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Abstract

Undoubtedly, early-stage disease diagnosis is of particular importance, increasing the
chances for effective treatment, in comparison to advanced-disease stages. Lack of patient
compliance for the existing diagnostic methods, however, limits prompt diagnosis,
rendering the development of non-invasive diagnostic tools mandatory. One of the most
promising non-invasive diagnostic methods that has attracted the research interest during
the last years is breath analysis. Volatile Organic Compounds (VOCs) contained in the
exhaled breath are considered as important potential biomarkers of various types of
diseases. The diagnostic ability of VOC-patterns detection using analytical techniques and,
especially, sensors, has been demonstrated. The progressive development of novel
nanomaterials, suitable for sensing element creation, enhances the development of
effective diagnostic sensors, comprising a major topic of current research. The current
thesis aims, firstly, to present an overview of the various types of nanomaterials and
sensors investigated for diagnostic sensors development. Further on, taking into
consideration the importance of sensible sensing-material selection, the parameters
affecting the interactions of VOCs with polymers — a common component of sensing
elements — are summarized. Last but not least, a series of polymers that could potentially
detect repeatedly identified VOCs as potential biomarkers of asthma, COPD, lung and

breast cancer, using a polymer coated-MNSs based chemiresistor are proposed.




Chapter 1: Introduction

Disease diagnosis is conventionally conducted using expensive, time-consuming, invasive
techniques, applied by appropriately trained health care professionals. For instance,
gastroscopy, laryngoscopy and coronary angiography are used for gastric cancer, lung
cancer and myocardial infraction diagnosis, respectively®. Other commonly used methods
like CT?2 or mammography, used for breast cancer3, may be also harmful, due to radiation
exposure. As a result, patient compliance and utilization of such diagnostic methods, are
remarkably reduced for a significant part of the population. However, disease, and
especially cancer, early-stage diagnosis, by effective high-risk population screening,

renders treatment easier.* For this reason, ameliorated diagnostic methods are imperative.

Metabolomics, one of the ‘~omics’ disciplines, that have progressively become a promising
diagnostic tool in medical research, offers a comprehensive analysis of the metabolites
contained in biological samples, by the combination of analytical techniques with
bioinformatics.> The term Volatolomics is referred to the chemical processes that
correlates with VOCs emitted by body fluids®, such as peripheral blood, urine and sweat, as
well as feces, nasal mucous, gaseous skin excretions and exhaled breath® 78, The decreased
sample complexity due to non-volatile compounds absence, the highly developed
appropriate analytical techniques and the ability of direct or continuous breath analysis
using gas sensors render exhaled breath an exceptional source of VOCs as biomarkers.%°
Thus, the analysis of the exhaled breath, which is closely related to critical biochemical

alternations of the organism, holds a great promise for non-invasive disease diagnosis°.

Inorganic gases (e.g., CO,, CO and NO), VOCs (e.g., acetone, isoprene, ethane, pentane) and
non-volatile compounds/exhaled breath condensates (e.g., peroxynitrite, cytokines and
isoprostanes) constitute the human breath. VOCs comprise metabolic products that pass
from the bloodstream to the alveolar air via the alveolar pulmonary membrane, to be
exhaled through the respiratory tract.'%2 A unique pattern of VOCs characterizes a
specific disease®, thus, analysis of exhaled VOCs could potentially lead to disease
diagnosis!?. Apart from early diagnosis, screening of high-risk populations and assessment
of therapy efficiency will potentially be permitted via breath analysis, due to being a non-

invasive, inexpensive® and rapid method, characterized by increased patient compliance.’3




A great number of different diseases have been investigated for potential diagnosis via
breath analysis. It has been demonstrated that lung diseases (e.g., LC, Chronic Obstructive
Pulmonary disease (COPD), asthma and cystic fibrosis) are correlated with different relative
composition and concentrations of VOCs, which lead to characteristic VOC patterns.'4 Apart
from lung diseases, systemic diseases, such as neurodegenerative diseases'> metabolic
disorders, infectious diseases!®!’ and cancer are, also, reported to correlate with the

formation of specific VOC patterns, thus holding promise for breath diagnosis.!®

The application of breath analysis on disease diagnosis may be achieved via two general
methods; analytical techniques and gas sensors.!”192021 The approach used differs
between the two methods, which possess different advantages. During the last years,
research interest has focused on gas sensor applications in breath analysis, as they are

considered particularly promising diagnostic tools, applicable in clinical practice!®2%22,

In general, gas sensors comprise inexpensive and simple!®1920 egsy-to-use devices, that are
small in size and, thus, portable!®2°, Along with the characteristics referred, short response
time and direct acquisition of the results, as well as short sensor recovery time®®, render
gas sensors attractive for point-of-care and personalized screening, diagnosis and disease
follow up?°. Especially nanomaterial-based sensors exhibit unique chemical, physical and

optical characteristics and fast kinetics, attributed to the incorporation of nanomaterials?°.

Various nanomaterials have been used for the development of different types of gas
sensors’. Sensor components are selected wisely, depending on the chemical and physical
properties of analytes®. The first aim of this thesis is to provide an overview of the
categories of nanomaterials and gas sensors investigated for disease diagnosis. Thereafter,
this thesis aims to compile the VOCs repeatedly identified and characterized as
discriminative for the respiratory diseases asthma and COPD and the malignant diseases
lung and breast cancer. Finally, the thesis focuses on the appropriate polymer selection for
the sensing film of a polymer-coated MNPs-based chemiresistor, for the detection of the
VOCs selected after the literature research. The selected diseases are of great interest, as
asthma and COPD are characterized by similar symptoms,’® with COPD being usually
underdiagnosed??23, while the selected malignant diseases comprise two of the five more

frequent and mortal cancers®.




Chapter 2: Background Knowledge

2.1.  Breath analysis

2.1.1. VOCs of Exhaled Breath

Since 400 BC, Hippocrates (460-370 BC) had observed that certain medical imbalances were
characterized by specific odors!,?*~ liver problems/fishy, kidney problems/urine-like,
diabetes/sweet and lung abscess/rotten smell — while diseases were categorized based on
distinct odors in Chinese medicine in ancient times?*. In 1971, 250 VOCs of frozen breath
were detected — but not identified! — by Linus Pauling, using gas chromatography, initiating
the modern breath testing>#%>. Since then, more than 2,000 VOCs have been detected in
the exhaled breath® that appertain to hydrocarbons, alcohols, aldehydes, ketones,
esters'®?®, ethers, carboxylic acids, heterocyclic hydrocarbons'®, aromatic compounds,

nitriles®2®, sulphides and terpenoids'® and may be endogenous or exogenous.

Endogenously created VOCs comprise high-vapor-pressure (body and RT) (fragments of?’)
byproducts of normal or pathophysiological metabolic pathways’?”?8, as well as of
microbiome metabolism?’. They are produced either in airways region or in other parts of
human body??, representing the metabolism of the whole organism. In the first case, the
VOC are released into the exhaled breath in a direct way.?® In the second case, produced
VOCs enter and circulate in the bloodstream, and, during gas exchange in the alveoli or the
airways, excretion to the exhaled breath occurs>:?8, Depending on blood solubility, VOCs
are exchanged in different sites of the respiratory tract. Poorly blood soluble, nonpolar
VOCs, with blood-air partition coefficient (Ap.s) < 10, are exchanged in the alveoli, in
contrast to blood soluble VOCs with Ay, > 100, exchanged in lung airways. VOCs of

intermediate solubility (10 < Ap.a< 100) undergo pulmonary gas exchange in both sites.'> 16

Exogenously originated VOCs are correlated with the environment and the habits of the
person.?” VOCs related with cleaning fluids, personal care products, plastic-related VOCs?’,
blazes or air pollution due to industrial/transport gas emissions'® enter human organism
through extended inhalation and are excreted via exhaled breath. Smoking habits*>, food
and food supplements, drinks or medication also consist important VOC sources>?’. Other
important confounding factors affecting the profile of exhaled VOCs are age, gender,
ethnicity, living place and lifestyle!>2°, Consequently, immediate and recent environmental

exposure should be taken into consideration during breath analysis.?’




N2, Oz, CO;, water vapor and Ar — the dominant constituents of the atmospheric air —
consist the most usually detected inorganic (except water) gases in the human exhaled
breath, without having undergone modifications.®?%30 Also, H,, CO and NO consist normal
inorganic gases.>® NHs, acetaldehyde, the alcohols methanol, propanol'® and ethanol,
acetone, isoprenel®?6 and the saturated alkanes methane, ethane and propane?® are the
most usual VOCs detected in the exhaled breath, with ammonia and acetone found to be
the most abundant (~0.8 ppm?® and ~0.3-1 ppm?®, respectively). The sulfides H,S and

carbonyl sulfide are also reported as normal components of the breath of humans.3°

2.1.2. Origins of different VOC classes — Metabolic Disorders

Oxidative stress, reactions catalyzed by cytochrome p450 (CYP450) and liver enzymes and
lipid peroxidation are the main biochemical processes correlated with endogenous
VOCs.'>31 Their main features are presented on Table 1. The correlation of oxidative stress
and airway inflammation with exhaled VOCs is summarized in Figure 1. Different VOC
classes are potentially correlated with different biochemical reactions and different

€X0ogenous sources.

Hydrocarbons (aliphatic) are primarily products of oxidative stress, which leads to lipid
peroxidation of PUFAs of the cellular and subcellular membranes.®3! Generally,
hydrocarbons are rapidly excreted in exhaled breath, due to low blood solubility.>'”31Some
hydrocarbons, such as pentane — a product of lipid peroxidation of w6 fatty acids — are
readily metabolized by CYP450 in hepatocytes.!” Concerning unsaturated hydrocarbons,
isoprene (2-methyl-1,3-butadiene), one of the most abundant VOCs of exhaled breath, is
potentially by-product of mevalonic pathway, a key-step of cholesterol synthesis in
cytosol®17:323334  Cyclic hydrocarbons, on the other hand, are exogenous compounds

deriving mainly from plastics and fuel combustion?>.

Alcohols contained in food and alcohol beverages® are transported to blood, through
gastrointestinal tract, while they also derive from the hydrocarbons metabolism of
(CYP450)°. Alcohols are mainly metabolized by the enzyme ADH and the CYP450 in liver
and only a small fraction is excreted in breath, as well as urine, sweat, feces, breast milk

and saliva.®




Table 1: Definition of main biochemical pathways and examples of correlated VOC classes and diseases.

