]
4 1,1-[1-(ethylthio)proprylidene] bis-benzene Alkene, aromatic and sulphur | [195]
5 1,1,2-triclhoro-1,2,2-trifluoro ethane Halogen [195]
6 1,1-ethylidenebis-4-ethyl-benzene Aromatic [195]
7 1,1-oxybis-benzene Aromatic and ether [194]
8 1,2,3,4-tetrahydro-9-propyl-anthracene Aromatic [195]
9 1,2,3,4-tetrahydro-isoquinoline Aromatic and nitrogen [90]
10 1,2,4,5-tetramethyl-benzene Aromatic [99]
11 1,2,4-trimethyl-benzene Aromatic [118, 196]
12 1,2-benzenedicarboxylic acid, diethy] ester Aromatic and carbonyl [194]
13 1,2-dichlorobenzene Aromatic and halogen [109]
14 1,2-dimethyl-benzene Aromatic [109]
15 1,3-cyclohexadiene Alkene [197]
16 1,3-dioldiisobutyrate-2,2,4-trimethyl-pentane | Carbonyl [194]
17 1,4-dimethyl-benzene Aromatic [118]
18 1,4-pentadiene Alkene [262]
19 1,5,9-trimethyl-1,5,9-cyclododecatriene Alkene [194]
20 1,6-dioxacyclododecane-7,12-dione Carbonyl [99]
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# Name Chemical classification References

21 1,7,7-trimethyl-bicyclo-2,2,1-heptan-2-one Carbonyl [195]

22 1-butanol Alcohol [129]

23 1-cyclopentene Alkene [90]

24 1-heptene Alkene [118]

25 1-hexene Alkene [118, 196]

26 1-methanol-4-trimethyl- 3-cyclohexene Alcohol and alkene [195]

27 1-methyl-1,3-cyclopentadiene Alkene [90]

28 1-methyl-2-pentyl-cyclopropane Alkane [118]

29 1-methyl-ethenyl-benzene Aromatic [118]

30 1 methylthio-propene Alkene and sulphur [195]

31 2-[(2-ethoxy-3,4-dimethyl,2-cyclohexen-1- Alkene, aromatic and ether [195]
ylidene)methyl]-furan

32 2,2,4,6,6-pentamethyl-heptane Alkane [99, 118]

33 2,2 4-trimethyl-1,3-pentadiol diisobutyrate Carbonyl [195]

34 2,2 4-trimethyl-3-carboxyisopropyl-isobutyl | Carbonyl [195]
ester pentanoic acid

35 2,2,7,7-tetramethyl-tricyclo- Alkene and carbonyl [195]
6,2,1,0(1,6)undec4-en-3-one

36 2,3 ,4-trimethyl-decane Alkane [99]

37 2,3,4-trimethyl-hexane Alkane [193]

38 2,2-diethyl 1,1-biphenyl Aromatic [194]
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# Name Chemical classification References

39 2,2-dimethyl-butane Alkane [109]

40 2,2-dimethyl-decane Alkane [99]

41 2,2-dimethyl-pentane Alkane [109]

42 2,3-bifuran-octahydro Ether [99]

43 2,3-dihydro-3-phenyl-1,1,3-trimethyl-1H- Aromatic [194]
Indene

44 2,3-butadione Carbonyl [90]

45 2,3-dimethyl-2-Butanol Alcohol [90]

46 2,3-dimethyl-butane Alkane [109]

47 2,3-hexadione Carbonyl [195]

48 2,4-dimethyl-3-pentanone Carbonyl [194]

49 2,4-dimethyl-heptane Alkane [109, 198]

50 2,4-dimethyl-pentane Alkane [109, 262]

51 2,5-cyclohexadien-1-one, 2,6 bis (1,1- | Alkene and carbonyl [195]
dimethylethyl)-4-ethyldiene

52 2,5-cyclohexadiene-1,4-dione, 2,6-bis(1,1- | Alkene and carbonyl [194]
dimethylethyl)-

