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Abstract

In 2020, 18% of the 9.96 million recorded deaths for cancer was due to lung cancer. This
pathology can occur in di erent forms depending on the cells it originates from, and the most
adequate treatment (typically chemotherapy, radiotherapy or surgical intervention) varies
according to the nature of the tumor. The e cacy of the treatment, and consequently the
survivability rate of the patient, is higher when the tumor is diagnosed in its early stages (I
or I1), but usually symptoms related to lung cancer occur in more advanced stages of the dis-
ease (I11 or 1V), or they are mistaken for symptomatology caused by other pathologies, such
as chronic obstructive pulmonary disease. It is then of crucial importance to have screening
tools able to perform a preventive audit on a high-risk population to identify asymptomatic
patients and direct them towards diagnostic exams (more expensive and invasive), with the
aim of intervening as early as possible on the neoplasia and increasing the patient chances of
survivability.

At the moment, screening programs are based on imaging techniques such as low-dose com-
puted tomography which, despite the reduction in terms of patient radiation exposure with
respect to standard computed tomography, still remains an invasive technique and produces a
high number of false positives. To overcome these limitations, in the last years new solutions
have been explored, amongst which there is exhaled breath analysis: a non-invasive tech-
nique that, by the study of the volatile organic compounds contained in the patient exhaled
air, is capable of distinguishing amongst them the presence of speci ¢ biomarkers, which
are indicators of the disease occurrence. The technologies that are commonly used to carry
out this type of analysis are gas chromatography and mass spectrometry, which o er high
accuracy but at the same time are expensive and complex. Recently, innovative technologies
based on sensor arrays, electronic noses, have begun to develop: these are small, portable
and moderately priced devices, able to analyze the content of a gas sample in real time and
react to the presence of certain biomarkers.

The purpose of this thesis was to create a device based on polymeric sensors capable of recog-
nizing, with su cient accuracy and selectivity, three di erent volatile organic compounds (i.e.
toluene, butanone and hexanal) present in three distinct gas mixtures, in a closed environ-
ment and in static conditions. This is a preliminary work with the aim of developing a system
that can be applied in the future, within the context of lung cancer screening, to samples
of exhaled air. The created system mainly consists of three parts: the resistive and capaci-
tive biosensors, made by the team of Professor Francesco Cellesi and Francesco Bosatelli by
exploiting the deposition of thin Ims of molecularly imprinted polymers on interdigitated
electrodes; an electronic circuit, entirely driven by a microcontroller, for the acquisition and
processing of the signal; a graphic interface developed in order to allow the user to interact
dynamically with the device and visualize the acquired data.

From the validation tests performed, the developed device has shown performances compara-
ble to those of the instruments used as a reference (in some cases even better), in particular
for resistive measurements. It was then used in the laboratory to investigate the behavior of



(resistive) sensors after being exposed to each of the three compounds under examination.
Each sensor showed a response, in terms of resistance variation with respect to the baseline
value, to each of the compounds it came into contact with, showing a poor selectivity; how-
ever, the induced response was di erent from compound to compound. This is an excellent
result, which paves the way for the possible use of these sensors in combination with arti cial
intelligence algorithms to distinguish the presence of certain compounds in gas samples of
unknown composition. Furthermore, experiments on the intensity of the response as a func-
tion of the exposure time have shown how the more the sensor has been in contact with the
compound under exam, the more accentuated the variation in resistance with respect to the
baseline is.

The work carried out in this project represents only the rst step towards the development
of a lung cancer screening tool that can be e ectively applied in a clinical setting; still, the
results turned out to be very promising.






Sommario

Nel 2020, il 18% delle 9,96 milioni di morti per tumore e stata causata da tumore al pol-
mone. Questa patologia si puo manifestare sotto diverse forme, dipendentemente dalle cellule
dalle quali origina, e il trattamento terapeutico piu adeguato (tipicamente chemioterapia, ra-
dioterapia o asportazione chirurgica) varia in base alla natura del tumore. L’e cacia del
trattamento, e di conseguenza la probabilita di sopravvivenza del paziente, e piu elevata
guando il tumore viene diagnosticato in uno stadio precoce (I o I1), ma la maggior parte dei
sintomi legati al cancro al polmone si manifesta negli stadi piu avanzati della malattia (111
e 1V), oppure viene confusa con sintomatologia dovuta ad altre patologie (come ad esempio
la broncopneumopatia cronica ostruttiva). E dunque di importanza fondamentale disporre
di strumenti di screening in grado di e ettuare un controllo preventivo sulla popolazione ad
alto rischio per identi care eventuali pazienti asintomatici e indirizzarli verso successivi esami
diagnostici (piu costosi e invasivi), al ne di intervenire il prima possibile sulla neoplasia e
aumentare la probabilita di sopravvivenza del paziente.

Attualmente, i programmi di screening si basano su tecniche di imaging come la tomogra a
computerizzata a bassa dose, che pur riducendo il quantitativo di radiazioni a cui viene
sottoposto il paziente rispetto ad una tomogra a tradizionale, resta comungue una tecnica
invasiva e produce un elevato numero di falsi positivi. Per far fronte a queste limitazioni,
negli ultimi anni sono state esplorate nuove soluzioni, tra le quali I’analisi del respiro esalato:
si tratta di una tecnica assolutamente non invasiva che, attraverso lo studio dei composti
volatili organici dispersi nell’aria espirata dal paziente, e in grado di distinguere tra di essi
speci ci biomarcatori, indicatori della presenza della malattia. Le tecnologie che comune-
mente vengono impiegate per e ettuare questo tipo di analisi sono la gascromatogra a e la
spettrometria di massa, le quali 0 rono elevata accuratezza ma al tempo stesso sono costose
e complesse. Recentemente hanno cominciato a svilupparsi tecnologie innovative basate su
array di sensori, i nasi elettronici: si tratta di dispositivi di piccole dimensioni, portabili e
con prezzi moderati, in grado di analizzare anche in tempo reale il contenuto di un campione
di gas e reagire alla presenza di determinati biomarcatori.

Lo scopo di questa tesi e stato quello di realizzare un dispositivo basato su sensori polimerici
in grado di riconoscere, con su ciente accuratezza e selettivita, tre di erenti composti volatili
organici (toluene, butanone ed esanale) presenti in tre distinte miscele gassose, in un ambiente
chiuso e in condizioni statiche. Si tratta di un lavoro preliminare con lo scopo di sviluppare
un sistema che possa essere in futuro applicato, in un contesto di screening per il tumore al
polmone, a campioni di aria esalata. Il sistema realizzato si compone principalmente di tre
parti: i biosensori resistivi e capacitivi, realizzati dal team del Professor Francesco Cellesi e
Francesco Bosatelli sfruttando la deposizione di Im sottili di polimeri a stampo molecolare
su elettrodi interdigitati; un circuito elettronico di acquisizione ed elaborazione del segnale
interamente pilotato da microcontrollore; un’interfaccia gra ca con lo scopo di permettere
all’utente di interagire dinamicamente col dispositivo e visualizzare i dati acquisiti.

Dai test di validazione eseguiti, il dispositivo sviluppato ha dimostrato performances compa-
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rabili a quelle degli strumenti usati come riferimento (in alcuni casi addirittura migliori), in
particolare per quanto riguarda le misure di resistenza. E stato quindi utilizzato in laborato-
rio per indagare il comportamento dei sensori (resistivi) in seguito all’esposizione a ciascuno
dei tre composti in esame. Ciascun sensore ha mostrato una risposta, in termini di variazione
di resistenza rispetto al valore di baseline, ad ognuno dei composti coi quali e entrato in
contatto, evidenziando una scarsa selettivita; tuttavia, la risposta si e rivelata di erente da
composto a composto. Questo e un ottimo risultato, che apre la strada al possibile utilizzo
di questi sensori in combinazione con algoritmi di intelligenza arti ciale per distinguere la
presenza di determinati composti in campioni gassosi dalla composizione ignota. Inoltre, es-
perimenti sull’intensita della risposta in funzione del tempo di esposizione hanno evidenziato
come la variazione di resistenza rispetto alla baseline sia tanto piu accentuata quanto piu il
sensore e stato a contatto con il composto in esame.