Process Definition Related VOC categories Examples of diseases
Oxidative Result of disproportional relation between  Alkanes, methylated alkanes, Cancer,
stress ROS and ROS intermediates inactivation aldehydes28 carcinogenesis 1135,
and/or induced damage repair3236, ROS COPD2836, asthma?s,
oxidize surrounding compounds or lead to IDF, atherosclerosis 3¢,
radical formation3¢. ROS overproduction inflammation36:3>,
or  decreased antioxidant  system
activation3®, provoke peroxidative damage
of proteins, PUFAs and DNA of the cells.11.3¢
PUFAs Increased reactivity of the hydrogens of the  Methylated alkanes®, Cancer,
peroxidation  methylene —CH,— groups, caused by the alkanes, e.g.,, ethane®1436 atherosclerosis,
multiple double bonds present alongside, (w3 PUFAs217) and inflammatory
permits free radical chain reactions, pentane®143¢ (w6 PUFAs%Y7), diseases, aging3l.
extensive auto-oxidation and, finally, fatty alcohols, e.g., propanol and
acid peroxidation.36 butanol1436, secondary
carbonyl oxidation products
i.e. hexanal (w6 PUFAs
oxidative cleavage3®), octanal
and nonanal.1432
Inflammation  Chronic diseases characteristic, closely Inflammation-specific VOCs Asthmal4, COPD !
connected with ROS production and belong to products of
oxidative stress. Inflammatory mediators pathways linked with ROS
and activated inflammatory cells stimulate  overproduction, e.g., lipid
ROS production. ROS activate pro- peroxidation.36
inflammatory signaling, activating specific
pathways, i.e., NF-kB pathway.
CYP450 Large array of various oxidase enzymes, Hydroxylation of alkanes Carcinogenesis®
Enzymes — able to catalyze the oxidation of organic towards alcohols. Alcohol
over- compounds, normally activated as oxidation towards aldehydes
activation detoxification mechanism. ° (CYP2E1, liver). Hydroxy-
peroxide reduction towards
aldehydes/ketones?®
Liver Oxidoreductases: enzymes mainly in liver, Carboxylic acids, aldehydes, Cancer?®
enzymes — transform alcohols to aldehydes/ketones, ketones®
over- reducing the nicotinamide adenine
activation dinucleotide (NAD* to NADH). ADH:

oxidation of primary, secondary and cyclic
secondary alcohols and hemiacetals, to
aldehyde formation. ALDH: aldehydes
transformed into carboxylic acids.?

ADH: Alcohol dehydrogenase, ALDH: Aldehyde Dehydrogenase, COPD: Chronic obstructive pulmonary disease, CYP450:
Cytochrome p450, IPF: idiopathic pulmonary fibrosis, NF-kB: nuclear factor kappa B

Aldehydes comprise normal products of common biotransformation pathways®, such as
metabolism of alcohols (CYP450, ADH) and reduction of the lipidic hydroxyperoxide
intermediate of PUFAs peroxidation.®%3%, Exogenous origin of aldehydes is also possible, as
they consist food additives, ingredients of personal care products3* and tobacco smoke

(e.g., saturated; formaldehyde, acetaldehyde, propionaldehyde, butyraldehyde and




unsaturated; acrolein and crotonaldehyde) and by-products of detoxification processes of

tobacco by CYP450°.
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Figure 1: Diagram summarizing the correlation of VOCs found in the exhaled breath with oxidative stress and

inflammatory conditions. Reprinted with permission from Ref.[28]. Copyright © 2012 John Wiley & Sons Ltd

Ketones, produced by liver in significant quantities, are correlated with increased lipid
oxidation, especially as secondary product of PUFAs peroxidation (CYP450)>17. Amino acids
metabolism is, also, closely linked with ketone production®®. In several pathophysiological
conditions, e.g., advanced cancer and cachexia, protein metabolism is increased, increasing
the ketone levels.3! Acetone, one of the most abundant VOCs, derives from the
decarboxylation of excess Acetyl-CoA and acetoacetate, in liver®'’. It is noteworthy that,
among ketones, acetone is produced in smaller amounts, however exhalation is intense
due to its high vapor pressure®. Diet is an important confounding factor affecting ketone

production, closely linked with fat and protein metabolism®.

Aromatic compounds are commonly contained in exhaled breath. However, no known
creation metabolic pathway exists, thus, endogenous production is accounted as
improbable.3* Aromatic compounds are exogenous, mainly as environmental pollutants
deriving from anthropogenic actions, while they are also tobacco smoke®3%34 and

alcohol®3! components. Health risk is increased by the presence of aromatic compounds in




human body®3* as they provoke peroxidative damage to proteins, DNA and PUFAs, after

inserting cytosol and reaching cell organelles, leading to age-related diseases®3!.

Among organic nitrogen compounds, nitriles are exogenously originated VOCs found in
tobacco smoke and polluted air. Due to their increased reactivity, they can provoke
peroxidation damage in the fatty tissues in which they are stored.® Acetonitrile, one of the
most common exhaled nitriles, is a main constituent of cigarette smoke!’. Inflammatory

conditions have been correlated with nitrogen containing compounds presence3®.

Last but not least, the class of sulfur compounds, e.g., dimethyl sulfide, dimethyl disulfide
and methanethiol, are detected in exhaled breath33. Dimethyl sulfide and dimethyl
disulfide are produced by the auto-oxidation of methanethiol (CHsSH), which is produced
by the metabolism of sulfur-containing amino acids3?, mainly L-methionine metabolism33.

Sulfur-containing compounds, also, comprise inflammation biomarkers.3®

2.1.3. VOCs and Disease Diagnosis

VOCs of exhaled breath are regarded as normal*®. However, concentration differences for
some exhaled VOCs could potentially be associated with an abnormal condition of the
body?®, as the metabolic processes producing the VOCs are altered in a distinctive way by
different diseases'!2. Disease-related concentration alternations conventionally concern a
group of VOCs rather than a single compound?®. Apart from this, the concentration of a
single compound may alternate due to more than one pathophysiological processes, thus
being non-specific!*. Consequently, diagnosis of complex, heterogeneous diseases is
scarcely achieved by the recognition of one characteristic stand-alone VOC.”* A mixture of
exhaled VOCs, called VOC pattern or “breathprint”, consists the signature of a specific
disease, being correlated with the underlying pathophysiology, and should, thus, be

recognized, for disease diagnosis to be achieved.”!428

Notably, the composition and concentration of exhaled VOCs — factors fundamentally
correlated with the VOC pattern formed and used for diagnosis — depends not only on their
systemic production, but also on their physicochemical properties, the respective blood
concentration and the different alveolar processes of clearance®®. Higher concentration of
a VOC in the mixed venous blood increases alveolar concentration. However, increased

ratio between alveolar ventilation and cardiac output, e.g., during stress, decreases




alveolar concentration. Alveolar concentration is also influenced by blood solubility of
VOCs, expressed by Ap.e. Higher solubility decreases alveolar concentration. Considering the
storage of various VOCs in the fat tissue, the “fat:blood” partition coefficient should, also,
be taken into consideration. Blood concentration of some classes of VOCs is fundamentally

connected with the total fat tissue and the total blood volume of an individual.”

Additionally, exhaled VOCs are fundamentally connected with the compartment of the
respiratory tract studied.?’ The exhaled breath is composed of two main parts; the dead
space and the alveolar air. The air of the upper respiratory tract, where blood-breath gas
exchange does not occur, comprises the dead-space air (~150 mL). On the other hand, the
air of lower airways, were exchange of VOCs is conducted, comprises the alveolar air. The
composition of dead-space air is similar with the ambient air previously inhaled and,
consequently, the amounts of VOCs of alveolar air are about two to three times greater
than those of dead-space air.3® Further differentiation of exhaled VOCs in correlation with
the airway department is possible. Systemic VOCs undergo passive diffusion in alveolar-
capillary interface and are added to the VOCs diffused via the bronchial region (solubility-
dependent differentiation, see 2.1.1). These two groups of VOCs, along with the VOCs of

host/microbiome metabolism, are, finally, added in the VOCs of mouth and nose.

Apparently, appropriate sampling procedure should be applied, depending on the clinical
research aim, for the desired part of breath and, thus, VOCs to be collected?’. The three
possible ways of sampling the exhaled breath are upper airway (dead-space air only)3®,
mixed air (whole breath) or lower airway/end-exhaled collection, containing only the end

of a forced breath (alveolar air). Low-airway sample is, actually, the subject under study.%36

Several diseases types are investigated for potential diagnosis via breath analysis.’
Respiratory diseases, including Asthma, COPD, Obstructive Sleep Apnea Syndrome,
Pulmonary Arterial Hypertension and Cystic Fibrosis,3” have been extensively studied.
Malignant diseases are, also, under extensive investigation for the identification of
potential breath biomarkers. LC, Gastric, Head and Neck, Breast (BC), Colon and Prostate
cancer comprise the most representative examples. Breathomics is an enticing diagnostic
tool for various neurodegenerative diseases, as well. The correlation of Alzheimer’s and

Parkinson’s diseases and Multiple Sclerosis with different VOC patterns are reported.?®




Metabolic disorders, such as Diabetes and Hyperglycemia, are, also, included.®7 Lastly,
the significance of metabolic alternations caused by specific species or strains of bacteria
has been demonstrated for infectious disease diagnosis.'®3 In this case, the combination
of bacteria-derived VOCs,3¢ and VOCs produced by the host due to immune response to
bacterial antigens, as well as VOCs formed due to the host response to bacterial
products/metabolites (and vice versa) is detected. Differentiation of the origin of those
VOCs is not clinically important.3® Infectious diseases, like Upper Respiratory Tract
Infection, Mycobacterium Tuberculosis infection, Pseudomonas infection, Helicobacter
pylori infection have been investigated!®!’. Recently, research interest focused on the
diagnosis of SARS-CoV-2 viral infection via breath analysis, as well, with remarkable
results,3%4941 with a diagnostic test, “BreFence Go COVID-19 Breath Test System”,

developed by Breathonix*? being already provisionally approved by the HSA.4344
2.2.  Analytical Techniques and breath analysis

Gas Chromatography (GC), used for the separation of compounds contained in a complex
gas mixture, is combined with Mass Spectrometry (MS) for the identification of each
distinct compound of the mixture®>. GC-MS comprises the gold-standard method for the
analysis of the pattern of VOCs of the exhaled breath.?® 4> Both quantitative analysis —
characterized by high sensitivity (ppb to ppt)! — and qualitative analysis — providing

information concerning the potential metabolic disease pathways* — are achieved.?%28

For the detection of very low concentrations of VOCs, to be achieved, the pre-
concentration of the breath sample is imperative. Pre-concentration techniques commonly
combined with GC-MS include thermal desorption'’* (using sampling bags/sorbent
tubes*®®, mainly Tenax tubes'’), headspace solid-phase microextraction (HS-SPME)%'’
(using silica fibers, coated with polymeric nanofilm, mainly CAR/PDMS?'’) and Needle Trap
Devicel”#® (sorbent polymer — CAR, PDMS and/or DVB — packed in a needle!’). Apart from
GC-MS, also selected ion flow tube-mass spectrometry (SIFT-MS) and ion mobility
spectrometry (IMS), proton transfer reaction-mass spectrometry (PTR-MS) 2428, proton
reaction transfer time-of-flight mass spectrometry (PRT-TOF-MS)! and GC coupled with
mass spectrometry (GC-MS), ion mobility spectrometry (CC-IMS) or flame ionization

detector (GC-FID)” comprise analytical techniques commonly used for breath analysis.