53 2,5-dimethyl-2,4-hexadiene Alkene [194]

54 2,5-dimethyl-furan Aromatic and ether [109, 194]

55 2,6,10,14-tetramethyl-pentadecane Alkane [135]

56 2,6,10-trimethyltetradecane Alkane [135]

57 2,6,11-trimethyl-dodecane Alkane [135]
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58 2,6-dimethyl-naphthalene Aromatic [135]

59 2,6- di-tert-butyl-4-methyl-phenol Alcohol and aromatic [135]

60 2-butanone Carbonyl [90, 99, 109,

199-203]

61 2-butenal Carbonyl [109]

62 2-ethyl-1-hexanol Alcohol [99]

63 2-ethyl-9,10-anthracenediol Alcohol and aromatic [195]

64 2-ethyl-hexyl-nonyl ester sulfurous acid Carbonyl and sulphur [99]

65 2-hydroxy-acetaldehyde Alcohol and carbonyl [200, 202]

66 2-hydroxy-iso-butyrophenone Alcohol, aromatic and | [99]

carbonyl

67 2-methyl-1-(1,1-dimethylethyl)-2-methyl-1,3- | Carbonyl [194] [109]
propanediyl ester propanoic acid [195]

68 2-methyl-2,2-dimethyl-1-(2-hydroxy-1- Alcohol and carbonyl [99]
methylethyl)-propyl ester propanoic acid

69 2-methoxy-2-methyl-propane Ether [195]

70 2-methyl-3-hydroxy-2,4,4-trimethylpentyl Alcohol and carbonyl [99]
ester propanoic acid

71 2-methyl-1,3-butadiene Alkene [109]

72 2-methyl-2-Butene Alkene [90]

73 2-methyl-3-hexanone Carbonyl [195]

74 2-methyl-butane Alkane [90, 109]
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75 2-methyl-hendecanal Carbonyl [135]

76 2-methyl-heptane Alkane [118]

77 2-methyl-hexane Alkane [109, 144, 263]
78 2-methyl-naphthalene Aromatic [135]

79 2-methyl-pentane Alkane [109, 199]
80 2-methyl-butyl-acetat or 2-Hexanol Carbonyl or alcohol [158]

81 2-methyl-propanal Carbonyl [109]

82 2-penta-decanone Carbonyl [135]

83 2-pentanone Carbonyl [203]

84 2-propanol Alcohol [262]

85 2-Propenal Carbonyl [109]

86 3,3-dimethyl-pentane Alkane [109, 193]
87 3,3,6,6-tetraphenyl-1,2,4,5-tetroxane Aromatic and ether [195]

88 3,4,5,6-tetramethyl-octane Alkane [99]

89 3,7-dimethyl-decane Alkane [135]

90 3,7-dimethyl-pentadecane Alkane [135]

91 3,7-dimethyl-undecane Alkane [90]

922 3,8-dimethyl-hendecane Alkane [135]

93 3-Butyn-2-ol Alcohol and alkyne [90, 199]
94 3-hydroxy-2-butanone Alcohol and carbonyl [90, 200, 202-

204]
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95 3-methyl-4-heptanone Carbonyl [99]

96 3-methyl-5-propyl-nonane Alkane [99]

97 3-methyl-butanol Alcohol [158]

98 3-methyl-hexane Alkane [263]

99 3-methyl-nonane Alkane [118]

100 3-methyl-octane Alkane [118]

101 3-methyl-pentane Alkane [109, 199]

102 3-methyl-tridecane Alkane [263]

103 3-phenyl-2-oxazolidinone Aromatic, carbonyl  and | [99]

nitrogen

104 4-ethoxy-ethyl ester benzoic acid Aromatic, carbonyl and ether [194, 195]

105 4-hydroxy-hexenal Alcohol, alkene and carbonyl [200, 202, 203]

106 4-methyl-decane Alkane [194]