Il lavoro svolto in questo progetto rappresenta solo il primo passo verso lo sviluppo di uno
strumento di screening per il cancro al polmone che possa essere e ettivamente applicato in
un contesto clinico; tuttavia, i risultati si sono rivelati promettenti.
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Chapter 1

Introduction

Cancer is one of the leading causes of death globally, resulting in almost 10 million people
dying only in 2020. In the last year, with a total number of new cases grown beyond 19
millions, the most common cancer types detected were breast (2.26 million cases, 11.7%),
lung (2.21 million cases, 11.4%) and colon and rectum (1.93 million cases, 10%). By looking
at mortality data, lung cancer is at the top of the table, being responsible for 18% of the 9.96
million recorded deaths for cancer [1].

Lung Cancer (LC) is a tumor of lung tissue that can be classi ed di erently according to its
histopathological pro le [2, 3, 4]. In particular, it is possible to di erentiate between:

" Non-Small Cell Lung Cancer (NSCLCs), representing 80 to 85% of all cases. It can be
further divided into adenocarcinomas, squamous cell carcinomas and large cell carci-
nomas. These subtypes originate from di erent types of lung cells but their treatment
and prognosis are often similar.

{ Adenocarcinomas: arise from epithelial cells in charge of the secretion of substances
such as mucus. They occur mainly in current or former smokers (even if they are
the most common LC type in non-smokers); women are more subjected than
men to these forms of LC and they are more likely to occur in younger people
if compared to the other types. Adenocarcinomas usually originate in the outer
parts of the lung.

{ Squamous Cell Carcinomas (SqCCs): arise from surface epithelial cells, squamous
cells, which line the inside of the airways in the lungs. They are mainly linked
to a smoking history and develop from the central part of the lungs, near a main
airway.

{ Large Cell Carcinomas: also called undi erentiated carcinoma, can appear in any

part of the lung and are diagnosed when histology cannot be referred to any other
type of cancer. They have a tendency to grow and spread quickly.

" Small Cell Lung Cancer (SCLCs), representing 10 to 15% of all cases. Their origin is
not fully understood yet, but are commonly thought to arise from neuroendocrine cells
in the lung epithelium.
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" Others: aside the two main types of LC, more rare pathologies such as lung carcinoid
tumors and adenoid cystic carcinomas, lymphomas, and sarcomas can be found.

Treatment is strongly dependent on the type of LC. SCLCs are fast growing tumors; for
this reason, they tend to respond quite well to chemotherapy or radiation treatment. On
the other hand, in a patient diagnosed with NSCLC it is more common to proceed with a
surgical intervention, due to the fact that this type of tumor grows slowly and chances are
that has not spread yet at the time of treatment.

Early identi cation of cancer is crucial for increasing responsiveness to e ective treatments,
improving chances of survivability and reducing the overall cost of the treatment care. Data
for NSCLCs assess that surgical resection for small, localized tumors identi ed in the earliest
stage (stage |) o ers a favourable prognosis, with 5-years survival rate between 70 and 90% [5];
by looking at the latest information published by the UK O ce for National Statistics for

the 2012-2015 period, 1-year survival rates for lung cancer diagnosed at stage | oscillate be-
tween 79 to 91%, whereas for stage lll are between 41 and 52% and between 14 to 21% in
case of stage IV detection [6].

SCLCs, as already said, are more aggressive; therefore they are characterized by lower sur-
vival rates, and they are more likely to be diagnosed at later stages. Overall 5-years survival
rate can drop down to 5% [5], but for early diagnosis of SCLC there is the possibility of
intervention with high bene ts: according to a study published in 2016 by Yang et al. 5-years
survival rate can go from 40% with resection only up to 52% for resection in conjunction with
adjuvant chemotherapy [7].

It should now be evident the importance of early detection. To achieve this objective, two
main strategies can be adopted:

" Early diagnosis: early identi cation of cancer in symptomatic patients. Its utmost goal
is to discover the disease as early as possible to proceed with diagnosis and treatment
without delay (the earlier the intervention, the higher the survival rate);

Screening: identi cation of unrecognized (pre-clinical) cancer or pre-cancerous lesions
in asymptomatic and apparently healthy target population. This can be achieved by
means of tests, examinations, imaging techniques or other procedures aiming at nding
cancer biomarkers in biological uids, such as blood, urine, and exhaled breath. In
screening protocols, an entire population is evaluated: the majority of tested people will
not have the disease. Limiting the number of false positives (healthy people erroneously
diagnosed with the disease) is crucial to avoid unnecessary costs for invasive diagnostic
follow-ups.

Table 1.1 briey summarizes the main aspects and di erences between early diagnosis and
screening exposed in theGuide to Cancer Early Diagnosis' published by the World Health
Organization [8].

Lung cancer, in its early stages, is either asymptomatic or characterized by symptoms that
can be connected to other respiratory pathologies. For this reason, it is more cost-e ective
and more bene cial for the patient's health to focus on screening programs for early detec-
tion, rather than on early diagnosis ones.

The aim of this thesis is to develop an electronic device based on polymeric biosensors for
the recognition of speci ¢ organic compounds in a gaseous environment, for future applica-

tion to exhaled breath samples. The compounds under analysis are toluene, butanone and
hexanal: a thorough literature research revealed them as some amongst the most frequent
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Table 1.1: Main elements of early diagnosis and screening.

Parameter Early diagnosis Screening
Number of participants Symptomatic population. Entire target population.
Test Diagnostic test for symp- Screening test for entire tar-
tomatic patients. get population with diag-

nostic test only for those
screened positive.

Public awareness Attention to signs and symp- Attention to signs and symp-
toms. toms and participation to
screening programs.
Potential bene ts Reduction in staging of the Potential reduction in inci-
disease at diagnosis; dence when a precursor is de-
Higher survival rate if com- tected;
bined with treatment. Reduction in staging of the

disease at diagnosis;
Higher survival rate if com-
bined with treatment.

Potential risk Low: High:
Only performed on symp- Radiation exposure;
tomatic people. False positives can induce an

increase in costs for future
tests, and can have impact on
psychology of the subject;
False negatives can lead to
underestimation of future
symptoms.

organic compounds found in the exhaled breath of subjects a ected by lung cancer; hence,
they could be considered as possible biomarkers in lung cancer screening applications.
The work of this projects focuses mainly on three parts:

~ A chemical part, which consists in the realization of the biosensors aimed at recognizing
the target analytes. This part has been carried out by the team of Professor Francesco
Cellesi and Francesco Bosatelli at Politecnico di Milano's Applied Physical Chemistry
Lab (Department of Chemistry, Materials and Chemical Engineering “Giulio Natta").
They developed both capacitive and resistive thin- Im Molecularly Imprinted Polymers
(MIPs) sensible to each one of the three analyte taken into consideration; these Ims
have been deposited onto gold InterDigitated Electrodes (IDE) produced by MicruX
Technologies whose purpose is to convert the changes in the polymer's properties upon
target recognition into an electrical signal than can be acquired.

An electronic part, devoted to the readout of the signals generated by the biosensors.
The whole system is entirely based on a microcontroller, the CY8CKIT-059 PSoC 5LP
Prototyping Kit by Cypress Semiconductor Corporation. The rmware has been de-
veloped insidePSoC Creator, the Cypress' dedicated Integrated Design Environment
(IDE), and enables the PSoC 5LP to perform both capacitive and resistive measure-
ments, as well as to communicate with an external host machine. A Printed Circuit
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Board (PCB) and a 3D printed custom case have been designed with Autodesk EAGLE
and Autodesk Fusion 360 respectively to facilitate the connection between the circuitry
and the biosensors.