However, spectrometry and spectroscopic methods exhibit important limitations.'> Bulky
equipment of high cost is used, by appropriately trained personnel, while the analysis is
time-consuming®>4’” providing no real-time results*. Also, pre-concentration methods,
required before the analysis, could potentially lead to sample loss/contamination.?%4’
Thus, despite the advantages of those analytical techniques, their use in clinical practice

for point-of-care®® or screening® is prevented.

2.3.  Gas sensors and breath analysis
During recent years, methods other than analytical techniques, specifically sensors and e-
Noses containing nanomaterials, have exhibited the prospect of becoming strong

diagnostic tools via breath analysis and are rising up to the existing clinical challenges?®:2%.21,

2.3.1. Sensors — Basic Principles and Characteristics

In general, the term sensor refers to a device able to receive a signal or stimulus, of physical
or chemical nature, and respond, producing an electrical signal. Chemical sensors comprise
devises that respond to various chemical stimuli and are used in order to identify and
quantify specific chemical substances of liquid or gaseous phase (gas sensors). They are
extensively used in industry, for process quality control and minimization of health risks
due to dangerous gases exposure®®, while their use is investigated in the fields of

environmental and health care®. The working principle of a chemical sensor is depicted in

Figure 2.°°
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Figure 2. Depiction of the basic working principle of a chemical sensor. Reprinted with permission from Ref.

[50] Copyright © 2014 Elsevier Inc.
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The recognition element of the sensor is responsible for the chemical recognition of the
desired compound (analyte) and is able to transform the chemical information (e.g., pH,
concentration) into a measurable form of energy.>° The molecular interaction of the sensor
with the targeted analyte during exposure leads to commonly reversible physical or
chemical alternations.3® A thin film is commonly used to enhance recognition element
function, by interacting with the analyte molecules, participating in a chemical equilibrium
along with the analyte or selectively catalyze a reaction. The second important chemical
sensor component is the transduction element, or else transducer, which converts the

chemical information into a measurable analytical signal, based on electrochemical, optical

Table 2. Definitions of performance parameters used for sensor evaluation.?®

Parameter Definition

Sensitivity Alternation of sensor output response per unit of analyte concentration over the entire range of
signals. Greater performance of the sensor is indicated by higher sensitivity.

Selectivity Ability to differentiate the targeted analytes in a complex mixture of various gases. Exposure of

the sensor in a sample containing the desired analytes in the presence of potential confounding
compounds permits the measurement of selectivity (using the calibration curves of response vs
concentration, the ratio of response signal of the analyte to those of interfering compounds is
measured).

Limit of Detection

The lowest concentration of gas analyte that the sensor can reliably detect.

Dynamic Range

The range of operation, from the limit of detection to the upper limit of detection.

Response time

The time that the sensor needs for a stable response (90% of final response) to be achieved.

Recovery Time

The time that a sensor needs to reach the initial state (10% of the baseline) after the analyte is
removed from the sensing chamber.

Signal-to-noise
ratio

The ratio of the intensity of a sensor signal (desired) to the intensity of the background noise
(undesired).

Stability

The ability of producing the same output response over time, for a given experimental condition.

Reproducibility

The ability of the sensor to produce equal output response for different experimental conditions.

piezoelectric or electronic properties.”® The electrical output signal of the sensor can be
channeled, amplified, and modified by electronic devices*®. Gas sensors respond to the
presence of an analyte commonly by changing the electrical signal measured (current,
capacitance, resistance/impedance, voltage or electrical potential). The evaluation of gas

sensor performance is achieved by quantifying a series of specific parameters (Table 2).2°

2.3.2. Use of nanomaterial-based sensors in breath analysis
2.3.2.1. Advantages of nanomaterial-based sensors
During last decades, research interest has notably focused on the development of chemical

sensors incorporating nanomaterials.®>%5%52 Despite exhibiting inability of qualitative
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analysis in complex samples and poor quantitative performance, as well as humidity
sensitivity and relatively short life, nanomaterial-based gas sensors possess major
advantages that render them exceptionally promising'®. The small dimensions (typically 1-
100 nm) increase the surface-to-volume ratio and the interaction sites of nanomaterials®*°.
The creation of novel interfaces®®** leads to high sensor sensitivity and small
response/recovery times®®. Higher specificity for a desired analyte is also achieved, by
sensibly selecting physical and chemical properties of the nanomaterials®>. Those
properties are attributed to the size, shape and composition of nanomaterials®* and can,
thus, be easily modified®®. The similar dimensions between nanomaterials and
biomolecules renders the former attractive for application in medical diagnostic devices>*.
Combination of nanomaterials with different properties — easily accomplished by large-
scale manufacturing methods® — permits synergistic sensing ability of the device®'>, also

characterized by simple, portable and energy-efficient operation®.

2.3.2.2.  Sensing Approaches

Exhaled VOCs analysis using sensors — especially nanomaterial-based — can be achieved by
two different approaches. In the first case, a targeted approach is applied, using a selective
mechanism.”?” The target is recognized by a selective chemical sensor, designed to
measure this single compound in a complex mixture, based on lock-key mechanism’. Such

selective sensors have been developed for NO, NHs, acetone, H20,%1>, H2S and CH3SH.

Disease diagnosis via breath analysis can be achieved detecting a unique VOC pattern,
rather than a single exhaled compound, as already mentioned. Semi-selective/cross-
reactive sensors are artificially intelligent nanoarrays®® mimicking natural sensing
systems>*>>, also called “electronic noses” (e-Noses), “artificial olfactory systems” (for gas
analytes) or “electronic tongues” (for liquid analytes). Distinct sensors constituting the
array respond to all/large part of the components of a complex mixture®*, at the same time,
in a competitive way>°. Due to their diversity, each individual sensor of the array responds
differently (yet not chemically selectively) to a given mixture. Statistical pattern-recognition
algorithms and classification techniques are used for the establishment of analyte-specific
response patterns, combining the responses of the sensor array elements.>* As a result, an

algorithm able to distinguish different mixtures of VOCs is constructed®>. It is noteworthy
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that even the analytical techniques, e.g., GC-MS, are progressively used for the analysis of

total patterns of VOCs, instead of targeting a stand-alone biomarker?®

Selective sensing

Response
Healthy Unwell

(EEHE A S
12345

Time Sample

Response

Time

Nanomedicine ® Future Science Group (2013) Crossreactive sensing

Figure 3. Schematic representation of working principle of nanomaterial-based selective sensors and cross-
reactive sensor arrays. Reprinted with permission from Ref. [20] Copyright © 2020 Elsevier Inc.

Multivariate data analysis, a fundamental tool in breath analysis, improves the human
perception of experimental data?’. Response data obtained after sensor array exposure to
a complex chemical mixture are processed by multivariate data analysis®®in order to assess
the discriminating ability of the sensor array?®>’, as well as for the elimination of potential
confounding variables (i.e. environmental temperature and humidity).>® Multivariate data
analysis is also useful for breath analysis using analytical techniques, permitting the
identification of the most discriminant VOCs between the different groups studied?®.
Numerous multivariate analysis methods are used in e-Nose systems, including Canonical
Discriminate Analysis (CDA), Partial Least Squares regression (PLS regression), Discriminant
Function Analysis (DFA) and Principal Component Analysis (PCA).>® PCA comprises the most

commonly used method in e-Nose systems>®, while DFA is also frequently used.

PCA is an unsupervised learning technique in which the multidimensional data space is
reduced to its main components.?’ Linear combinations of original data (i.e. sensor values)
capturing the maximum variance between all data points are acquired?>°8, leading to a
reduced set of variables®?, called principal components (PCs). The differentiation of the PCs
maintaining most of the original data information from the PCs with the minimum effects,
which are excluded, is achieved by appropriate algorithm>°. PCs define new orthogonal

axes, for the multidimensional data to be represented in two or three dimensions only?>>8
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(data of lower dimension>®). Thus, a visualized statistical analysis is obtained, permitting

discrimination of otherwise entangled data>°. PC1 is characterized by the greatest response

variance, while the magnitudes of variance are diminished from PC2 to PC3 and so on?%°8,
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Figure 4. Representative two-dimensional PCA plots for breath analysis results, for prostate cancer diagnosis
(a) without and (b) with relative humidity compensation, and for breast cancer diagnosis (c) without and (d)
with relative humidity compensation. Reprinted with permission from Ref. [58] Copyright © 2012, American

Chemical Society.

DFA is a linear supervised pattern recognition method, also used for multidimensional
experimental data reduction®. DFA aims to separate previously known groups to the best
possible extent®l. The determination of the classes to be discriminated is conducted prior
to the analysis®. Input variables are linearly combined, to achieve the maximum variance
between classes and the minimum variance in each class®®%!. DFA output is a set of
canonical variables (CVs) which comprise the dimensions that fulfil the previous two

requirements. The first CV is the most powerful discriminating dimension®.

In order to evaluate sensor array suitability for disease diagnosis, assessing the ability to

correlate VOCs with the appropriate disease, machine learning techniques®, such as
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Support Vector Machines (SVM), k-nearest neighbor (k-NN) and neural network analysis>®,
are also needed. Machine learning techniques are a field of artificial intelligence aiming at
permitting machines to automatically imitate a specific behavior, designing and developing
algorithms based on empirical data, representative of the relation between the observed
attributes®?. The automatic learning of complex patterns and the intelligent decision
making, based on current data, comprises one of the principal research fields in machine

learning® and is especially useful in the development of e-Noses for disease diagnosis.

ANN is a commonly used machine learning technique, inspired by human nervous system.
The most discriminant sensing features are firstly determined and comprise the input data
of the ANN. The input data are connected with the output (i.e. the classification of samples
to specific disease) by the ANN, using a set of appropriate functions. The classification from
the available inputs is ameliorated by optimizing specific parameters, such as the number

of neurons (calculation centers), which are in charge of the calculations of the system.®°

2.3.2.3.  Required properties of sensors for application in breath analysis

A number of requirements have to be fulfilled for the use of a nanomaterial-based sensor
in breath analysis for disease diagnosis. Reproducibility® and high sensitivity, for small
concentration alternations to be detected?>, are two fundamental parameters. Low limit of
detection (LOD)*?® (ppb>?), wide range of response>* and increased selectivity are of great
importance, in order to detect the exhaled VOCs in the presence of water vapor found in
the humidified clinical samples'®. Stable baseline in VOC absence®, short response and
recovery times are imperative®>2¢, while full recovery of the sensor after analyte removal
from the sample chamber is essential as well. Alternatively, disposable sensors can be used,
providing simple and low-cost production are possible, permitting massive

manufacturing.’® Last but not least, operation at RT is important>4.

2.4.  Polymeric Films and Gas Absorption

Gas sensors commonly possess a thin polymeric film as a sensing element, interacting with
the gaseous analytes, provoking an alternation of a measurable property. As analyzed later,
polymeric films are commonly combined with nanomaterials. The second part of the thesis
analyzes the factors affecting response and selectivity of a polymeric film-based sensor.

