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2 Preface

This research proposal was made for the Faculty of Science extracurricular honours programme of the Radboud
University during the academic year 2019-2020. The honours programme is divided into two years. In the �rst year,
a research proposal is written and students participate in academic skills workshops and an excursion to a foreign
university. The aim for the research proposal is to work on an interdisciplinary topic with an interdisciplinary group
of students under supervision of a professor from the Radboud University. In the second year, the aim is to work on
a research project in the student's �eld of interest.
Our research proposal is focused on diagnosis of diseases from exhaled breath utilizing olfactory receptors. In order to
complete our proposal, we had regular meetings, almost every week, usually with our supervisor Richard Bartfai. We
analysed literature about biosensors and were inspired by a paper in which dogs could smell patients with colorectal
cancer. We also exchanged ideas with some experts in the �eld during our visit to the University of Oxford. We
started with investigating whether an arti�cial nose could be created with olfactory receptors which are the in vivo
smelling agents in mammals. In addition, it was found that the composition of breath can be altered in speci�c
ways when an individual su�ers from a certain disease. These two notions were combined into an application of an
arti�cial nose, in the form of a biosensor, for detecting the disease-speci�c volatile molecules present in breath.

A general workow for an olfactory-receptor-based biosensor could improve early diagnosis and the development
of non-invasive diagnostic tools. The aim of this proposal is to create the general workow for detection of disease
states. Future research will then be necessary to create an advanced tool which implements olfactory receptors for
clinical use.

3 Summary

3.1 Scienti�c Summary

Although nowadays many diseases have successful treatments, most of them depend on an early diagnosis. This is a
major problem due to the nature of some diseases being asymptomatic in their earlier stages, leading to detection
at a later stage. Treatment at this stage is often accompanied by a higher mortality rate and increased costs, hence
the demand for early diagnosis. However, most of these early detection methods are invasive and expensive as some
require surgery. Their use is therefore not preferred and there is an urgent need for more practical and a�ordable
detection methods.

This research proposal aims at (early) diagnosis of disease states from breath using olfactory receptor based
biosensors. Breath contains biomarkers which vary in presence and concentration between a healthy individual and
an individual who has a certain disease state. Lung cancer is chosen as a case study for this research proposal as a
typical disease where early detection is critical and for which VOC biomarkers have been identi�ed. These can be
detected by mass spectrometry which is expensive and laborious or by dogs which require extensive training and are
not scalable. Hence here we propose to develop a general workow for the selection of olfactory receptors that can
recognize VOC biomarkers in breath and test their utility for the detection of disease states. We will speci�cally:
WP1.1) select olfactory receptors based on pure VOC biomarkers abundant in breath of stage III/IV lung cancer
patients; WP1.2) attempt direct selection of olfactory receptors based on breath samples of healthy individuals and
lung cancer patients; WP2) test the predictive value of sets of olfactory receptors for the diagnosis of early and
late stages of lung cancer. Ultimately, this project will provide insight into the utility of olfactory receptor based
biosensors for the detection of disease states in general and might yield a �rst prototype of a biosensor for the
detection of lung cancer in particular.

3.2 Summary for General Public

Nowadays, there is no need to despair when a person is inicted with a certain illness. With the medical knowledge
of the 21st century, most illnesses can be treated. The success rate of this treatment is in most cases dependent on
the time of diagnosis; the earlier a disease is detected, the better. The costs of treatment for early detection are often
lower as well. Methods of early detection are therefore wanted to reduce losses of lives, complications and costs.

This project attempts to realise a method for detection of diseases by their "smell". An inspiration for this was
that dogs could be trained to smell colorectal cancer. If a dog can distinguish between a healthy and an ill person
by smelling them, then this distinction could be made by analysing breath. This will be done by using a part of the
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nose, a receptor. There are a large number of di�erent receptors, but not all required to detect one smell, that is
why only the receptors that "smell" the disease, which is lung cancer in this study, have to be selected.

The receptors are selected by two methods. For the �rst method, only the molecules that cause the smell are used
to select the receptors that react well to them. For the second method, the reaction of the receptors to the breath
of lung cancer patients is compared to that of healthy people to select them. The receptors are put in a biosensor,
which provides the signal from the olfactory receptors. The receptors from the selections are tested with breath to
see if they could be used to predict if someone has lung cancer. In the end, this project will show how receptors can
be used in a biosensor which can detect diseases in general and will yield a �rst prototype for a biosensor for lung
cancer detection.

3.3 Samenvatting voor Algemeen Publiek (Dutch)

Tegenwoordig hoeven mensen zich minder zorgen te maken wanneer ze een bepaalde ziekte krijgen. Door de medische
kennis van de 21e eeuw kunnen de meeste ziektes behandeld worden. Echter, de succeskans van deze behandeling
hangt bij de meeste ziektes af van het moment van de diagnose; hoe eerder de ziekte gevonden wordt, hoe beter.
De kosten van de behandeling zijn daarnaast vaak lager bij een vroegtijdige diagnose. Dit leidt tot de vraag naar
methodes voor deze vroegtijdige diagnose om zowel het sterftecijfer als de kosten voor de genezing omlaag te halen.