A software part, concerning the development of a Graphical User Interface (GUI). This
application has been realized with Python exploiting the PyQt5 library, and allows the
user to manage the acquisitions, visualize the data acquired, and even export them in
a separate le for further processing.

The capacitive and resistive circuits have been tested to assess their performances, and even-
tually employed in a laboratory environment. A detailed description of both solutions will
be provided, but the results will focus only on the resistive part.

The manuscript of this thesis is structured as follows:

~

Chapter 2 introduces the reader to the state of the art, guiding him through a brief
overview of the main screening tools for lung cancer, focusing in particular on Exhaled
Breath Analysis (EBA) and electronic noses; nally, MIPs and their employment in
biosensors are covered.

Chapter 3 illustrates the theoretical principles involved in the realization of this project,
and the technological solutions adopted to exploit them; it gives a detailed description
of the steps followed during the preparation of the imprinted polymers, the materials
employed and the developed rmware and software code.

Chapter 4 focuses on presenting the testing phase that has been performed to validate
the developed device, the acquisition protocol adopted during the laboratory measure-
ment sessions and nally the results obtained.

Chapter 5 concludes the treatise with a general discussion on the project, a comment
on the results presented in the previous chapter and a nal note regarding limitations
and possible future developments.



Chapter 2

State of the Art

Within the context of screening and early detection of lung cancer, the state of the art tech-
niques now be presented, alongside relevant information for a more exhaustive comprehension
of the whole discussion.

2.1 Traditional screening methods for lung cancer

Some people are more likely than others to develop lung cancer, and anything that enhances
the probability of developing LC is called a risk factor. Known risk factors for LC are to-
bacco smoking, contact with radon, asbestos or other carcinogenic agents that target the
lungs (such as arsenic, beryllium, cadmium), history of cancer (either personal or family re-
lated), history of lung diseases such as Chronic Obstructive Pulmonary Disease (COPD) or
pulmonary brosis [9].

The gold standard measure of screening e cacy is its mortality reduction. This, combined
with the non-negligible risks associated to LC screening, leads to an optimal target popu-
lation composed only by individuals most at risk, in contrast with other population-based
screening programmes like breast ones where all individuals (of a certain age and sex) are
eligible. Nevertheless, most at risk individuals are usually the least likely to participate in
these programmes, making their engagement a fundamental step in LC screening application.
Amongst the most common reasons for non-participation in screening programmes there are
travel, discomfort and costs [10]. Accessibility can be improved for example by exploiting
mobile Computed Tomography (CT) scanners [11]; emotional aspects such as fear and anxi-
ety can be addressed with information lea ets focusing more on the health check rather than
on cancer detection; nally, new low-cost technologies can be adopted such as EBA, as it will
be discussed in sections 2.2 and following.

2.1.1 Chest X-ray

During the 1970s and 1980s e orts were made to determine the e cacy of screening protocols
relying on Chest X-Ray (CXR) with or without sputum cytology in reducing lung cancer
mortality. The results of several studies demonstrated that screening led to earlier detection
and improved survival rates, but none of them showed a reduction in mortality. In the
Mayo [12] Randomized Controlled Trial (RCT), patients were divided into either an intensive-
screening experimental group where sputum cytology and CXR were checked every 4 months
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or a control group where the standard yearly screening was provided; no di erence in mortality
between the two groups was detected. In another RCT, the Johns Hopkins study [13], CXR
screening protocol with or without sputum cytology was evaluated; no di erence in mortality
by addition of cytology was found.

Negative results from the early lung cancer screening RCTs could have been due to limitations
in the early study designs. This led to further attempts to properly evaluate CXR, and in
the 1990s the Prostate, Lung, Colorectal and Ovarian Cancer (PLCO) screening trial [14]
was launched, where 150 000 patients were randomized into either annual CXR or usual care
(i.e. no screening intervention). In agreement with the previous studies, no mortality bene t
was found in CXR screening.

These ndings, combined with the limited sensitivity of CXR (dependent on size and location
of the lesion, image quality and technician interpretation), pushed researchers to explore
newer imaging techniques.

2.1.2 Low-dose computed tomography

CT is considered a key imaging method in the investigation of lung diseases, empowering
characterization of morphological lesions and measurement of nodule size (thus enabling
nodule growth monitoring); moreover, being a 3D imaging technique, allows for the view
along di erent sections. However, the average e ective dose for a typical standard-dose chest
CT (around 7 mSv/scan [15]) is considered to be too high for the bene ts of early detection.
Low-Dose Computed Tomography (LDCT) instead uses an average of 2 mSv/scan, thus re-
ducing by over 70% the e ective radiation dose provided to the patient, while still keeping
sensitivity of small nodule detection unaltered [16].

Several studies, like the Detection And screening of early lung cancer with Novel imaging
TEchnology (DANTE) [17, 18] and the Danish Lung Cancer Screening Trial (DLCST) [19] in-
volving respectively 2472 and 4104 patients, have shown that LDCT screening had no impact
on lung cancer mortality, despite the increased detection of early stage disease. Nevertheless,
being LDCT such a powerful tool, it was postulated that these studies were underpowered;
in fact, in 2011 the results of a much larger RCT were published: the National Lung Screen-
ing Trial (NLST), involving 53 454 participants at risk of lung cancer, randomized to annual
LDCT screening group versus CXR screening group, and evaluated over 3 years, demon-
strated that mortality from lung cancer with LDCT screening was reduced by 20% and death
from any cause was reduced in the low-dose CT group, as compared with the radiography
group, by 6.7% [20].

LDCT screening does not come without harms; a detailed risks versus bene ts analysis is
reported in Table 2.1. It is worth mentioning that one possible cause for false positives could
be related to the substantial variation in lung nodule de nition amongst radiologists [22].
To overcome this issue, the American College of Radiology has developed the Lung Imaging
Reporting And Data System (Lung-RADS), a quality assurance tool designed to standardize
lung cancer screening CT reporting, reduce confusion in lung cancer screening CT interpre-
tations and facilitate outcome monitoring [23].

On the other hand, to reduce the number of false negatives caused by diagnostic errors,
Computer-Aided Detection (CAD) systems can be implemented to assist the radiologists in
nodule detection while also reducing the reading time of a CT scan and helping the di erenti-
ation between malignant and benign lesions. These tools have shown to improve performance
of experts, but can be a ected by several factors related both to scanning parameters (e.g.
section thickness, dose) and nodule characteristics (e.g. size, shape, density, location). For
these reasons, integration of CAD tools in clinical workstations is a challenging task and has
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Table 2.1: Risks versus benets of a LDCT lung cancer screening.

Risks Bene ts

Anxiety and psychological e ects associated Improvements in the quality of life by nd-
to test results. ing cancer early, which reduces mortality
from LC and/or from LC treatments.

False positives: identication of benign, Follow-ups and annual tests can help nd
non-calci ed nodules lead to unnecessary, missed tumors.

expensive follow-ups and invasive diagnos-

tic tests;

False negatives: missed tumors. They can

induce patients to ignore symptoms.

High costs. An early identied cancer saves money in
the long run;
People at high risk might have insurance
policies (partially) covering some costs.

Exposure to radiation (not precisely quan- LDCT uses very low levels of radiations, and
ti able, highly dependent on type and gen- technological improvements on the scanners
eration of CT scanners). make them safer and safer.

Overdiagnosis: detection of cancers that Screening is performed only on subjects at
would not have contributed to the death of high risk: group 1 (55 to 74 y.o. with more
the patient because of competing causes ofthan 30 pack-years, quit smoking within the
death or because the lesion is indolent, lead- last 14 years or current smoker) and group 2
ing to overtreatment. Very dicult to be (50 y.o. or older with 20 pack-years and pres-
quanti ed. ence of other risk factors) [21].

not been e ciently accomplished yet [24].