Consequently, it is necessary to describe the background of the processes that take place.
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Gas absorption into the sensing polymer is the key process changing a measurable film
property (mass, resistance). On Table 3, four usually confused terms, with similar
terminology are presented®%4. Gas absorption is deemed as gas dissolution in absorbent®*,
while adsorption and absorption usually occur simultaneously®3. Measurable property
alternation, due to gas absorption, both thermodynamically and kinetically controlled®>.
Gas absorption is governed by the diffusion laws (Fick’s First and Second Low, kinetic

factor®®), while gas solubility (thermodynamic factor®®) in the polymer is also required®’.

Table 3. Definitions of adsorption (physical/chemical), absorption and sorption.

Phenomenon Definition

Physical Adsorption  Surface phenomenon. Gas molecules: on the surface of the material, via dispersion forces.®3

Chemisorption Surface phenomenon. Gas molecules: on the surface of a material, via chemical bonding.&3

Absorption Bulk phenomenon®*. Gas entrance inside the absorbent, changes the solid structure, without
chemical bond formation. Swelling of absorbent swelling is commonly caused.53

Sorption Physical sorption and absorption, without chemical bonding formation.3

2.4.1. Diffusivity

The diffusion coefficient D, or else diffusivity (in m?/s) expresses the amount of matter (m)
passing through a unit area per second, due to a unit gradient of concentration. D is, time
and temperature and gas concentration dependent®®, while it is also significantly
dependent on the polymeric material®. In the case that D is only temperature dependent
diffusion is called Fickian diffusion. Simple gases undergo Fickian diffusion in polymers,
while D is independent on the concentration of the penetrant and penetrant-polymer
interactions are weak. In contrast, in the case of organic vapors, gas-polymer interactions
are stronger and D is concentration dependent.®® Generally, gas diffusion is thermally
activated. The energy required for the dissolved molecule to jump into another hole of
molecular size of the polymeric matrix (activation energy of diffusion) comprises the
predominant parameter of diffusion. In the case of organic vapor, activation energy is gas
concentration dependent.®® It is, generally, greater for larger molecules, while diffusivity is

smaller.5668 Thus, diffusivity is closely correlated with the molecular size of the analyte.

Diffusivity comprises an important parameter determining the sensor-response rate. Gas
diffusion acceleration in the polymer leads to faster change of the measurable property

and, thus, faster response. Recovery time is, also, expected to be reduced, as desorption is
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the reverse process of absorption.®® Consequently, factors affecting gas diffusivity in the

polymeric matrix are expected to determine sensor response/recovery time.

2.4.2. Solubility

Gas absorption in the polymeric matrix is also dependent on gas solubility in the polymer,
or else the affinity of the gas for certain polymers, which is a thermodynamic factor®®. In
general, the nature and the magnitude of polymer-penetrant interactions in reference to
penetrant-penetrant and polymer-polymer interactions determine the penetrant solubility
in a polymer. Shape and size distribution of open spaces between the polymeric chains, in
which the penetrant molecules dwell, also comprises an important factor.”® Organic-vapor
solubility in polymers follows primarily the general rule of solubility “like dissolves like”, i.e.
it is driven intermolecular forces formed between the two compounds. These may include
dispersion/non-polar, permanent dipole-permanent dipole/polar and hydrogen bonding
interactions.®”-”! From a similar point of view, chemical structure similarity of polymer and

gas could be taken into account, as similar chemical structures favor solubility.%®

2.4.2.1.  Hansen solubility parameter (HSP)

Various theories and methods have been proposed to predict gas solubility and sorption in
polymers’Y7273,74,757677,7879 \yith some concerning, specifically, polymeric sensing films of
gas sensors®%8l Remarkably, solubility parameter, 6, firstly introduced by Hildebrand and
evolved by Hansen, comprises a widely used method in industry and academia, and has
been applied for the prediction of gas solubility in polymers. The simplicity of this approach
has rendered 6 a key parameter for various similar applications, including solvent selection
in industry, surface characterization and prediction of polymer compatibility, permeation

rates, solubility, rubber swelling extent®”.”! and drug-excipient miscibility®.

The total energy of attractive forces holding the molecules of a liquid together (cohesive

energy) equals the vaporization energy, E®5%77174 §is defined by (eq.1), where the cohesive

energy density (ced), refers to the cohesive energy per unit volume (V: molar volume):677%74
8 =ced = JE/V,MPa? (1)

Taking into consideration the dispersion, Eq, polar, E,, and hydrogen bonding, En, cohesive

energies, due to the respective intermolecular forces, Hansen defined 6 as:

82=8,"+8,"+8, (2)
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where 64, 6, and 6 are the solubility parameters derived from E4 E, and Ex.”74 The
interactions between small molecules of one substance as expressed by 8, can be used to
predict their interactions with the molecules of another (or the monomers of a polymer)
and, thus, their miscibility.®3 Miscibility between a polymer and a solvent, for example, is
favored if their 6 are equal or similar.®® Respectively, since solubility is demanded for gas
absorption in polymers to occur, similar HSPs are expected to enhance gas absorption.
Thus, absorption equilibrium probably correlates with HSP values.®” The difference
between HSPs is given by the equation (3), where (P) and (G) indicate the polymer and gas,

respectively. The smaller the A§, the greater the gas solubility in the polymer is.%®

46 = \/ (Baery = Sa@)” + By = 8y @)+ (Bnpy — Sn@)” ()

2.4.2.2. Calculation of HSP — Van Krevelen Method

Solubility parameters of molecules and polymers can be calculated by group contribution
methods. In group contribution methods, the desired property of a molecule is estimated
by the values that the groups, from which the molecule is composed of, possess for this
property, using additive rules. Despite providing an approximation of the property, group
contribution methods are characterized by simplicity and have been used for the
estimation of a variety of different properties, leading to satisfying results.®” Various
methods have been developed for the estimation of Hansen solubility parameters,
including those by Hoy, van Krevelen and Hoftyzer and Hansen and Beerbower, among
others.®” Despite leading to somehow different results, those methods have effectively
been applied.t”848> Specifically, van Krevelen method has been extensively used®*# and

comprises an easily applicable method.

Van Krevelen method is based on the molar attraction constant, defined as
F=+ced -V (4)

The additive rules on which this method is based are the following:

. ZFpi2 .
§o=%4 (5) 5, =1 © 6= E ()

14 14

where Fq and Fp are the dispersion and polarity components of molar attraction constant,
respectively, and Ejy is the hydrogen bonding energy. The group contributions Fg;, Fpiand Enpi

for various structural groups are presented on Table 4. In the case that two identical polar
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groups are located in symmetrical positions, 6, is multiplied by a symmetry factor.

molecules with several planes of symmetry, 6, = 0.%6

Table 4: Solubility parameter component group contributions — Hoftyzer—Van Krevelen method.%¢

For

Structural Group Fai (MJ/m3)%/2 .mol-2 Foi (MJ/m3)¥/2 .mol-1 Eni J/mol

—CHs 420 0 0
—CH»- 270 0 0
>CH— 80 0 0
>C< -70 0 0
=CH> 400 0 0
=CH- 200 0 0
=C< 70 0 0
— 1620 0 0
—- 1430 110 0
“Renn 1270 110 0
—F (220) - -
—Cl 450 550 400
—Br (550) - -
—CN 430 1100 2500
—OH 210 500 20,000
-0- 100 400 3000
—COH 470 800 4500
—-CO- 290 770 2000
—COOH 530 420 10,000
—-CO0- 390 490 7000
HCOO- 530 - -
-NH2 280 - 8400
—NH- 160 210 3100
>N— 20 800 5000
-NO2 500 1070 1500
—S- 440 - -
=PO4 740 1890 13,000
Ring 190 - -
One plane of symmetry - 0.50x -
Two planes of symmetry - 0.25x -
More planes of symmetry - 0x 0x
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Chapter 3: Methods

The current thesis is based on a profound literature research, conducted during the period
25/02-30/05/2021, using the databases Scopus, PubMed and SpringerLink. The aim of the
thesis is, firstly, to provide an overview of the types of nanomaterial based-gas sensors
used for breath analysis, and, thereafter, to propose a method for polymeric sensing film-
selection, for a polymer-coated metallic nanoparticle-based sensor, for asthma, COPD, LC
and BC-related discriminant VOC detection. Thus, the three fields on which the literature

research focused on include:

1) Exploited properties of nanomaterials and working principle of sensors potentially used

in breath analysis for disease diagnosis — current applications.

2) VOCs identified patients’ breath and characterized as discriminant for the diseases

selected, in more than one studies, using analytical techniques, and

3) Factors affecting gas absorption in polymer and, thus, the selectivity and response of

sensors using polymeric sensing films.

In the databases referred, the combinations of key words [nanomaterials AND sensors AND
breath], [nanomaterials AND sensors AND “breath analysis”], [“nanomaterial-based
sensors” AND vocs], [“nanomaterial-based sensors” AND “breath analysis”], [“sensor
array” AND voc AND breath], [“electrochemical sensor” AND vocs] and [“electrochemical
sensor” AND “breath analysis”] were used for the first subject, [asthma AND voc],
[breathomics AND asthma], ["volatile organic compounds” AND asthma AND diagnosis],
["breath analysis" AND asthma], [copd AND voc], [breathprint AND copd], ["exhaled
breath" AND voc AND copd], [lung cancer" AND voc], [copd AND "lung cancer" AND
"breath analysis"], [asthma AND "lung cancer" AND "breath analysis"], [“breast cancer”
AND voc] and [“breath analysis” AND “breast cancer”] for the second, and ["gas sensing
materials" AND polymers], ["gas sorption in polymers"] ["gas solubility in polymers"] and

[polymer AND “gas adsorption”] for the last field.

The articles selected were written in English and published after January 1, 2004. Duplicate

articles and conference papers were excluded.
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As far as the research for the categories of nanomaterials and sensors is concerned,
research articles, review articles and book chapters were included. The studies selected
focus on the detection of VOCs in both synthetic and real-world samples, using non-
commercial sensors based on conventional materials and/or nanomaterials. In the case of
synthetic samples, the targeted VOCs were either selected as biomarkers by the

researchers, or characterized generally in the literature as known disease biomarkers.

For the compilation of the VOCs that are reported to differentiate asthma, COPD, LC or BC
patients from healthy subjects research and review articles were selected. Only human
studies were used, in which breath samples were analyzed, using analytical techniques, and
the identity of VOCs was determined, while experiments based on cell lines were excluded.
Retrieved studies concerning the use of commercial electronic noses for disease diagnosis

were separately selected.