Dit onderzoek probeert een methode te realiseren om ziektes te detecteren op basis van "geur". Een artikel over
honden die getraind zijn om mensen met darmkanker met reuk te kunnen detecteren was de inspiratiebron. Als een
hond een patient kan onderscheiden op basis van geur, dan zou de adem van een patient mogelijk geanalyseerd kunnen
worden om te kijken of hij/zij een bepaalde ziekte heeft. Dit zou verwezenlijkt kunnen worden door reukreceptoren
te gebruiken als detector. Een reukreceptor is een receptor die het mogelijk maakt voor mensen en dieren om te
ruiken. De diverse geuren kunnen geroken worden omdat er veel verschillende soorten reukrecepetoren in een neus
zitten. Dit onderzoek wil de juiste reukreceptoren selecteren om een bepaalde ziekte te kunnen detecteren.

Het onderzoek is opgedeeld in 2 verschillende delen. Het eerste deel gaat in op de selectie van de juiste reukre-
ceptoren voor de gekozen ziekte, in dit geval longkanker. Dit wordt op 2 verschillende manieren gedaan. De eerste
manier selecteert reukreceptoren die puur alleen reageren op de geur van de ziekte. De tweede methode selecteert alle
reukreceptoren die reageren op de adem van zieke patienten. Deze reukreceptoren worden in een biosensor gestopt,
die het signaal kan doorgeven van de reukreceptoren, een kunstmatige neus als het ware. Het tweede deel maakt
dan gebruik van deze receptoren en kijkt of deze onderscheid kunnen maken tussen de adem van gezonde mensen
en longkanker patienten. Uiteindelijk zal dit project laten zien of een biosensor met reukreceptoren gebruikt kunnen
worden om ziektes te detecteren en zal er een eerste prototype van een biosensor voor het detecteren van longkanker
zijn.

4 Introduction

Ever since �nding cures of diseases accelerated in the 20th century, health science invested in detection of those
diseases. In recent years, the early diagnosis of diseases is of major interest in health science because the success rate
and costs of a treatment often depend on the disease stage of an individual at the moment of diagnosis.

The major problem of early detection is that individuals are often asymptomatic at this stage. The disease will
only be detected once it is already in a later stage because then the symptoms are observed and can be analyzed. For
example 57% of lung cancer patients are diagnosed when the tumor is already metastasized to another part of the body
[1]. Another problem with early detection and for the detection of disease in general is that the detection methods
used are often invasive. Sometimes exposure to X-ray machines is required and often harmful surgical procedures
are necessary when a person is tested positive with the X-ray. If there is a clear indication that something is wrong,
the use of an invasive procedure can be reasoned. However, for early disease states, there is often no such indication
so no clear reason to put a patient through this. The need for easily accessible and a�ordable detection methods for
disease states is thus clear.

A non-invasive and universal method to study human health is to analyse breath [2]. Since the composition of
breath is signi�cantly less complex than blood or urine, target products could be easily extracted [3]. Many scienti�c
e�orts are focused on �nding disease-speci�c trace components of breath such as volatile organic compounds (VOCs)
[2][4]. VOC pro�les of certain diseases have been successfully identi�ed and implemented in diagnosis of for example
cystic �brosis and diabetes mellitus [2].
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Biosensors can be a useful tool do breath analysis. Many recent studies have been conducted in which biosensors
were constructed with the interest in detection of molecules which are markers for a disease, so-called biomarkers
[5]. Biosensors can often be small devices, such as lab-on-a-chip, which makes them more practical and cheaper in
use than other diagnostic tools such as combined gas chromatography and mass spectrometry. The main problem is
that the use of a biosensor is very speci�c to one disease so that a di�erent type of biosensor has to be made for each
disease. If this process could be streamlined, the same approach for generating a biosensor can be used for every
speci�c cause which provides an easier production and eventually a higher accessibility.

Hence, breath analysis could potentially be a non-invasive method for diagnosing disease states and biosensors
could provide a good platform to do such analyses. This research project therefore aims to establish a universal
workow for the detection of volatile organic compounds in breath for early diagnosis of diseases with a biosensor.
This will be achieved by identi�cation of olfactory receptor sets that could be used in a biosensor. This biosensor
could be used for the detection of a disease state. In this prove-of-concept study we will use lung cancer as a typical
example of a disease state where early detection is critical [6]. VOC Biomarkers are known for lung cancer and could
be used for the detection of lung cancer from breath [7]. A prototype biosensor could be developed for lung cancer
and ultimately this project could yield an approach for the creation of easily accessible and a�ordable biosensors for
various disease states.