2.2 Exhaled breath analysis

Given its benets, LDCT at the moment is the principal technique employed in lung can-
cer screening programmes. Nevertheless, the aforementioned risks and limitations cannot be
overlooked, and other techniques are progressively starting to be taken into consideration,
such as the analysis of exhaled breath.

Exhaled breath is a mixture of di erent types of compounds that can be grouped into [25]:

~ Inorganic compounds, e.g. carbon dioxyde, oxygen. They represent the biggest portion
of exhaled breath;

Non-volatile compounds, e.g. isoprostanes, leukotrienes, hydrogen peroxide. They are
suspended liquid-phase particles that can be found in Exhaled Breath Condensate
(EBC). EBC can be retrieved from exhaled breath by a process of cooling through

contact with a cold surface, that allows vapour to condensate;

~

Volatile Organic Compounds (VOCSs), e.g. saturated hydrocarbons (ethane, aldehydes),
unsaturated hydrocarbons (isoprene), oxygen-containing (acetone), sulfur-containing
(dimethylsul de) and nitrogen-containing (dimethylamine, ammonia) compounds [26].
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Human exhaled breath contains a large variety of VOCs, whose concentration is limited
to the part-per-billion or even part-per-trillion range.

2.2.1 \Volatile organic compounds as biomarkers for lung cancer

VOCs are organic compounds characterized by relatively high vapour pressure or volatility,
and can be classi ed into endogenous or exogenous depending on their origin. The former
re ect the cellular processes and metabolic activities that occur at tissue level, from which
VOCs are released into the bloodstream and reach skin, lungs, liver and kidneys and are
eventually excreted; for this reason they can be found in the headspace of cancer cells (i.e.
the gas environment trapped above the cells in a sealed vessel) or blood samples, sweat, urine,
feces and/or in the exhaled breath [27]. The latter are produced by the external environment
and introduced inside the body by inhalation or absorption (through lungs, skin, digestion
processes); an example can be propanol, typically found in the breath of hospitalized patients
due to its usage in disinfectants.

VOCs have shown clinical relevance in the diagnosis of several diseases such as infectious
diseases, asthma, COPD, and their application to lung cancer screening has been investi-
gated a lot in recent years. In fact, tumor growth is usually linked to gene and/or protein
changes [28]. It has been shown that in lung cancer, enzymes belonging to the cytochrome
p450 superfamily are overactivated (due to a combination of both genetic and external risk
factors), leading to a modulation of the catabolism of endogenous VOCs products of oxidative
stress, which results in an altered pattern of breath VOCs. Hydrocarbons (and alcohols, given
their derivation from alkanes depends on cytochrome p450 enzymes activity), aldehydes and
some ketones concentrations in exhaled breath are altered by this very biochemical pathway.
Aromatic compounds are instead considered exogenous compounds associated with exposure
to cigarette smoke, alcohol, pollution, and radiation; these molecules are highly reactive,
and they can cause peroxidative damage to proteins and DNA, thus increasing chances of
developing cancer; moreover, their presence in the human body induces enzymatic defense
mechanisms, such as the activation of cytochrome p450 enzymes, which will once again mod-
ify the physiological pro le of exhaled breath VOCs [27]. Nevertheless, these processes are
not fully understood yet, and the experts are far from having a clear picture linking speci c
biological pathways to lung cancer, and VOCs pro les.

At this point it should be clear that di erent pathologies can alter the typologies and con-
centrations of VOCs in the exhaled breath in di erent ways. Once properly collected and
analyzed, VOCs can therefore function as biomarkers for the monitoring of the healthy state
of a patient. It is important to note, as it has been clearly highlighted in a study performed

by Wang et al. in 2018 [29], that the presence of comorbidities (generally referred to as benign
pulmonary diseases in the article) signi cantly interferes with the VOCs pro le of the subject,

a ecting a possible lung cancer diagnosis; hence, EBA hold a greater potential as a screening
tool rather than a diagnostic one, especially for patients with concurring pathologies.

So far, no uniqgue compound has been found to be present only in the exhaled breath of
lung cancer patients; a device to be used for screening purposes should instead consider a
combination of VOCs in order to retrieve a meaningful signal for the monitoring of the sub-
ject's health.

As for which combination of biomarkers could be considered more signi cant, experts are still
debating. A work performed in 2019 by Marzorati et al. [30] analyzed 13 studies, from the
early 2000s to 2016, that used EBA for lung cancer diagnosis, and reported a total of over
a hundred of VOCs found as signi cant for the discrimination between lung cancer patients
and healthy controls; in another work published in 2020, Gerardo Velez and Harvey Pass [31]
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Table 2.2: Brief summary of some amongst the most recurring lung cancer VOCs biomarkers found in
literature, divided by class.

Class Compounds

Alcohols Propanol, butanol

Aldehydes Propanal, butanal, hexanal

Alkanes and alkenes 2-methylpentane, 4-methyloctane, pentane,
hexane, decane, dodecane, isoprene

Aromatic compounds Benzene, propylbenzene, trimethylbenzene,
styrene, toluene

Ketones 2-pentadecanone, acetone, butanone, tride-
canone

reviewed 53 studies on LC and VOCs, and found a total of 332 VOCs that could be consid-
ered as signi cant biomarkers for LC, from alkanes to aromatic compounds and aldehydes.
A brief summary of some amongst the most recurring lung cancer VOCs biomarkers found
in literature is presented in Table 2.2 [25, 27, 30, 31]. The main cause for such a variety of
results between di erent studies, both in terms of VOCs pro les and concentrations has to
be attributed to the lack of standard in this eld. Inconsistencies can be found in:

~

Variances in the populations of di erent studies: factors such as gender, age, smoking
history, presence of comorbidities can change from study to study, but they are all
factors that in uence exhaled breath composition;

Variances between sampling and storage procedures; even the type of breath portion
sampled (i.e. alveolar air or mixed expiratory breath) can be di erent. This has huge im-
pact on VOCs pro le since alveolar air contains mainly endogenous compounds whereas
mixed expiratory breath, including also air coming from the anatomical dead space, may
be contaminated by exogenous VOCs;

Variances in data preparation: for instance, some studies may normalize data with
respect to the concentration in the exhaled breath while other may use the di erence
in concentration between exhaled and inhaled air;

Variances in data analysis: for example, di erent studies may use di erent statistical
tests, or compare a di erent number of groups.

2.3 Technologies for exhaled breath analysis

Throughout the years, many techniques have been developed to enhance VOCs extraction
and analysis. Exhaled breath can be either collected and analyzed immediately or stored into
containers to be transported to a detector. The most common VOCs containers are sampling
bags made of Tedlar or Mylar. They o er the advantages of being cheap, chemically inert,
and can easily interface with other lab and clinical equipment needed for detection. However,
these bags are susceptible to leakage, UV degradation, and water condensation; another issue
of using a container as a temporary storage for breath samples is related to the substance
instability during storage. This problem could be solved by performing a direct analysis of
the breath samples as they are acquired.
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Figure 2.1: Exhaled breath analysis process: exhaled air is sampled from a patient and collected inside a
container; then, it is moved to a gas analyzer whose outcome can be compared with the one of a healthy
subject and be used for clinical evaluations of the patient's health state. From [30].

Once the breath samples are collected, they undergo VOCs detection and pro ling, and

various techniques (brie y illustrated in subsections from 2.3.1 to 2.3.4) can be adopted.

Eventually, these data undergo pre-processing (e.g. data cleaning, baseline correction, di-
mensionality reduction) and, as the last step, classi cation techniques (e.g. support vector

machine, logisitc regression, pattern recognition) to discriminate between healthy and patho-

logical subjects. A schematic representation of the process, from sampling to analysis is
presented in Figure 2.1.