The determination of the factors and the properties of the polymer that affect sensor
response and selectivity towards VOCs was based on research articles, as well as book
chapters. The selected studies focused on sensors possessing polymeric sensing films, on
which diffusion and solution of the analytes occur. It should be noted that some of the book
chapters used were published before 2004. The reference lists of the articles were

reviewed as well, for additional relevant studies to be included.
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Chapter 4: Results

4.1. Nanomaterial-based sensors in breath analysis
4.1.1. Categories and Properties of Nanomaterials Used

Different nanomaterials have been used in several gas sensors for VOC detection, as
transduction elements®. Metallic NPs, carbon nanotubes, silicon nanowires® two-
dimensional materials, metal oxide semiconductors in the form of nanowires, nanorods or

nanoribbons?® and hybrid materials are representative investigated nanomaterials.>?

4.1.1.1  Metallic nanoparticles (MNPs)

Noble metals (Au, Ag, Pt, Pd) possess exceptional chemical, physical and electronic
properties.®® They exhibit increased conductivity?®, mechanical robustness®®, oxidation
resistance and, thus, chemical stability.?%%° In the form of NPs, additional novel properties
— attributed to the increased surface area and the domination of quantum-mechanical
rules®’” — are exhibited, with optical (LSPR phenomenon)* and electrical®” being the most
interesting for gas sensing. The mechanical, optical and electrical properties of MNPs are
composition, size, periodicity and interparticle distance dependent®’. Notably, chemical

environment-dependence of those properties renders MNPs promising for gas-sensing®’:26,

MNPs, extensively investigated in gas sensors for breath analysis applications, are usually
combined with other nanomaterials (e.g., CNTs, graphene, MOS), to form more effective
sensing materials, by increasing sensitivity and selectivity of the sensing element2647,
AuNPs, for example, can be used for thiol vapors and H;S sensitive detection, due to
increased chemical affinity®®88, Concerning gas-sensor sensitivity, it is, in general, enhanced
by the presence of NPs, including metallic, on the surface of other sensing nanomaterials,
due to defects formation, on which gases are preferably adsorbed. Smaller NPs lead to
greater surface area, increasing the defects and, thus, sensor sensitivity.®? MNPs can, also,
be functionalized with a variety of organic ligands, forming thin films with tunable chemical
selectivity (molecularly-capped NPs, MCNPs), characterized by controllable interparticle
distance and, thus, reproducible production.>* Apart from organic ligands, also polymers

can be used as coating materials of MNPs, for chemical cross-selectivity to be achieved®’.

4.1.1.2. Metal oxide semiconductors (MOS)
MQOS are commonly used in different types of sensors as sensing materials, oxidizing or

reducing gas detection. Transition MOS (e.g., NiO, Cr.03) are more efficient for gas sensing
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applications than the non-transition MOS (ZnO, Sn03), due to more than one preferred
oxidation states.’” Increased affinity of MOS for negatively charged oxygen species (e.g., Oz~
, 07), in contrast to compound semiconductors (e.g., GaAs)®°, provokes the creation of
surface-trapped charge density; electron depletion layers are formed in n-type and hole
accumulation layers in p-type semiconductors’?°. Gas interaction with the adsorbed
oxygen species alternates the surface charge density, alternating resistance.” Specifically,
oxidation of reducing gases by the adsorbed oxygen species leads to electron transfer
towards the semiconductor surface. The adsorption of oxidizing gases, on the other hand,

provokes removal of additional electrons from semiconductor surface.

Both n-type MOS, including SnO3, ZnO, WQ3, TiO2, MoOs3, In;03 and Fe;03, and p-type MOS,
such as Co3z04, CuO, NiO, Cr;03 and Mn304, have been used in gas sensors for disease
diagnosis®. MOS sensitivity is affected by numerous parameters, such as morphology,
porosity, particle size, film thickness and doping of MOS, decoration with noble metals, as
well as operation temperature.?* Consequently, various MOS of different structures have
been investigated for gas sensors as diagnostic tools, for a variety of diseases. MOS are
commonly combined with noble MNPs and 2D-materials. WOs3, for example, has been used
as villi-like nanostructures®!, Pt-NP decorated nanotubes®? and hemitubes combined with
graphene®3 for NO°1?2, toluene®?, acetone or H,S°3 detection, as asthma, LC, diabetes and
halitosis biomarkers, respectively. Pt-NP decorated SnO> nanotubes/hierarchical fibers®,
Sn02-NPs/noble metal NPs decorated-SnO; nanosheets® CuO decorated-SnO, NWs®® have

been studied as well, for acetone, toluene®* nonanal®> and H,S°® detection.

Interestingly, in some cases MOS arrays, such as Pt/Si/Pd or Ti-doped SnO, NPs®’, pristine
and PtNP-decorated WO3 hemitubes®® and WOs, SnO2 or In,03-based thin films/Au-thin
films/villi-structures® have also been used for cross-sensitive applications, for diseases
such as LC, diabetes, halitosis, kidney disorders and asthma. Notably, among the
semiconducting nanomaterials CNTs, graphene-based nanomaterials and MQOS, the latter
have exhibited the highest response towards acetone, thus holding great promise for
diabetes diagnosis®. Despite their enticing applications, however, MOS possess important
limitations, including high temperature operation?® (150-500°C) and confinement to single

gas detection, due to lack of selectivity towards polar-nonpolar compounds.’
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4.1.1.3.  Carbon nanotubes (CNTs)

CNTs are investigated as gas sensing materials for their interesting electrical, mechanical,
optical and thermal properties?®'%, as well as for their compatibility with other
nanomaterials for enhanced performance’. CNTs are divided into single wall CNTs
(SWCNTSs), with a diameter range 1-5 nm®®, and multi wall CNTs (MWCNTSs), with a diameter
range 5-100 nm’ and an interlayer spacing of 3.4 Ass. Concerning their electrical properties,
which are most commonly exploited, SWCNTs act as metallic conductors or
semiconductors (depending on the chiral angle between hexagons and tube axis), while

MWCNTs behave as metallic conductors, with current density up to 10° A/cm?2.”

CNTs-analyte interaction may include Van der Waals or donor-acceptor interactions. Gas
adsorption-provoked charge-transfer, though, is the main mechanism of CNTs-based gas
sensing. SWCNTs, specifically, can function as p-type semiconductors.”?%8 QOxidizing gas-
adsorption, such as NO,, decreases sensing-layer resistance, due to electron withdrawing
by the gas. In contrast, reducing analyte-adsorption, such as NHs, increases resistance.?®

Apparently, in this case SWCNTs comprise both the sensing element and the transducer®®.
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Figure 5. Schematic representation and SEM images of (a) carboxylated SWCNTs aligned between Au
electrodes and (b) Au-decorated carboxylated SWCNTs, as a sensing film of gas sensor (FET), for enhanced
H2S sensing. Reprinted with permission from Ref. [88] Copyright © 2011 Wiley-VCH Verlag GmbH&Co. KGaA,

Weinheim.

Both categories of CNTs, however, are characterized by lack of chemical selectivity, high
H.0 affinity, low sensitivity for nonpolar compounds>* and slow recovery’. For this reason,

functionalization is imperative. Decoration with MNPs for enhanced selectivity (e.g., AUNPs
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for H,S detection®®) is referred in the literature.>* More importantly, CNTs are commonly
functionalized with analyte specific entities, covalently (esterification, amidation of
carboxyl groups added to CNTs) or non-covalently (supramolecularly, via Van der Waals
and -t interactions).8® Modification of CNTs with non-polymeric organic layers®* (e.g.,
polycyclic aromatic hydrocarbons®?) or polymers®® (e.g., PCL, PLA, PC, PMMA and BPR?)
have been used for the development of effective cross-reactive gas sensors as diagnostic
tools via breath analysis. Additionally, CNTs-polymer based sensors targeting single volatile

biomarkers, most commonly ammonia, have been developed?86103.104,

4.1.1.4. Nanowires (NWs)

NWs have, also, been investigated for gas sensing systems, with SINWs being by far the
most common. MOS-NWs have also been investigated as semiconducting sensing elements
for VOCs detection, as previously referred. SiINWSs possess interesting optical and electrical
properties and compatibility with the technologies currently used in microelectronics®?,
acting as n-type or p-type semiconductors, with maximum operation temperature that of
150 °C. Conductivity is altered depending on the nature of the gaseous analyte
(oxidizing/reducing) and the type of SiNWs (n- or p-type), while the adsorption of charged
oxygen species (02~ at 150 °C) determines the NWs conductance properties, respectively
to MO0S.%% VOC polarity is of great importance, as well, as physical adsorption of polar
molecules, via Van der Waals or electrostatic interactions, affects the surface potential”1%,
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Figure 6. Schematic representation of A) SiINW-based gas sensor (FET) with horizontally (a) or vertically (b) formed
NWs. Reprinted from Ref. [105], and B) molecularly modified SiNWs-based gas sensor (FET). Reprinted with
permission from Ref. [108] Copyright © 2014, American Chemical Society.

Modification of SINWs properties is feasible’. SINWs doping determines sensor sensitivity,
affecting the number of charge carriers of the NWs, similarly to MOS'%. Chemical

functionalization with appropriate molecular ligands (e.g., alkane-backbone silanel,
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trichloro phenethyl silane or heptanoyl chloride®), on the other hand, enhances sensor
selectivity, as non-polar vapor detection by pristine SiINWs is inefficient, in contrast to polar
VOCs’. Molecular modification serves, also, the fabrication cross-reactive sensor arrays, for

the detection of VOC patterns as potential biomarkers>#60:107,108

4.1.1.5. Two-dimensional (2D) materials

2D-materials, such as graphene, MoS;, MoSe;, WSe; and NbSe; have been investigated for
gas sensor development. Their main advantage is the low-powered sensor operation at RT,
while they are characterized by unique electrical properties?® and large surface-to-volume
ratio?®!%, The latter renders 2D materials excellent candidates for gas sensing
applications'®. Gas analyte adsorption at the multiple active sites of the edges and surface
defects of the layer alternates the electronic properties of the material. Similarly to CNTs,
charge-transfer interactions comprise the basis of gas sensing mechanism.?® Gas
adsorption alternates the resistivity of the sensor, depending on the type of gas
(reducing/oxidizing) and semiconducting 2D-material (p-/n-type)'®. Among 2D-materials,
MQOS, previously analyzed, transition metal dichalcogenides and graphene are extensively

used in gas sensing systems, targeting disease diagnosis via breath analysis”°%19°,

n-type or p-type 2D layer

Figure 7. Schematic representation of surface charge transfer interactions between NO2 and NHs molecules
and a semiconducting (p- or n-type) 2D material. Reprinted with permission from Ref. [109] Copyright © The

Korean Institute of Metals and Materials 2018.