107 4-methyl-tetradecane Alkane [135]

108 4-methyl-toluene Aromatic [99]

109 4-penten-2-ol Alcohol and alkene [195]

110 5-(2-methyl-)propyl-nonane Alkane [135]

111 5,5-dimethyl-1-3-hexadiene Alkene [195]

112 5-butyl-nonane Alkane [135]

113 5-isopentyl-2-methyl-7-oxabicyclo(4,1,0)- Alcohol, alkene and ether [195]
heptan-2-ol

114 5-methyl-decane Alkane [263]
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115 5-propyl-tridecane Alkane [135]

116 7-methyl-hexadecane Alkane [135]

117 8-hexyl-pentadecane Alkane [135]

118 7-methyl-tridecane Alkane [263]

119 8-methyl-heptadecane Alkane [135]

120 Acetaldehyde Carbonyl [109, 128, 200,
203]

121 Acetone Carbonyl [85, 109, 187,
200, 205, 207,
264]

122 Acetonitrile Nitrogen [109, 197]

123 Acetophenone Aromatic and carbonyl [90]

124 Acrolein Alkene and carbonyl [187, 203]

125 Alpha isomethyl ionone Alkene and carbonyl [195]

126 Benzaldehyde Aromatic and carbonyl [90, 199]

127 Benzene Aromatic [109, 118, 144,
187, 196, 207]

128 Benzophenone Aromatic and carbonyl [195]

129 Benzothiazole Aromatic and sulphur [99]

130 Butanal Carbonyl [109, 126, 128,

201]
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131 Butane Alkane [109, 205, 207,
263]

132 Butanol Alcohol [109, 201]

133 Butyl acetate Carbonyl [90]

134 Butyl glycol Alcohol and ether [99]

135 Camphor Carbonyl [195]

136 Caprolactam Carbonyl and nitrogen [99]

137 Carbon disulfide Sulphur [109, 187]

138 Chlorobenzene Aromatic and halogen [109]

139 Cyclobutyl-benzene Aromatic [90]

140 Cyclohexane Alkane [109, 118, 148]

141 Cyclohexanone Carbonyl [99, 158]

142 Cyclooctane-methanol Alcohol [99]

143 Cyclopentanone Carbonyl [99]

144 Decanal Carbonyl [118, 201]

145 Decane Alkane [118, 144, 196,
207]

146 Dimethyl-formamide Carbonyl and nitrogen [109]

147 Dimethyl-phenyl-carbinol Alcohol and aromatic [99]

148 Dimethyl sulfide Sulphur [109, 187, 262]

149 Dodecane Alkane [193]

150 Eicosane Alkane [135]
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151 Ethanol Alcohol [109, 187]

152 Ethyl-acetate Carbonyl [262]

153 Ethylaniline Aromatic and nitrogen [99]

154 Ethyl-benzene Aromatic [144, 201]

155 Ethyl-benzol Aromatic [158]

156 Ethylene carbonate Carbonyl [99]

157 Ethyl-hexanol Alcohol [99]

158 Ethylenimine Nitrogen [90]

159 Formaldehyde Carbonyl [85, 128]

160 Heptanal Carbonyl [109, 118, 126,
158, 190, 196]

161 Heptane Alkane [109, 263]

162 Hexadecanal Carbonyl [135]

163 Hexadecane Alkane [99]

164 Hexanal Carbonyl [109, 118, 126,
128, 158, 190]

165 Hexane Alkane [109, 199, 205]

166 Hexanol Alcohol [196]

167 Hydroxy-2-nonenal Alcohol, alkene and carbonyl [203, 263]

168 Hydroxyacetaldehyde Alcohol and carbonyl [203]

169 Isobutane Alkane [187, 262]

170 Isolongifolene-5-ol Alcohol and alkene [99]
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171 Isoprene Alkene [85, 118, 144,
187, 196, 205,
207, 264]