2.3.1 Gas chromatography

In Gas Chromatography (GC), the air sample is combined with a carrier gas; it is then
forced towards a stationary component, where a reaction occurs, and eventually the di erent
molecules are separated.

This technique is the most common technique adopted in the analysis of exhaled breath
samples, due to its ability to detect VOCs concentration levels even in the part-per-billion
range. GC is often used together with Mass Spectrometry (MS) [32, 33], a combination that
allows to obtain precise information, both qualitative and quantitative, about the compounds
present in the air sample being analyzed.

Nonetheless, it has some serious limits for an application in a clinical setting for a large-
scale population screening. This kind of analysis requires expensive technology and must
be performed in a laboratory, excluding the possibility of real-time applications. Moreover,
it is complex, which leads to the necessity of trained personnel for both usage and results
interpretation.
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2.3.2 Mass spectrometry

Mass spectrometry works in vacuum. The sample is ionized (for example by bombarding it
with a beam of electrons) causing the breakage of the compounds into their constituent ions,
which are then separated according to their mass-to-charge ratio by means of an electric or
magnetic eld. The main principle behind this technique is that ions with the same mass-
to-charge ratio will undergo the same de ection, allowing a di erentiation between each of
them. MS has the advantages of high time resolution and simple sample pre-preparation [34].
Like GC, MS can be used in combination with other techniques and some of them have been
employed in EBA, like Proton Tranfer Reaction (PTR) mass spectroscopy [35, 36], which
exploits H3O" ions to perform non-dissociative proton transfer and Secondary Electron-
Spray lonization (SESI) mass spectroscopy [37, 38], which ionizes the sample with a nano-
electrospray.

2.3.3 lon-mobility spectrometry

lon-Mobility Spectrometry (IMS) is based on a 550 MBq %3Ni -radiation ionising source,
which breaks down compounds of the exhaled breath into ions. These ions travel down
a chamber at di erent speeds according to their size, mass and geometry until they hit a
Faraday plate at the end of the chamber. Each ion hitting the plate generates an electrical
signal which, combined with the signals generated by the other ions, produces a spectrum
which is a ngerprint of the exhaled breath [25].

This technique has been exploited alone in some studies like the one carried out by Westho
et al. in 2009 [39] but also in conjunction with time-of- ight MS, providing two-dimensional
spectra, thus increasing the information content. Some works such as the one pubblished
in 2010 by Reynoldset al. [40] have investigated VOCs detection with this complex technique,
but a lung cancer speci ¢ research seems to still be missing in literature.

2.3.4 Electronic noses

In the last few years, technological advances made possible the development of small, portable
array-type devices for the detection and identi cation of chemicals in gaseous samples on a
real-time basis. These devices are called electronic noses, @noses They integrate gas sen-
sors and electronic components designed to respond to the mix of compounds in the sample,
rather than identify individual compounds like the techniques presented up to this point (i.e.
GC, MS and IMS).

The name comes from the fact that their functioning mechanism is similar to the one of the
human olfactory system. Our brain is able to identify odours by combining signals generated
by the interaction between chemicals present in the air and speci ¢ receptors inside the nasal
cavity. In an analogous way, these devices exploits arrays of sensors that react with VOCs
in exhaled breath. This interaction induces a change in each sensor's property (e.g. conduc-
tivity, color or oscillation of a crystal) according to its working principle. Electrical signals
produced by each sensor are then combined to generate a composite pattern usually referred
to as breathprint.

Breathprints are generally complex signals of di cult interpretation; for this reason, they are
typically analyzed with some kind of pattern recognition or arti cial intelligence algorithm.

Electronic noses di er in many aspects [41]:

~ Air sampling technique: every system needs a close environment at the moment of
sampling and measurement, to avoid any source of contamination; some e-noses require
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a holding canister while others use a balloon;

Methodological principle: older e-noses measured individual VOCs contrasted by other;
modern e-noses exploits pattern recognition in combination with arti cial intelligence
algorithms and hence need proper training, validation and test sets to be calibrated
and optimized,;

Sensor's working principle: e-noses can be built around sensors that exploit di erent
technologies and techniques; the main ones will now be presented.

Colorimetric sensors

Colorimetric devices work with sensors constituted by chemically responsive dyes which, when
interacting with some chemicals, change their color. These dyes can be adapted based on the
targeted VOC, so that it is possible to build arrays of colorimetric sensors to analyze a broad
range of compounds.

The typical setup for EBA with colorimetric sensors requires the sample to pass over the
sensors, so that the dyes react and change their color. An image of the array is taken both
before and after the exposure, and the entity of the color change is processed to determine
the exhaled breath VOCs content.

In literature studies like the ones published by Mazzoneet al. [42] for characterization of lung
cancer or by Zhonget al. [43] for LC screening employ this technique. The main advantage
of using colorimetric sensors for exhaled breath analysis is the fact that they do not show
temperature and humidity dependency [44], which eliminates the necessity to perform water
vapor removal from the breath samples.

Quartz microbalance sensors

Quartz microbalance sensors are constituted by quartz crystals coated with varied metallo-
porphyrins, to which VOCs absorb, changing the mass of the sensors and thus their oscillation
frequency [45]. These sensors changes are recorded, and information about the sample chem-
ical content can be inferred.

Some studies on lung cancer identi cation employing this technique have been published by
Di Natale et al. [46] and D'Amico et al. [47].

Polymeric gas sensors

These sensors exploit changes in electrical properties (variations of resistance and/or ca-
pacitance) caused by the absorption of speci c VOCs onto their surface. They reach high
sensitivities and short response time, but their main advantage, especially if compared to
metal oxide sensors, is the ability to ensure these performances at room temperature.

In literature there are some studies relying in this technology for lung cancer applications,
like the works of Tirzite et al. [48] and Machadoet al. [49]; both these studies used a popular
electronic nose based on conductive polymer gas sensors, the Cyranose 320.

Metal oxide sensors

Metal oxide sensors are composed of a ceramic support tube coated with some oxide material
(e.9.Sn0O2, Zn0O>). Like conductive polymer sensors, the interaction between the compounds
and the surface causes a change in the conductivity of the sensor. They are characterized
by high sensitivity and short recovery time, but they operate at high temperatures (some-
where between 200 C and 450 C); moreover, the sensitivity can be highly in uenced by



CHAPTER 2. STATE OF THE ART 13

the oxide chosen, surface modi cation (e.g the introduction of noble metal particles, which
are high-e ective oxidation catalysts that enhance the reactions occurring at surface level),
temperature and humidity conditions [50].

The most common electronic nose based on this technology is the Aeonose, which has been
used in some works on lung cancer screening such as the study published in 2018 by van de
Goor et al. [51].

Gold nanoparticle sensors

These sensors are constituted by gold nanoparticles coated with di erent compounds. When
exposed to a breath sample the sensors undergo a reversible change in resistance. In compar-
ison to other types of sensors, gold nanoparticle sensors do not show a humidity dependency,
even when exposed to a high humidity environment [52].

Peng et al. [52] developed an e-nose with 14 gold nanoparticle electrodes overlaid with a
mixture of compounds, and analyzed their response using principal component and cluster
analysis.

All the studies presented up to now exploited a variety of instruments, sampling techniques,
and di erent statistical analyses. They have succeeded in the discrimination between lung
cancer patients and healthy subjects in the control group; nevertheless, no combination of
the instruments, methodologies or statistical analysis has yet been able to reliably perform
a prediction on which patients at risk are likely to develop lung cancer. Surely, work has
still to be done in the search for the optimal set of instruments and techniques, and further
studies and validations on analysis methodologies will help experts advance in this direction.
With these limitations, thanks to its simplicity and low cost EBA holds a promising role as

a new screening and diagnostic technique in lung cancer.