Transition metal dichalcogenides (TMDs) (MXz, M: transition metal, X: S, Se or Te), such as
MoS,, MoSe,, WSe> and NbSe»,?® WS,, SnS> and SnSe»!1°, possess great structural and
optical features''! and tunable semiconducting properties''9, that render them prospective
materials for e-Nose development. TMDs are able to create flexible structures and operate

at low temperatures, however, the increased response/recovery times and the inability to
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fully recover after analyte exposure are important limitations'1°. To cope with these issues,

catalytic MNPs, which also improve sensor selectivity, may be combined!111,

Graphene is characterized by exceptional electrical, thermal and mechanical properties,
with the low resistivity (10® Q) at RT and the large surface-area (2630 m?/g, higher than
CNTs’, 1000 m?/g*°) being the most promising for gas sensing. Graphene can also behave
as a p-type semiconductor, while chemical functionalization is easily achieved.”*1°
Graphene derivatives have also been used for gas sensing applications. Graphene oxide
(GO) is characterized by a lower cost of production, however, its application in electronic
devices is hindered by reduced conductivity. Reduced graphene oxide (RGO), on the other
hand, exhibits tunable conductivity, along with greater gas responses than graphene, due

to the presence of oxygen functional groups that enhance gas adsorption.10%:110

Graphene has been studied for selective, rather than cross-reactive, gas sensor
development, targeting mainly NO2, NH3 and H>S, 1% as potential biomarkers for diabetes,
asthma, renal diseases, halitosis and LC®°. The detection of other biomarkers, such as

112 toluene and 1,2-dichlorobenzene!!3 by graphene-based sensors or

formaldehyde
acetone by a RGO-based sensor!'* are also reported. However, it is noteworthy that the
use of RGO-based gas sensors for biomarker-selective detection needs further

investigation, since the underlying gas-functional groups interactions are evasive.®

2D materials are usually combined with various nanomaterials, for enhanced sensing’. The
poor sensing performance of pristine 2D materials is primarily attributed to the weak
interactions of the adsorbed molecules and sensing layer?®. Graphene and RGO combined

with M0OSs*3>112 and MNPs®> may serve the development of gas sensing diagnostic tools.

4.1.1.6.  Hybrid Materials

Apparently, combinations of nanomaterials to form hybrid materials are extensively
investigated for gas sensing applications in disease diagnosis. The combination of different
(nano)materials improves sensing selectivity and sensitivity”26°* due to their synergic
action, rendering hybrids particularly promissing.>®* Combinations of CNTs with MNPs, 2D
materials with MOS or MNPs, as well as MNPs>”11>, MOS NPs or CNTs with polymers are
only some of the combinations reported”’. Particularly polymers ((semi-)conducting/non-

conducting®®) are commonly used for chemical selectivity to be achieved. Conducting
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polymers (e.g., polyaniline, polypyrrole, polythiophene), with conjugated double bonds in
their backbone, combine the electronic, magnetic and optical properties of metals or
semiconductors with the mechanical properties of common polymers. Conductivity
alternation is provoked by electrically-active analyte adsorption, due to redox interactions
with either the backbone or the incorporated particles, in the case of composites.®® Non-
conducting polymers are used as sensing films, incorporating conductive NPs such as
MNPs®’, CNTs2 or carbon black particles!'®, for semi-selective analyte absorption, which
leads to mass or conductivity changes of the polymeric nanocomposites. Molecular
imprinting polymers (MIPs) are a new class of sensing films, in which artificial analyte-

specific cavities have been created, for specific molecular recognition.17.118

4.1.2. Types of Nanomaterial-based Sensors in Breath Analysis
Different types of nanomaterial-based sensors have exhibited promising diagnostic ability
via breath analysis’. In the following part, those chemical gas sensors are categorized and

presented depending on the transduction method applied.

4.1.2.2. Optical Sensors

Optical gas sensors detect analytes by measurable changes of absorption, luminescence,
scattering, reflectivity, refractive index or optical path length®, provoked by the interaction
of the radiation with the desired gas or a selective layer®. In the first two cases, light

intensity or wavelength are measured.>®

Optical Fiber based

Working Principle

Optical fibers, possessing a chemical reagent (e.g., chemical dye) or a sorbent phase (e.g.,
polymeric film) as a reactive layer, are commonly used as transduction elements in optical
gas sensors®%8, specifically for VOC detection®. Upon vapor exposure, optical or structural
changes of the reactive layer alter the effective index and, thus, the light transmission

properties of the fiber.®

Sensing materials and diseases/analytes

Nanomaterials, single polymers or combinations have been used for optical fiber
modification, as sensing films for VOC detection. Hydrocarbon and aromatic compound
detection, as potential biomarkers of various diseases, (Table 5), for instance, has been

achieved, using a poly[methyl(3,3,3-trifluoropropyl)siloxane]-coated optical fiber, with low
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LOD, attractive for disease diagnosis.!'® As a hybrid material, a thin film of poly (allylamine
hydrochloride) and SiNPs, infused with tetrakis (4-sulfophenyl) porphine, has been used as
an optical-fiber coating, for the selective detection of methanol, in presence of water and
other alcoholic vapors.??® Also, PMMA-based fibers functionalized with nanocrystalline
bismuth oxide clad have effectively detected NHs, ethanol, methanol and acetone,

exhibiting increased selectivity for methanol.*?!

The use of graphene, usually combined with MNPs!?2123 has, also, been investigated.
PtNPs-GO'?? and AgNPs-GO*?3 functionalized optical fibers have been efficiently developed
for NHs selective detection. Remarkably, PtNPs-functionalization increased the sensitivity
in comparison to pristine GO, while the concentration of AgNPs was inversely correlated
with the sensing sensitivity, thus designating the benefits, as well as the vulnerability of the

synergistic effects of hybrid materials.

Despite the fast response and recovery of such optical sensors, as well as their extensive
investigation, in laboratory level, in the field of breath analysis for VOCs detection, they are

scarcely studied for real sample experiments®.

Colorimetric
Working principle

Colorimetric sensors, usually classified as a sub-group of optical sensors?’, are based on
environmentally dependent color changes'®>. Chemo-responsive indicators, able to
chemically react and change color in a distinct way upon exposure to different gas analytes®
are used, permitting analyte identification®1. Thus, the response upon analyte exposure is

based, not on the physical properties, but the chemical reactivity of the indicators*>.

Sensing materials and diseases/analytes

There are five possible categories to which an indicator may belong to; pH responsive,
(Brgnsted acidity/basicity); metal-ion-containing dyes (Lewis basicity — electron pair
donation); redox-responsive metal salts; nucleophilic indicators (responsive to electrophilic
analytes); dyes with large permanent dipoles (e.g., solvatochromic dyes)®. Such optical
sensors have been extensively investigated for cross-reactive applications in the field of
breath analysis, mainly for LC diagnosis (Table 5)124125126:127 The main challenges of such

sensors, however, include low sensitivity, high limits of detection and response times.
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Furthermore, their irreversible operation, that renders the development of disposable

single-use tests obligatory, is of great importance.”128

(<)
1.5mL
[}
124

Decane Undecane Heptanal Hexanal Benzene trirhe-thybenzene

°

5 10 15 20 25
'} Decane 0.75mL
Decane  1.5mL
¢ Decane 3.0mL

|

Decane 0.75mL 2.00000- (B)

Decane  1.5mL (A)

Decane  3.0mL

) Undecane 0.75mL

Undecane 0.75mL 100000 ¢ Undecane  1.5mL
Undecane  1.5mL Q Undecane  3.0mL
Undecane - 3.0mL ’ Benzene 0.75mL
Benzane 075mL 0.00000-{ ' Benzene 1.5mL

o]
a
~
Benzene  1.5mL IS Benzene 3.0mL
Benzene 3.0mL E 1 124-trimethylbenzene 0.75SmL
1,2,4-trimethylbe 0.75mL < 100000 Y 124-trimethylbenzene 1.5mL
A-trimethylbenzene 0.75m! i
124 trimethylbenzene lij; '7 1 12ptimdlylieizens, 13.0nL
124-trimethylbenzene  3.0mL A gexaﬂa: 07?2%
2,000001 A Hexanal 1.
Hexanal 0.75mL A Hexanal 3.0mL
Hexanal  1.5mL @ Heptanal 0.75mL
Hexanal 3.0mL 30000 @ Heptanal 1.5mL
—|_l : @ Heptanal 3.0mL
Heptanal 0.75mL. 200000 -1.00000 000000 100000 200000 P

Heptanal 1.5mL
Hﬁgtmal 3.0mL Q PC 1 (48.1%)

Figure 8. Detailed color difference maps of six VOCs at three volumes (0.75 mL, 1.5 mL and 3 mL saturated
vapor, respectively) saturated analyte vapor at 20°C, acquired by a metalloporphyrin-AuNRs and dyes based
optical chemical sensor. Detailed HCA (A) and scatter diagram of PCA (B) for the six VOCs of three volume

concentrations at 6.5 min. Reprinted with permission from Ref. [129] Copyright © 2014 Elsevier B.V.

Nanomaterials have been used for enhanced sensing properties. For the detection of VOCs
as LC biomarkers, for instance, the use of AuNRs modified metalloporphyrins, protected
from photodegradation, lead to good repeatability and increased long-term sensor stability
and shelf-life.*?° Apart from MNPs, other nanomaterials can be used for the enhanced
colorimetric sensors performance. Lead Acetate (PbAcz) NPs anchored to polyacrylonitrile
nanofibers, for example, were investigated, for H,S colorimetric detection, as a halitosis

biomarker, with a LOD of 400 ppb, far lower than the 5 ppm of PbAc; paper tests.13°

LSPR-based
Working principle

Non-conventional chromophores, such as MNPs (e.g.,, Au, Ag, Cu), have also been

investigated in optical sensors, due to their interesting optical properties. Localized surface
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plasmon resonance (LSPR)-based gas sensors*”>® are based on the dependence of the NP
refractive index on the surrounding dielectric environment of the NP# (i.e., coating,
surrounding medium, supportive substrate®’). Refractive index alternation changes the
wavelength of the incident light. The main advantage of MNPs are the extinction
coefficients of several orders of magnitude higher than those of conventional dyes, in the

visible region, allowing higher sensitivity and lower LOD for the desired analyte.?’

Sensing materials and diseases/analytes

Optical detection of VOCs using various compositions and shapes of MNPs has been
reported. AuNPs, AgNPs and AuNSs have been used for chlorobenzene, m-xylene,
pentanol, toluene and octane!3. Hybrid materials containing MNPs have been used as well.

Polymer-coated Au nano-islands, for instance, have effectively detected a-pinene.3?

SERS-based
Working Principle

Another, more widespread, application of the LSPR phenomenon of MNPs in optical
sensors is SERSY, i.e., the enhancement of Raman signals enhancement due to the LSPR
phenomenon. SERS is a vibrational spectroscopy technique®3? that permits single-molecule
detection levels, and has been investigated, among others, for VOCs detection, as potential

biomarkers!34.