172 Isopropanol Alcohol [109, 187, 195]

173 Isopropyl-amine Nitrogen [158]

174 Isopropyl-benzene Aromatic [99]

175 Malondialdehyde Carbonyl [90, 203]

176 Methanol Alcohol [187, 264]

177 Methyl-cyclopentane Alkane [118, 196]

178 Methyl-propyl-sulfide Sulphur [90]

179 Naphthalene Aromatic [99]

180 n-Dodecane Alkane [158]

181 n-Nonal or Cyclohexanon Carbonyl [158]

182 Nonadecanol Alcohol [135]

183 Nonanal Carbonyl [126, 128, 190]

184 Nonanoic acid Carbonyl [158, 190]

185 Octanal Carbonyl [109, 126, 128,
190, 208]

186 Octane Alkane [144]

187 o-toluidine Aromatic and nitrogen [85]

188 Pentanal Carbonyl [90, 109, 126,

128, 203]
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189 Pentamethyl-heptane Alkane [144]

190 Pentane Alkane [109, 144, 187,
199, 207, 263,
264]

191 p-menth-1-en-8-ol Alcohol and alkene [195]

192 Propanal Carbonyl [109, 126, 201,
205]

193 Propane Alkane [109]

194 Propanoic acid Carbonyl [190, 195]

195 Propanol Alcohol [85, 90, 109,
194, 199, 264]

196 Propyl-benzene Aromatic [118, 196]

197 Styrene Aromatic [118, 196]

198 Tetradecane Alkane [99]

199 Tetramethyl-urea Carbonyl and nitrogen [90]

200 Toluene Aromatic [109, 144, 187,
193]

201 trans-Caryophyllene Alkene [194]

202 Tridecanone Carbonyl [135]

203 Trichlorofluoro-methane Halogen [118]

204 Tridecane Alkane [135]

205 Undecane Alkane [90, 118, 196]

207 Xylene Aromatic [90, 144, 148]
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Composition of DMEM (concentration in mg/L)

Amino
Acids
(mg/L)

Vitamins
(mg/L)

Inorganic
Salts
(mg/L)

Other
Components

Glycine

L-Cystine 2HCI

L-Leucine

L-Phenylalanine
L-Tryptophan

Choline chloride

Niacinamide

Thiamine

hydrochloride

Calcium Chloride

Potassium
Chloride
Sodium
Phosphate
monobasic

D-Glucose
(Dextrose)

30

63

105

264

400

141

25

L-Alanyl-L-
Glutamine
L-Histidine

hydrochloride

L-Lysine

hydrochloride

L-Serine
L-Tyrosine

D-Calcium

pantothenate

Pyridoxine

hydrochloride

i-Inositol

Ferric Nitrate

Sodium
Bicarbonate

Phenol Red

862

42

146

42
72

7.2

0.1

3700

15

L-Arginine

hydrochloride

L-Isoleucine

L-Methionine

L-Threonine
L-Valine

Folic Acid

Riboflavin

Magnesium
Sulfate
Sodium
Chloride

Sodium
Pyruvate

Annex

84

105

30

95
94

0.4

200

6400
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Method parameter for samples injected on the Pegasus 4D

This GCxGC-TOFMS instrument was provide by LECO (Corp., St. Joseph, MI) and it
was used for the analysis of the exhaled breath samples and for the optimization of

the analysis for culture cell line headspace.

Parameters for analysis of the cohort of individual breath samples

Pegasus 4D was connected to Unity 2 series thermal desorber (Markes International
Ltd.). The modulator was mounted in an Agilent 7890 gas chromatograph equipped
with a secondary oven and a quad-jet dual stage modulator working with liquid
nitrogen to create the cold jets. Details regarding the system have been reported
elsewhere [261]. The GC column set used was a combination of a 30 m x 0.25 mm i.d.
Rxi-5Sil, 5% phenyl 95% dimethylpolysiloxane (Restek Corp., Bellefonte, PA) with a
film thickness of 0.25 um as 1D and a more polar 1.2 m x 0.10 mm i.d. mid polar BPX-
50, 50% phenyl polysilphenylene-siloxane (SGE, Austin, TX) with a film thickness of
0.10 pum as 2D. This column set was already successfully used in previous VOC
mixtures analysis [78,222,262].