2.4 Molecularly imprinted polymers

MIPs are synthetic receptors for a target molecule. They have been developed with the
intention to mimic the molecular recognition process present in natural systems, i.e. the
antibody-antigen mechanism.

Compared to their biological counterpart, MIPs o er comparable speci city and selectivity
without the rigid constraint required by natural receptors, that can work and be stored
only within the human body temperature range. They have also higher physical robustness
and strength [53]. Moreover, their production costs are lower, and their application range
is wider, given they can be produced for almost any target molecule (in contrasts with
the biological systems where the target must match an available antibody). On the other
hand, one of the greatest disadvantages of this technology is the occurrence of non-specic
bindings to the imprinted material, due to the absorbent nature of the polymer itself and
nonhomogeneous binding sites; another problematic aspect is the need for the removal of the
target molecule from the binding site, since any unextracted target interferes with subsequent
sensing applications [54].

2.4.1 Production methods

Molecular imprinting of polymers is a process where functional and cross-linking monomers
are co-polymerized in the presence of the target molecule (calleinprint molecule), which
provides the molecular template. In the rst phase, the functional monomers form a complex
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Figure 2.2: Molecular imprinting phases. Initially, the template molecule (T) and functional monomers
(M) bind to form a single complex (1). This step is followed by a polymerization process (2) in presence
of a cross-linker (CL). In a nal phase (3), the template is removed, leaving the imprinted polymer matrix
alone, thus enabling rebinding (4). From [56].

with the imprint molecule. In the next phase, the polymerization phase, a highly cross-
linked polymeric structure is formed, holding the functional groups in position. In the nal
phase, the imprint molecule is removed from the polymer, leaving a macroporous matrix
with microcavities exposing speci ¢ binding sites complementary in shape, size and chemical
functionality to the template analyte. This process provides the polymer with a molecular
memory, enabling its capability of rebinding the analyte with a very high speci city [53, 55].

A schematic representation of the di erent phases is reported in Figure 2.2. There are two
di erent approaches to molecular imprinting, leading to di erent characteristics of the binding
sites according to the interactions between the monomer and the imprint molecule established
during the polymerization phase:

" Self-assembling approach [57]: non-covalent forces (e.g. hydrogen bonds, Van der Waals
forces, ion or hydrophobic interactions) are established between template and monomer;

" Pre-organized approach [58]: the imprint molecule and the monomers are linked with
covalent, reversible bonds.

The self-assembling approach is the most frequently adopted thanks to the simplicity of
complex formation and dissociation and the exibility it 0 ers in terms of range of monomers
that can be employed. The covalent imprinting on the other hand o ers more stability of the
complex during polymerization, providing higher imprinting e ciency. However, to remove
the template from the polymer matrix, the covalent bonds should be cleaved [53, 59]. A
scheme showing the di erences between the two approaches can be seen in Figure 2.3. Despite
the advantages and the potential that molecular imprintig process holds, some drawbacks have
to be illustrated. First of all, the design of a new MIP is often a time consuming work that
requires a lot of trial-and-error in each aspect of the process, from the synthesis to the testing
phase. Another crucial aspect is the a nity with water. More often than not, especially in the
biomedical eld (where many biomolecules are insoluble or inactivated in organic solvents)
the imprinting capability of MIPs in water solutions is crucial; unfortunately, water molecules
compete with the template, weakening or even destroying non-covalent interactions between
the template and the monomers. Possible solutions found in literature to face this problem
are the introduction of cyclodestrines to control electrostatic interactions between template
and monomer from water interferences [61] or the introduction of hydrophilic properties to
the polymer by exploiting hydrophilic co-monomers [62].

2.4.2 Applications

Molecularly imprinted polymers can be employed in a variety of contexts. For non-sensing
applications they are used in targeted drug delivery, chromatography (i.e.molecularly im-
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Figure 2.3: Schematic representation of the self-assembling and pre-organized approaches in MIPs prepa-
ration. Dierences can be found both in the template-monomers complex formation and in the extraction
of the template from the polymer matrix (solvent extraction for non-covalent approach, chemical cleavage
for covalent approach). From [60].

printed chromatography), solid phase extraction procedures (where MIPs can be exploited to
selectively extract target analytes from compelx matrices), industrial safety and environmen-
tal analyses. In the context of sensing applications, MIPs have found success in the detection
of biomarkers (e.g. in substitution of natural-receptor-based tests such as enzyme-linked im-
munosorbent assay), drugs (e.g. cocaine, glucose, bronchodilators, creatinine), pesticides (e.g.
dimethoate, chlorpyrifos, pyrethroid insecticides), food adulterants (e.g. histamine, which at
Su cient concentrations is known to cause allergy-like food poisoning).

As for this thesis, the key application for the molecular imprinting technology is gas sensing.
In this context, MIPs have been used to build chemosensors able to react with VOCs found
in the exhaled breath of lung cancer subjects. A more detailed description of molecularly
imprinted polymers used as sensors is presented in section 2.5.

2.5 MIP-based sensors

According to the International Union of Pure and Applied Chemistry (IUPAC) [63], a chem-
ical sensor is:

A device that transforms chemical information, ranging from the concentration
of a speci ¢ sample component to total composition analysis, into an analytically
useful signal. The chemical information, mentioned above, may originate from
a chemical reaction of the analyte or from a physical property of the system
investigated.
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Figure 2.4: Close inspection of the structure of a chemical sensor. The outer part, exposed to the

environment, is the layer in which the recognition elements can be found. This layer interfaces with a
transducer, which is able to convert changes in the properties of the recognition elements into a readable
signal. From [64].

Chemical sensors (also referred to ashemosensorsor biosensorg consist of two main ele-
ments put in close contact, as it is displayed in Figure 2.4: a recognition element (oreceptor)
and a chemo-physical transducer. The receptor is responsible for the identi cation of a target
analyte, and transforms the binding event into a change of its chemo-physical properties; in
the case of MIP-based sensors, the recognition elements is constituted by the imprinted poly-
mer. The transducer is then able to transform these changes into a useful analytical signal
that can be read by electronic circuits and further analyzed. According to the transduction
process, which can exploit several physical phenomena, such as electrochemical reactions,
optical or thermal changes, and mass variations, it is possible to di erentiate between di er-
ent types of chemosensors (the following classi cation is not intended to be exhaustive nor
universal, and is based upon the works performed by BelBruno [54] and Leil®t al. [64]).

2.5.1 Electrochemical sensors

In these sensors, the recognition layer is coupled to an electrochemical transducer; depending
on the phenomenon exploited for the transduction of the binding event, we can have di erent
subcategories of electrochemical sensors.

Potentiometric sensors

Potentiometric sensors are a low-cost technology that works ideally in absence of current
ow and measures the voltage potential di erence between a working and a reference elec-
trode. MIPs-based potentiometric sensors are quite popular; they are usually based on
(meth)acrylate-MIPs, which ensure low conductivity, hydrophobicity and high selectivity.
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Amperometric sensors

Amperometric sensors are widely employed too, and they measure the variations in current
ow between the sensor and a reference electrode as a time-dependant, known potential
is applied. Due to the lack of physical contact between the analyte and the transducer,
the electron transfer (i.e. the current ow) has to be mediated by the sensing element, and
conductive MIPs ts this role perfectly. To increase conductivity and obtain a better signal,
graphite powder and nanoparticles can be included in the polymer matrices.

Conductometric sensors

Conductometric sensors are based on time-dependent variations in the conductivity of the
sensing element triggered by the binding event. Depending on the sensing principle, they can
be further classi ed into two major categories:

" Capacitive sensors: they measure the change in capacitance between two electrodes
separated by a dielectric MIP layer (the insulation condition can be easily achieved
with (meth)acrylic MIPs). Such variation can be due to a change in the dielectric
constant , of the material or a change of the geometry.