5 Scienti�c Background

5.1 VOCs as Biomarkers

Many diseases require a speci�c type of analysis in order to be diagnosed, these include biopsies and endoscopy.
These procedures are invasive. Non-invasive diagnostic approaches were developed to overcome this limitation, such
as analysis of blood, urine or exhaled breath. The major advantage of breath analysis is low complexity of handling
the sample because sampling can be done with a few exhalations of the patient and the relevant compounds can be
easily extracted [8]. Breath is composed for a large part of gases that are present in the surrounding air as well,
such as oxygen, nitrogen, carbon dioxide, water vapour and inert gases [3]. Along with the exchange of those gases
in alveoli, the smallest units of cells located in the lungs involved in gas exchange, other molecules can di�use in or
out of the body. The vapour pressure of these molecules or volatile organic compounds (VOCs) needs to be high
enough to become volatile. Only a very small fraction of exhaled breath consists of VOCs produced within the
body (ppt-ppm) because many VOCs are inhaled from the environment and subsequently exhaled [9]. Especially in
pulmonary diseases, some of these endogenous VOCs could have altered concentrations compared to healthy people
which are of great interest in this study. Breath consists of many more VOCs than only the ones produced within
the body, namely exogenous VOCs that entered the body via digestion or inhaled air. When doing breath analysis
with an interest in endogenous VOCs, it has to be taken into account that exogenous VOCs could alter the breath
composition and should be considered as disease independent variables [10].

As a result of physiological processes anywhere in the body, VOCs can enter the blood [8] and can be released dur-
ing gas exchange in the lungs. VOCs can be saturated and unsaturated hydrocarbons, oxygen containing compounds,
sulphur containing compounds, and nitrogen-containing compounds [11]. Approximately 3000 di�erent VOCs have
been identi�ed to occur in human breath, however only 200 VOCs can be found in any individual breath sample which
shows the complexity breath can have [12]. Due to disease, malfunctioning processes might lead to the excessive or
reduced production of one or a few VOCs which could therefore be indicated as a biomarker. Isoprene, for example,
is produced as a side product in the formation of cholesterol in the blood that can be found in breath. Isoprene can
serve as a marker for cellular damage and cellular repair as shown by previous studies [11]. Patients with a disease
including tissue damage such as cystic �brosis could have a lower than normal level of isoprene in their breath, thus
isoprene could serve as a biomarker for this disease. For lung cancer, elevated levels of certain molecules, such as
1-propanol and hexanal, have been found in the breath [10] and can serve as biomarkers.

5.2 Mass Spectrometry Based Breath Analysis

Currently most of research with breath analysis is done with a mass spectrometer. From these the method of Gas-
Chromatography mass spectrometry(GC-MS) is mostly used [13][14]. GC-MS has two main parts. One of them is
the Gas chromatograph, which separates molecules by chemical properties. After this the sample is measured in the
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mass spectrometer, where the molecules get ionized and the MS detects the ionized fragments by their mass-to-charge
ratio.

The mass spectrometer is very useful in detection of VOC in breath due to its high sensitivity and selectivity.
Therefore almost all research done on cancer detection with help of VOC is conducted with a mass spectrome-
ter[13][14]. Multiple researches tried to investigate the relationships between diseases, among which cancer and
speci�cally lung cancer, and concentration of VOCs. A signi�cant di�erence in VOC concentration was found mul-
tiple times between healthy persons and patients. Important to realise is that with one single VOC biomarker it is
not possible to determine reliably if someone has a disease or not because there is still an overlap between the con-
centration range of the VOC present in patients and healthy people[15]. Therefore parallel measurement of multiple
VOC biomarkers is necessary for reliable diagnosis. Some researches measured the concentration of a group of VOCs
to distinguish healthy persons and patients with a sensitivity and selectivity around 90% [13][14].

Furthermore, there is a problem for real-life applications because GC-MS is not useful in clinical practice. Samples
require time consuming processing steps such as gas chromatography which takes an hour per sample. A biosensor
would be a solution to overcome this problem.

5.3 Biosensors

A biosensor is an analytical device which converts the biological signal into a measurable electrical signal. A good
biosensor is de�ned by its high accuracy and cheap production cost. It should also react independent from other
physical parameters like pH and temperature. There are many di�erent kinds of biosensors and all have their own
niche of usages. They are used in various �elds, from detecting explosives [16], to monitoring the quantity of a certain
compound in the body [2]. A biosensor consists of three di�erent parts: the bioreceptor, the transducer and the signal
processor. The goal of the bioreceptor is to bind with the analyte. This will then change for example the pH or the
temperature and this can then be detected by a signal transducer (Figure 1). There are a lot of di�erent bioreceptors,
for example: antibodies, cells and enzymes. In this project, we will utilise olfactory receptors for this purpose because
they are capable of detecting volatile compounds (read section 5.4 for more details). Signal transducers can be very
di�erent depending on their measurement characteristics. Examples of variables measured with biosensors are changes
in mass, color, light intensity, temperature, pH, electroactivity. The technical names for the biosensors based on
the transducer they use respectively are: Piezo-electric, Optical, Calorimetric, Amperometric and Potentiometric
biosensors. Finally, the signal processor analyses the data gained from the transducer and computes the result.

The olfactory-receptor-based biosensor which will be created in this study will be tested with two types of signal
processors to achieve the best predictions. It is expected that this biosensor can lead to real time diagnosis [17] which
can be useful in a clinical setting.

Figure 1: The composition of a biosensor [18].
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