Sensing materials and diseases/analytes

Functionalization of different MNPs with appropriate molecules has been reported for
selective VOC-detection. Aldehyde detection as LC biomarkers, by SERS-based sensors
seems prospective.’3*135 Dendritic Ag nanocrystals, coated with the aldehyde-selective
probe molecule p-aminothiophenol achieved low LOD (low ppb), in presence of
confounding LC biomarkers (hydrocarbons, alcohols, ketones, esters, nitrogen and
aromatic compounds).’®> NO detection, as a biomarker of asthma®’, as well as
hypertension, arteriosclerosis, diabetes and rheumatoid arthritis, has also been achieved.
o-Phenylenediamine-modified AuNPs have permitted selective chemical reaction between
functionality moieties and NO, that leads to nanoprobe SERS variations, achieving a LOD of

1.7-107 M, in presence of H,S and CO.133

As it can be observed, SERS-based sensors have been developed for the selective detection

of a specific VOC or classes of VOCs, rather than cross-reactive detection. Notably, optical
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sensors, in general, are not preferred for e-Nose development, mainly due to their size and

the complexity of the signal conditioning systems needed.®

4.1.2.3.  Piezoelectric Sensors

Generally, piezoelectric materials produce voltage due to mechanical stress applied, and
vice versa®’. Piezoelectric sensors are sensitive to mechanical stress'> and are used as mass-
sensitive sensors®’. Acoustic wave devices are used in piezoelectric sensors, also called
mass, gravimetric or microbalance sensors. An oscillator circuit is used for acoustic waves
generation, allowing the piezoelectric crystal used to resonate.”® The most important

categories of piezoelectric gas sensors are the QCM and SAW>®,

Quartz Crystal Microbalance (QCM)
Working Principle

QCM sensors possess quartz crystal resonators functionalized with different appropriate
sensing elements (e.g., metalloporphyrins3®%37  sensitive polymers, MOS or
nanomaterials).®°®1%% The acoustic wave propagates through the bulk of the crystal
perpendicularly to the surface, as well as on the surface with motion parallel to it.8” When
a gas is absorbed on the sensitive surface of a crystal, the mass changes, alternating the
resonance frequency.'?® Typically, mass increase, decreases the oscillation frequency of the

resonator*®, which comprises the measured physical quantity!?2.

Sensing materials and diseases/analytes

QCM sensors are extensively used for both selective and cross-reactive VOC detection, and
are potentially applicable in breath analysis. MOS have been used as sensing films for
selective detection (e.g., ZnO NWs'3® and vertically-alighed ZnO NRs*3° for NHs detection).
Notably, VOC detection with MOS-QCM sensors is feasible at RT, despite the use of MOS,
as detection is directly connected to mass alternation, thus semiconductor charge carriers
are not needed'?®’. Polymeric materials have been extensively used as well. Selective
detection using polymeric nanofibers (e.g., PAA/PVA4° and PEI/PVA'*! nanofibers for NHs
and formaldehyde detection, respectively) and MIP-composites (SiNPs-containing MIP for
hexanal detection, as LC biomarker, in presence of trimethyl amine, NHs, ethanol, acetone,

acetic acid and diethyl ether!!®) has been demonstrated.

For cross-reactive applications, hybrid*? (Table 5) and polymeric sensing materials could

potentially be applied in breath analysis. Thiophene derivatives used for acetic acid,
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toluene, acetone, p-xylene, ethanol, 1-octanol, acetonitrile and water discrimination based

143

on polarity’*®, macrocyclic calixarene derivatives for ketones, alcohols, aromatic,

chlorinated compounds detection'** and MIP used for hexanal, nonanal and benzaldehyde

detection!!’

are some representative examples. Metalloporphyrin-based cross-reactive
sensors, though, investigated in real-world samples, seem as the most promising among
QCM sensors, as observed on Table 5. Such sensors have been examined for asthma, COPD,

halitosis®, LC and Tuberculosis diagnosis’ with particularly increased accuracy percentages.

Surface Acoustic Wave

Working Principle

In SAW gas sensors, the acoustic wave propagates only in parallel to the surface of the
piezoelectric crystal, penetrating about one acoustic wavelength in depth into the crystal.
Motion at the surface is both parallel and perpendicular to it.8” Crystal surface is modified
with a chemically selective layer®®>®, Exposure to the analyte affects the propagation
waves?*®, as the mass (acoustic field of the SAW) and/or the electrical conductivity (electric
field of the SAW, associated with the acoustic field) of the chemical interface are changed®.

Propagation frequency alternation of the SAW is caused and can, then, be measured®°°.

Sensing materials and diseases/analytes

Non-functionalized4>14® or polymer-functionalized!4’ SAW sensors have been combined
with GC columns, as detectors, for point-of-care diagnostic systems development. Breast
cancer'®®, Tuberculosis*® and LC'# patients, for instance, have been effectively diagnosed,
with accuracy 79%, 84% and 80%, respectively. Mere SAW sensors are, also, used for the
detection of both polar and non-polar VOCs, after modification with appropriate sensing

films.®

As in QCM sensors, MOS and polymers have been extensively used. MOS-based sensing
films, including ZnO, SiO», TiO2, Co304, WO3 and combinations’**® have most commonly
been used for selective VOCs detection (e.g., ZnO/SiO: bi-layer nanofilms4® or SiO2/TiO>
films®0 for NHs, ZnO/WO3'%! for ethanol detection). More interestingly, cross-reactive
detection by MOS-based SAW sensors has been reported. Using a layer of amino-
terminated iron oxide NPs, butanol, isopropanol, toluene and xylene, were detected with
low LOD (1, 12, 3 and 0.5 ppm, respectively)'>2. Polymeric film-based SAW sensors are more

widespread for cross-sensitivity. Sensor arrays with polymeric coatings of different
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composition (e.g., eight different polymeric coatings for chloroform, octane and xylene
discrimination®®3) or thickness (e.g., polyisobutylene films of thickness 10, 50 and 100 nm
for chloroform, chlorobenzene, o-dichlorobenzene, heptane, toluene, hexane and octane
discrimination'>*) have been reported. Such MOS and polymer-based SAW sensors hold a

great promise for potential breath analysis applications.

Additionally, CNTs”1*8 and hybrid materials®3#° have, also, served as sensing films. SWCNTs
and MWCNTs dispersed in ethanol or toluene, for example, have been separately tested
for ethanol, toluene and ethyl acetate sensing at RT, with a LOD of 1 ppm.%>> The main
advantage of CNTs is the enhanced SAW sensor-sensitivity, due to the ability to sense
variations not only in mass, but also in conductivity.!*® MWCNTs combined with other
materials (e.g., polyepichlorohydrin and polyurethane with different MWCNTSs percentages
in a 4 sensors-array, for toluene and octane detection'>® and CeO; for acetone and ethanol
detection'®) have permitted selectivity enhancement. Calixarene-modified
AuNRs/AgNCs>3® and pristine or AuNPs-functionalized zeolitic-imidazole-framework

158

nanocrystals™® used for the detection of LC and diabetes biomarkers, respectively, in low

ppm levels, comprise examples of attractive hybrid materials, as well (Table 5).

In comparison to QCM sensors, SAW are generally characterized by higher sensitivity,
while, as it can be observed, surface modification abilities are wider. On the other hand, it
can be noticed that, in both cases, apart from the sensing film composition that determines
sensor selectivity, the high surface area of the nanostructures comprises the fundamental
factor enhancing sensitivity, due to the creation of more adsorption sites
(defects).89139141152 |n general, piezoelectric gas sensors, investigated primarily in synthetic
samples, are characterized by increased sensitivity, small response time and low-powered
operation. However, the low signal-to-noise ratio and the complex electronic circuits

required may render this type of sensors less enticing for efficient e-Noses.>®

4.1.2.4. Electrochemical sensors

Working Principle

Electrochemical sensors are divided into potentiometric (voltage measurement),
amperometric (electric current measurement) or conductometric (conductivity or

resistivity measurement) and demand a close circuit for the measurement®. Analyte
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detection occurs on appropriate electrodes, on which a chemical reaction, oxidation or
reduction, takes place. Electrochemical sensors typically consist of a sensing (working)
electrode and a counter electrode, separated by a thin layer of electrolyte.®” The sensing
electrode, on which the reaction occurs, is characterized by high surface-to-volume ratio,
for signal enhancement, and is composed of catalytic materials, e.g., platinum, palladium
or carbon-coated metals,*® specific for the desired analyte®’. Analyte-electrode reaction

generates a sufficient electrical signal®’, measured with respect to the counter electrode.*

Sensing materials and diseases/analytes

Electrochemical sensors have mainly been used for selective detection of gas biomarkers.
For this purpose, conventional, polymeric and hybrid materials have been studied. Prussian
Blue electrocatalyst-modified carbon electrodes on wearable, paper-based sensor, has
been developed, for example, for H,0, detection, as a lung-disease biomarker!>®, As an
example of polymeric sensing films, cylindrical-nanoporous semiconducting polymers have
permitted NHs detection in ppb levels, via a redox reaction®®. Hybrid materials, especially
containing 2D nanosheets, are also reported in the literature for oxygen-compounds.
AuNPs decorated-MoS; nanoflakes for instance, have been used for oxygen-based VOCs
detection, such as the diabetes biomarker acetone!!!, while solid proton-conducting
electrolyte based on sulfonic acid co-functionalized cellulose nanofibers and GO

nanosheets has been developed for ethanol detection via oxidation, with LOD 25 ppm?Z,

Cross-reactive electrochemical sensors have been reported as well, for in vivo/in vitro
studies, aiming at diabetes, lung'®? and gastric cancer®® diagnosis (Table 5). Polymers'®?
and nanomaterials, including MNPs, CNTs, SiNWs, graphene derivatives and combinations,
have been used. Remarkably, ultrahigh sensitivity for two gastric cancer biomarkers (Table
5) has been achieved using a Au-AgNPs-MWCNTs glass carbon electrode, attributed to the
high surface area of both MWCNTs (Au-AgNPs adsorption enhancement) and Au-AgNPs
(electron-transfer acceleration). The synergistic catalytic activity of the bimetallic NPs, on
the other hand, enhances sensor-selectivity.’®®> Notably, electrochemical sensors are
constrained detecting the electrically inert simple aromatic compounds and hydrocarbons,
as the target analyte should be electrochemically active.8” However, recently, the detection
of cyclohexane, along with formaldehyde, has been reported using a SINW-rGO sensing

film, due to cyclohexane-oxidation catalysis by rGO.6
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Figure 9. Schematic representation of a (A) chemiresistor (B) transistor and (C) electrochemical sensor.
Reprinted with permission from Ref. [26] Copyright © 2021 Wiley-VCH GmbH.

4.1.2.5. Field-effect Transistors (FET)

Working Principle

Field-effect Transistors are voltage-controlled® devices consisting of two electrodes — the
source and the drain electrode — a semiconducting channel, an insulating gate and a
conducting gate electrode?®. The current flows between the source terminal and the drain
terminal through the semiconducting channel, by applying a source-drain potential.
Voltage applied between the source terminal and the gate terminal controls the current
flowing between the source and the drain, as well as the conductivity of the conduction
channel. For a constant source-gate voltage, exposure to gaseous analytes can affect the

conductivity of the conduction channel.® 26

Depending gas analyte-type and the carrier of the channel material (holes/electrons), the
charge carrier concentration of the semiconducting channel material and, thus, the channel
current, can be altered upon sample exposure. In the case of an n-channel FET (electrons
as charge carriers) oxidizing gas exposure leads to electron withdrawing from the n-sensing
layer, reducing the majority carriers of the channel region and, thus, decreasing the current
flowing through this. In the case of exposure to a reducing gas (electron donating) or FET
with a p-type channel (positive holes as charge carriers) exposed to an oxidizing gas, the

current flowing through the channel increases. Measurement of current alternations
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permit the detection, as well as the quantification of gas analytes, after appropriate
calibration.?® The gate voltage applied permits control of sensor sensitivity, providing it is

set in order to permit the maximum conductance variation'®.