Resistive sensors: they measure the change in resistance. Given the fact that resistance
depends on the material resistivity and its geometry, a variation can be caused by
a change of the resistivity or of the sensor geometry. Di erently from the capacitive
ones, there is no need to have a sandwich-like structure with multiple layers: only a
single electrode layer is needed (in the classic working-reference electrode con guration
or in a more complex solution with interdigitated electrodes), with a conductive MIP
lling the space in between electrodes. The polymer can be polymerized directly on
the electrodes surface or deposited by drop-casting or spin-coating. Conductivity can
be given or enhanced by the addition of gold nanoparticles or carbon nanotubes to the
polymer.

2.5.2 Optical sensors

These sensors exploit phenomena as uorescence, chemiluminescence, or colorimetric changes
induced by the binding of a target analyte with the imprinted polymer to convert the recog-
nition event into a light signal that can be easily interpreted.

The signal transduction can occur due to inherent optical activity of the target analyte or
thanks to the incorporation of a uorophore or a chromophore into the polymer matrix, which
enhance uorescent activity.

Some methods used for the readout of optical MIP sensors are uorescence, Surface-Enhanced
Raman Scattering (SERS), Surface Plasmon Resonance (SPR), re ectometric and colorimet-
ric interference.

2.5.3 Mass-Sensitive sensors

Within this category fall all the sensors that, due to a mass change, lead to a measurable
frequency response. The physical principle at the basis of mass-sensitive sensors is the piezo-
electric e ect discovered in 1880 by Pierre and Jacques Curie.

Amongst the most common mass-sensitive sensors there are quartz crystal microbalance
sensors. The binding of the target analyte with the MIP is followed by a decrease of the
oscillation frequency of a piezoelectric crystal (caused by a variation in mass) proportional

to the square of the fundamental resonance frequency mode. Once this change is detected,
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it can be used for quantitative readouts according to the Sauerbrey equation, which relates
the f tothe m.

2.5.4 Characteristics of interest

Regardless of the type of MIP sensor considered, there are some fundamental characteristics
that have to be taken into account in the context of the speci ¢ application. These parameters
are:

~ Binding capacity: it is the ratio between the concentration of the target molecule
absorbed by the polymer from a solution and the initial concentration of the solution,
expressed as a percentage;

" Imprinting factor: it is computed as the ratio between the binding capacity of the
imprinted polymer and the binding capacity of the same, non-imprinted polymer;

" Response time: it is the time required by the sensor to reach (1 %) 63:2% of the
nal signal, taking as a starting point the onset of the stimulus.



Chapter 3

Materials and Methods

This chapter covers the main methodological aspects behind the development of the device,
alongside some necessary theoretical background.

3.1 Sensors

In the development of a device for the analysis of gaseous samples, a key role is played
by the sensing elements, which enable the recognition of specic, target analytes present
in the sample and provide a readable signal. The development of the chemosensors, both
in terms of the recognition layer (i.e. the molecularly imprinted polymer) and its interface
with the transducer, an interdigitated electrode fabricated and commercialized by MicruX
Technologies (see subsection 3.1.4), has been carried out by the team of Professor Francesco
Cellesi and Francesco Bosatelli at Politecnico di Milano's Applied Physical Chemistry Lab
(Department of Chemistry, Materials and Chemical Engineering "Giulio Natta').

3.1.1 Target analytes

In the context of this thesis, the focus has been put on three di erent target analytes, and
their detection has been made possible by the realization of three respective MIPs.

Toluene

Toluene (CgH5CH3), also know as methylbenzene, is an aromatic hydrocarbon composed of
a benzene ring CgHg) having a hydrogen bond substituted with a methyl group (-CH3). A
three dimensional model of the molecule can be seen in Figure 3.1.

Toluene is a colorless liquid with a characteristic aromatic odor used as a solvent (e.g in
paints, coating, inks and cleaning agents) or as a chemical intermediate in various industrial
applications (e.g. added to gasoline to improve octane ratings).

Toluene is a toxic air pollutant that can be absorbed by individuals exposed to it. Expo-
sure can induce mild, acute symptoms such as fatigue, sleepiness, headaches, and nausea but
also more severe, chronic conditions especially at central nervous system level such as nys-
tagmus, impaired speech and hearing. For this reason, the Occupational Safety and Health
Administration (OSHA) has xed an 8-hour time-weighted permissible exposure limit of 200
part-per-million and a recommended limit of 100 part-per-million [65].
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Figure 3.1: Toluene 3D conformer. From [65].

Figure 3.2: Butanone 3D conformer. From [68].

Toluene is well metabolized by hepatic cytochrome p450 enzymes and eliminated mainly
in the urine, but a portion is exhaled unchanged.

There are several studies that assessed the importance of toluene as a biomarker for lung
cancer, but while some of them [32, 36] reported a statistically signi cant increment in its
concentration in the exhaled breath of lung cancer patients with respect to the control group,
others [66, 67] found a decrease in concentration probably related to the the overactivation
of p450 enzymes in lung cancer. These contradictory results show that there is still a lot of
work to be done in the comprehension of lung cancer VOCs metabolism. Regardless of the
study, concentrations found were in the order of 18 to 10? part-per-billion.

Butanone

Butanone (CH3COCH,CH3), also know as methyl ethyl ketone, is a ketone composed of a
carbonyl group (-CO) attached to a methyl (-CH3) and ethyl (-CH,CH3) group. A three
dimensional model of the molecule can be seen in Figure 3.2.

Butanone is a colorless liquid that can be synthesized, but is also present in nature (in some
trees, fruits and vegetables). It is primarily used in paints and other coatings; it is also used
in glues and as a cleaning agent.

Short-term inhalation exposure to butanone causes irritation to the eyes, nose, and throat.
Limited information is available on the chronic (long-term) e ects. The OSHA has xed
an 8-hour time-weighted permissible exposure limit of 200 part-per-million [68].

Ketones are readily absorbed through the intact skin. They rapidly transfer to the blood
and thence to other tissues. Methyl ethyl ketone and its metabolites are primarily excreted
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Figure 3.3: Hexanal 3D conformer. From [71].

via lungs and kidneys, but the fractional elimination of the unchanged molecule depends on
metabolic activity and exposure; for the exhaled air it is generally around 10% of the ab-
sorbed dose [69].

Di erent studies [36, 66, 67, 70] identi ed butanone (in concentrations in the order of 1¢+
part-per-billion) as a VOC that could be possibly considered as a lung cancer biomarker.
Nevertheless, as for the toluene, there is still a lack of knowledge on its behaviour in lung
cancer subject with respect to healthy population.

Hexanal

Hexanal (CgH120), also know as hexaldehyde, is a saturated fatty aldehyde similar to hex-
ane, in which one of the terminal methyl groups (CH3) has been mono-oxygenated. A three
dimensional model of the molecule can be seen in Figure 3.3.

Hexaldehyde appears as a colorless liquid and it is employed in the chemical industry for the
syntesis of dyes and insecticides; it is widely used as a fruit avor in chewing gums, hard
candy, beverages and, when highly diluted, in perfumery.

Exposure to hexanal can induce mild symptoms such as discomfort in the eyes and nose, and
headache; for concentrations of 10 part-per-million also nasal obstructions were observed.
Overall, no severe conditions were registered on humans, mainly due to the lack of experi-
ments performed.

Hexanal is known to be generated through peroxidation of unsaturated fatty acids. Elevated
concentrations in the exhaled breath of lung cancer subject may, therefore, be attributed to
the enhanced oxidative activity of the tumor tissue, but may as well derive from oxidative
stress enhanced by the local in ammatory processes caused by the interactions between the
organism and the tumor [72]. These explanations have found experimental feedbacks, in
particular in a study performed by Fuchs et al. [73] where hexanal concentrations in exhaled
breath (albeit very low, less than 1 part-per-billion) were signi cantly higher in lung cancer
patients than in smokers and healthy control subjects.