In the thermal desorber Unity 2, samples were first purge with dry nitrogen during 1
min to remove the amount of water found in the sample. Then, tubes were heating at
300 °C during 5 min and VOCs sample were recollected on the cold trap of the
thermal desorber at -10 °C. Samples were injected in the system with a fast heating of
the cold trap at 300 °C during 3 min. In the GC system, helium was used as carrier
gas with a constant flow of ImL/min. The main oven held an initial temperature of 35
°C during 5 min and then increased until 240°C at a rate of 5 °C/min. The
temperature offset for the secondary oven was 5 °C and operated in the iso-ramping
mode. The modulation period was 4 s with a hot pulse duration set at 700 ms and a
cooling time between stages of 1300 ms. Modulation was carried out on the very
beginning of the 2D column with an offset of 10 °C compared to the temperature of
the primary GC oven. The end of the second column went through the transfer line
heating at 250 °C to reach the MS source at the same temperature. Analytes
ionization was applied by an electron ionization mode with a filament voltage of -70
eV. The data acquisition rate was set at a frequency of 100 spectra/s for a mass range
from 29 to 450 m/z. The detector voltage was set on 1500 V. Tuning and mass

calibration were performed every days with perfluorotributylamine (PFTBA).
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Data from Pegasus 4D were acquired and processed with the ChromaTOF® 4.5
software (LECO Corp.). Feature finding, mass deconvolution, integration feature and
library searching were carrying out by this software. Mass spectral identification
used Wiley (2011) and NIST (2011) databases with a match factor threshold >600.
Statistical compare option of ChromaTOF® 4.5 software was used to align 2D
chromatograms and built several feature tables which contains every feature found
in each samples with a signal to noise ratio of 50, 100, 250 and 1000. Fisher ratio
calculation was executed at this step with the statistical compare feature. Feature
tables created were extracting in Excel® and normalize with the total amount
volume. Then, non-specific compounds, such as siloxane compounds coming from
the bleeding of the columns were manually removed. Critical Fisher value threshold
was applied in Excel and reduce feature list was import in R 3.4.3 using the Rstudio
interface (Free Software Foundation’s GNU project) to perform random forest. The
packages used were: MetabolAnalyze, FactoMineR, ggfortify, random forest,
ggplot2, pca3d, RColorBrewer. This software was also used to carry out PCA and

clustering analysis with euclidian distance and Ward method.

Parameters for the analysis of the cell culture optimization

For this study, headspace analysis was used instead of thermal desorption. The
Pegasus 4D was connected to a multipurpose sampler (MPS) from Gerstel to perform
automatic SPME injection. Vials were let on the tray at room temperature, and heated
in the thermal unit at 37°C during different time laps (from to minutes). Fiber was
then introduced to the headspace with a needle penetration of 38 mm and exposed
during different time laps (from to minutes). The fiber moved to the inlet of the -
Pegasus 4D (to be desorbed at 250°C during 120 s with a penetration of 54 mm.
GCxGC and mass spectrometry parameters were exactly the same than for the
analysis of breath samples. ChromaTOF® 4.5 was used to acquire the data obtained
with a S/N of 100. Same data treatment than for breath samples was used with Fisher
ratio, PCA and HCA calculation.
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Method parameter for samples injected on the AccuTOF™ GCv 4G

This GCxGC-TOFMS instrument was provide by Jeol and it was used for the analysis
of Tedlar® bags, for the investigation against endogenous VOCs found in breath

samples, and also for the analysis of the headspace of culture cell line.