Therefore, developing sensors with the ability to detect hexanal is certainly an important
step in the realization of a lung cancer screening tool.

3.1.2 MIP-based sensors: preparation procedure

The work of this thesis has been focused on the realization of both capacitive and resistive
MIPs for each one of the three analytes. The main steps for the preparation of the imprinted
polymers and their deposition onto the electrodes will now be presented.
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1. Cleaning : in order to remove any external and undesired substance, all the electrodes
(both new and used) undergo a cleaning procedure. The procedure for used electrodes
is complex and depends on the MIP deposited onto it, so it will not be covered here.
For new electrodes, each cycle consist in 5 minutes of immersion in de-ionized water
followed by 5 minutes in ethanol. This step is repeated three times, followed by a 5
minutes immersion in acetone. When electrodes dry out, they are put for 30 minutes
in an ozonizer.

2. Functionalization : in this phase, the cleaned electrodes are put in a 5 millimolar
solution of Bis(2-methacrylol)OxyethylDiSulphide (BODS) in ethanol. They are kept
in a dark environment for one night. The BODS has the ability to strongly bind with
the gold surface of the electrodes, functioning as an anchor point for the polymer that
will be deposited: this procedure provides the interface between the recognition layer
and the transducer.

3. Thin-Im deposition : specic quantities (illustrated in Table 3.1) of cross-linker,
functional monomer, initiator and target analyte are put together in a solution. Then,
for capacitive MIPs, diacetylene (in a 1:4 ratio with the total volume of cross-linker
and monomer) is added to the solution in order to strengthen variations of dielectric
properties, whereas for resistive MIPs €2 mg=mL of carbon nanotubes are added to
make the polymer conductive.

The deposition of the polymeric solution can be done by:

" Drop-coating: used for both capacitive and resistive MIPs. It requires the de-
position of a single drop of solution onto the sensing area of the electrode. Be-
fore deposition, the polymeric mixture is eventually put in a solution at 20%
with dichloromethane. In this way by depositing a very small quantity of solu-
tion (15 L ), the 80% will evaporate due to the low evaporation temperature of
dichloromethane and the Im that forms on the electrode has a thickness lower
than it would be possible to achieve with a drop of the polymeric solution only;

Spin-coating: used only for capacitive MIPs. A certain quantity of solution is
deposited onto the active area of the electrode, then the sensor is put onto a spin-
coater run at 800 rpm for 10 seconds and at 2000pm for other 10 seconds. This
method, with respect to the drop-coating, ensures a more uniform deposition and
controlled thickness.

4. Polymerization : the deposited material passes from liquid to solid in a photopoly-
merization process, which requires the sensor to be exposed for 5 minutes, in absence
of oxygen, to UV light ( =365 nm).

5. Template removal : eventually, the imprint molecule is removed from the polymer
through evaporation or by means of a solvent (acetone). This last step enables further
rebinding of the target molecule with the polymer. After a 24-hours stabilization period
the sensors will be ready to be used.

3.1.3 MIP-based sensors: characterization

The choice of the proper functional monomer for each one of the three MIPs has been investi-
gated by Professor Francesco Cellesi and Francesco Bosatelli by means of UV spectroscopy. In
particular, they analyzed the absorbance capabilities of the MIPs originated from 4 di erent
functional monomers:
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Table 3.1: Composition of the initial polymeric solution for the recognition of each analyte. The numbers
inside the brackets represent the number of equivalent used for each substance inside the solution.

Cross-linker Functional monomer Initiator Imprint molecule
EGDMA 1(40) MAA 2 (10) AIBN 3 (1) Toluene (4)
EGDMA (5) BzMA 4 (10) AIBN (1) Butanone (4)
EGDMA (5) ChMA ° (10) AIBN (1) Hexanal (4)

! Ethylene glycol dimethacrylate.
2 Methacrylic acid.

3 Azobisisobutyronitrile.

4 Benzyl methacrylate.

5 Cyclohexyl methacrylate.

" MethAcrylic Acid (MAA)

" Butyl MethAcrylate (BuMA)

" Benzyl MethAcrylate (BzMA)

" Cyclohexyl MethAcrylate (ChMA)

The results of their analysis can be seen in Figure 3.4. Each graph represents the ratio
between the mass of the absorbed solvent and the mass of the polymer. This ratio has been
computed for each MIP and its respective Non-Imprinted Polymer (NIP), synthesized from
each one of the four functional monomers under examination. From these graphs the value
of the imprinting factor can be inferred, by dividing the MIP mass ratio for its corresponding
NIP mass ratio. The best functional monomer is the one that maximizes the imprinting
factor, hence for toluene MAA has been chosen, for butanone BzMA and for hexanal ChMA.

3.1.4 Interdigitated electrodes

The imprinted polymers have been deposited onto a particular type of electrodes, called IDE.
For this particular application, both the ED-IDE1-Au and the ED-IDE3-Au (Figure 3.5)
produced by MicruX Technologies [74] have been employed. They consist of two thin-layer
gold strips, i.e. the working electrodes WE1 and WE2 deposited on a glass substrate; each
working electrode has a pad on one end to interface with the acquisition system, and a comb
of sensing microelectrodes on the other end, disposed in a planar, interdigitated circular
pattern. All the surface, except from the pads and the circular sensing area, is covered
with an insulating layer made of EPON SU8 resin. Table 3.2 summarizes the main features
and di erences between these IDE. According to the type of MIP (dielectric or conductive)
deposited onto the sensing area of the IDE, it is possible to obtain a chemosensor to be used
for capacitive or resistive measurements.

The main advantage of using IDE versus a single electrode con guration is that all the pairs
are in parallel.

" For capacitive sensors, the total capacitance of the system is incremented by a the-
oretical factor of n 1 (n being the total number of parallel plates), which aids the
measurement phase: using the frequency-based method described in subsection 3.2.2,
the lower the capacitance to be measured, the higher the frequency to be detected,;
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(a) Mass ratio analysis to investigate the best functional monomer for a
toluene-imprinted polymer .

(b) Mass ratio analysis to investigate the best functional monomer for a
butanone-imprinted polymer.

(c) Mass ratio analysis to investigate the best functional monomer for a
hexanal-imprinted polymer.

Figure 3.4: Characterization of the three di erent MIPs. These graphs have been provided by Francesco
Bosatelli.
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(a) Electrode. (b) Zoom on the sensing area

Figure 3.5: Interdigitated electrodes by MicruX Technologies. From [74].

Table 3.2: Summary of the features of the ED-IDE1-Au and ED-IDE3-Au interdigitated electrodes pro-
duced by MicruX Technologies.

ED-IDE1-Au ED-IDE3-Au
Dimensions 10x6x0.75mm 10x6x0.75mm
Substrate Glass Glass
Insulating layer EPON SUS resin EPON SUS8 resin
Electrochemical cell 3.5mm ? 3.5mm ?
Electrodes material Gold Gold
Electrodes thickness 50/150 nm 50/150 nm
Microelectrode width 10 m 5m
Microelectrode gap 10 m 5m
Number of ngers 90 pairs 180 pairs

hence, a higher capacitance helps relaxing the conditions around the operational fre-
guencies.

For resistive sensors, the total resistance of the system is reduced by a theoretical factor
of 1=n?. The rst reduction term comes from the assumption that each pair forms a
resistor shorter by a factor of 1=n with respect to the “entire' single electrode resistor,
hence each pair has a resistance which is=h of the initial one; the second En reduction
term is due to the parallel con guration of the n-assumed-equal resistors. Also in this
scenario the measurement phase is made easier: in fact, being the resistance lower, the
tensions generated will be lower too (and the employed instrumentation imposes some
operative constraints on tensions, as explained in subsection 3.2.3).

IDE support and interface

To hold the electrodes rmly in position, and at the same time guarantee an e ective electrical
interconnection with the measurement system, two di erent solutions have been implemented.
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