Parameters for the analysis of the headspace of cell line cultures

After incubation time, the fiber moved to the injector of the AccuTOF™ GCv 4G to be
desorbed at 250°C during 5 minutes. The column set used is an Rxi-624 SilMS (30m x
0.25mm inside diameter x 1.40 um film thickness; Restek Corporation., Bellefonte,
PA, USA) as first dimensions and a stabilwax (2m x0.25mm x0.5 pm; Restek
corporation) as the second dimension. This set was installed in an Agilent 7890 GC
oven (Palo Alto, Ca, USA) where a ZX2 dual-stage thermal loop modulator (Zoex
Corporation, Houston, TX, USA) was installed. The modulation period was 4 s with a
hot pulse duration of 700ms and a cooling time between stages of 1300 ms. In the GC
system, helium was used as carrier gas with a constant flow of 1 mL/min. The oven
temperature program follows the same parameter than with the Pegasus 4D (35°C
initially during 5 min and then increase until 204°C with a rate of 5°/min). The end of
the second column went through the transfer line heating at 250°C to reach the MS
source at the same temperature. Analytes ionization was performed by an electron
ionization mode with a filament voltage of =70 eV and ionizing current of 300 pA.
The data acquisition rate was set at a frequency of 50 spectra/s for a mass range from
30 to 400 m/z. The detector voltage was set on 2000 V. An acquisition delay of 1
minute was used. Tuning and mass calibrations were performer every 2 days with
perfluorokerosene (PFK) (Tokyo Chemical Industry Co. Ltd., Tokyo, Japan) with a
mass resolution of 8054 at m/z 293. Data were acquired using MassCenter (version
2.6.2b) (JEOL Ltd) and process in GC image 2.5 HR (Zoex Corporation). GC Project
and Image Investigator features of GC-image were used to built a template 2D-
chrommatogram from a cumulative image from all samples. Then, this template was
applied to the centroided samples files with a minimum blob volume detection of 200
000. Mass spectral identification used Wiley (2011) and NIST (2011) databases with a
match factor threshold >600. Feature table created was extract in Excel® sheet and R

software to perform box-plot calculation.
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Scientific communications

Results related to this thesis were published in scientific papers and presented trough
international symposiums via oral presentations and posters. All scientific

communications are list below.
Publications:

R. Pesesse, P.-H. Stefanuto, F. Schleich, et al., Multimodal chemometric approach for
the analysis of human exhaled breath in lung cancer patients by TD-GCxGC-TOFMS,
Journal of Chromatography B, https://doi.org/10.1016/j.jchromb.2019.01.029

Oral presentations:

Investigation of various data processing approaches for extracting disease-specific
information from GCxGC-(HR)TOFMS breathprint data sets

Pesesse R, Stefanuto P-H, Schleich F, Louis R, Focant J-F
41th International Symposium on Capillary Chromatography & 14th GCxGC Symposium,
Fort Worth, Texas, may 2017

GCxGC-(HR)TOFMS in Cancer Research

Pesesse R, Stefanuto P-H, Bertrand V, De Pauw-Gillet M-C, Schleich F, Meuwis M-A, Louis

E, Louis R, Focant J-F
40th International Symposium on Capillary Chromatography & 13th GCxGC Symposium,

Riva del Garda, Italia, May 2016

Characterization of human exhaled breath for non-invasive detection of diseases by
GCxGC-TOFMS

Pesesse R, Stefanuto P-H, Schleich F, Meuwis M-A, Louis E, Louis R, Focant J-F
14th International Symposium o hyphenated techniques in chromatography and separation
technology, Ghent, January 2016

GCxGC-TOFMS for reliable detection of candidate biomarkers in breath analyses

Pesesse R, Stefanuto P-H, Schleich F, Louis R, Focant J-F
International analysis of breath research summit 2015, Vienna, September 2015
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Department day, University of Liege, Belgium, July 2017

Investigation of the possible effect of sampling on human exhaled breath sample
integrity
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40th International Symposium on Capillary Chromatography & 13th GCxGC Symposium,
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