A chemical FET can also possess a gas-selective coating/a series of coatings between the
transistor gate and the analyte. Different chemical modification of the gate allows reaction
with different chemical species, permitting their differentiation.*®® For ion sensitive FETs,
charged species at the sensing interface of the gate alternate the polarization of the
semiconductor/dielectric interface beneath. Electron conductance through the
semiconducting channel is sensitive to gate polarization and the chemical modification of
the gate can either attract or repel the semiconductor-charge carriers. Thus, measuring the
source-drain current, the polarization of the sensitive interface can be determined.?”

Channel conductivity is also affected by the gas-analyte polarity. Adsorption (molecular
gating) of polar molecules on the outer surface of the conducting channel is considered to
provoke changes in the electric field. Molecular binding of non-polar molecules potentially
alternates the density of charged surface states of the functionalized semiconductor
surface, due to analyte induced conformational alternations, or affects the dielectric

medium close to the semiconductor surface.®166

Sensing materials and diseases/analytes

FET sensors are commonly developed using nanomaterials as sensing elements, comprising
the conductive channel, however, mainly for the detection of simple gases. CNTSs,
specifically SWCNTSs acting as p-semiconductors, have been extensively investigated for the
CNTFET gas sensor development, possessing p-transistor characteristics.”-2® Pristine CNTs
have been used for the detection of the oxidizing gases NO®7 and NO,'7/168169 and the

reducing gas NH36716°, as well as for ethanol and benzene detection®®,

2D material-based FETs have been developed as well, using TMDs or graphene derivatives.
WS; n-type semiconducting multilayer nanoflakes have been used for ethanol and NH3
detection under light illumination’%, while MoS; multilayer-based FETs permit NO’* or
NHs3 and NO; detection under illumination?’2. rGO-based FETs permit ethanol’3, NH3 and
NO: detection achieving low ppb LOD’4, while NH3 detection is also reported using NO,-

dopped graphenel’>.
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NWs are also a common sensing material for FET sensors, including SINWs and MOS NWs,
such as Sn03, ZnO, In2031%>185 Using pristine SINWs, it is possible to accurately discriminate
VOCs with high dielectric constants, such as methanol, ethanol and 2-propanol, using
pattern recognition methods.'’® As far as MOS NWs are concerned, mainly n-type MOS
have been studied. SnO> NWs, for instance, have been used for acetone, ethanol and
methyl ethyl ketone accurate discrimination, by gate or temperature modulation of the FET
sensor, that alternates sensor responses and affects VOC selectivity!’’. p-type MOS NWs
are also reported to achieve effective VOC detection, such as CuO NWs for NO; and ethanol
vapor detection'’®, Complementary-MOS based sensors have also been investigated, along
with pattern recognition methods, especially for acetone, acetic acid ethanol, propanal,
butanol and hexanol discrimination. In this case, selectivity was also achieved, alternating

the drain-source and gate potential, without any further modification'’°.

FET arrays development, with elements based on different nanomaterials have also been
reported. For example, n-type semiconducting In;03, Sn0O; and ZnONWs combined with

SWCNT-FET, have successfully discriminated H2 and N2 and the VOC ethanol.®

Hybrid materials have also been used in FET sensors. 2D graphene/MoS; heterostructured
flexible and potentially wearable devices, in which graphene replaces the metallic
electrodes, have been reported for NO;, detection!®!. Combinations of CNTs with other
materials for sensing performance amelioration are also reported in the literature, such as
polypyrrole-SWCNTs for NH3'82 and Au-decorated SWCNTSs for H,S8 detection. Molecularly
functionalized CNTs have also been used for nonpolar and polar VOCs detection. As
representative LC biomarkers, decane and 1,2,4-trimethylbenzene, have been effectively
detected. Notably, it has been observed that CNT-functionalization determines the
semiconducting character of the material (tricosane-CNTs: p-type, pentadecane/dioctyl
phthalate-CNTs: n-type), thus affecting signal responses.'®3 More interestingly, molecularly
functionalized SiNWs have been used for cross-reactive FET sensors development,
targeting exhaled volatile organic biomarkers of asthma/COPD, gastric and LC, not only in
synthetic, but also in real-world breath samples, for patient discrimination (Table 5).60.184

Chemical functionalization allows for the detection of both polar and non-polar VOCs.
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4.1.2.6. Chemiresistors

Working Principle

Chemiresistors comprise promising gas-sensors, characterized by simple configuration and
working principle?®, increased reliability and decreased size and weight, while they are able
to be automatically packaged in wafer level, permitting massive construction of portable,
on-chip sensor arrays®’. Two pairs of electrodes are connected with an overlying sensing
layer, either semiconducting or metallic. IDEs are commonly used for enhanced sensing
response.?® Resistance of the sensing material, the physical quantity measured, changes
upon gas exposure, while constant current/potential is applied between the two
electrodes?®®’. Quantitative analysis of the analytes is possible, by measuring the change
of resistance/current?®. Notably, the main difference between chemiresistors and FET
sensors is the ability of the latter to provide not only current variations, but also threshold

voltage changes upon analyte exposure'®>,

Sensing materials and diseases/analytes

Nanomaterial-based sensing films, including MOS, graphene and CNTs are commonly used.
MOS-based chemiresistors (e.g., WOs3’!, Zn0'®>, SnO, or Cu,0%) are used for
oxidizing/reducing gases detection'®, both for single analyte detection, such as NO®!, and,
more essentially, for sensor-arrays'®’ (Table 5). Pristine 2D materials, such as graphene
derivatives have also been used for cross-reactive applications'®, e.g., for NO; and NH3'88
or toluene and 1,2-dichlorobenzene!'? detection. CNT-based chemiresistors have been
used for NO,®? or ethanol'*? selective detection, and, remarkably, for the development of
a flexible wearable sensor, to be incorporated in face masks, for the detection of exhaled
NHs, ethanol and formaldehyde®*. Nylon fibers wrapped with SWCNTs, MWCNTs and ZnO

QDs-SWCNTs were used for effective gas discrimination®?.

Furthermore, hybrid materials have been extensively used, particularly for sensor-arrays.
MNPs-decorated MOS are a common example®%94192.193,194 of chemiresistors detecting
toluene, acetone, NO; and H,S as LC, diabetes, asthma and halitosis biomarkers,
respectively. The combination of MOS, such as WO3 hemitubes®3, SnO,NFs®> or TiO, NFs
and nanoribbons!®® with graphene derivatives for H25°31%°, acetone®31°>1%  ethanol, NO

and CO™® detection, as well as graphene derivatives with conductive polymers for toluene
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detection'®” are reported in the literature. Concerning cross-reactive systems, calixarene-
functionalized® or MNPs-decorated!®® CNTs have been used to detect aromatic
compounds or distinguish NHs, ethanol, CO and CO,;, respectively. Molecularly
functionalized rGO layers, with different amine-ligands have also been used for e-Nose
development, for exhaled cancer biomarkers-detection. The molecular ligands, serving as

the organic sensing film, alter the adsorption capacity and conductivity of the rG0O.2®

The most common type of hybrid sensing layers, however, are those composed of a
conductive inorganic materials, surrounded by an organic functional film, on which the
gaseous analytes are adsorbed, alternating the relative distance of NPs and, thus, the
conductivity’®>. CNTs, MNPs (e.g., Au, Pt) or carbon black can be used as the conductive
part!® and molecular ligands (MCNPs)® or polymers®? as the organic one. Such sensors offer
the prospect of cross-reactive sensor-array development, as the polymeric films®’ or the

molecular ligands?® are selected based on the chemical and physical properties of the VOCs.

» Sensing Mechanism of organically functionalized conductive nanoparticles layer
The sensing mechanism of the hybrid NP-organic layer sensing films, is based on two main
mechanisms, either for molecular ligand or polymer-based films. Upon organic film-
exposure to gaseous analytes, the latter diffuse (absorption) into the organic layer,

interacting with the functional groups of the organic film?®.

Those interactions cause swelling of the organic matrix!°, posing a stress to the underlying
NPs layer®’, thus increasing the interparticle distance of the conducting NPs®. NPs layer-
conductivity, however, is exponentially dependent on the interparticle distance, since
charge transport between two conducting NPs is explained by the tunneling effect.
Specifically, the conductivity, o, of the sensing film is expressed by the following equation:
oc=0a," e B e_Ea/kBT (8)
where o is the electronic conductivity for a given temperature, o, is a pre-exponential
constant, 8 is the electron transfer coupling coefficient (or else quantum mechanical
tunneling factor), 6 is the interparticle distance (or else edge-to-edge core separation), ks
is the Boltzmann constant, T is the temperature and Egis the activation energy for electron

transfer. Eq is given by the following equation:
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ri—(r+6)1

E, = 0.5e?-
@ ¢ Ame, g,

€C))
where ris the radius of the NP, e is the electronic charge, &, is the permittivity constant and
&r the dielectric constant of the interparticle medium.>”%7,11> The resistance, R, of the NPs

layer is given by the equation:

Ry ==X (10)

odL
where w is the electrode gap distance, L is the electrode length and d is the film thickness.
115 According to the above equations, increase/decrease of the interparticle distance, 6,
decreases/increases conductivity, g, (eq.8) and, thus, increases/decreases the resistance

measured (eq.10)°.

The second sensing mechanism of the hybrid NPs-organic layer sensing films correlates
with the organic part-permittivity'!>. Sorption of gases with dielectric constant higher than
the organic layer increases the permittivity of the organic matrix that surrounds the
metallic cores, leading to decrease of the activation energy, Eq, (€q.9). Conductivity is, thus,
increased (eq.8) and the resistance measured is lower (eq.10). Respectively, sorption of
gaseous analytes with dielectric constant lower than the organic layer increases resistivity.

The NPs and organic layers used can be sensibly selected for a specific sensing application.®

Molecularly-functionalized conducting nanomaterials have been extensively investigated
for the cross-reactive detection of VOCs by Haick et al. Molecularly-capped AuNPs and
molecularly-coated random SWCNTs networks have been successfully developed for
exhaled VOCs-biomarkers detection using real-world samples, usually in combination with
chromatographic analysis of breath samples. Ovarian®!, colon, lung, gastric®®, breast and
prostate cancer?®°8, chronic kidney diseases?®!, multiple sclerosis®!, Alzheimer’s and
Parkinson’s diseases>?%2 have been effectively diagnosed with such chemiresistors. In the
case of multiple sclerosis, for instance, PAH-coated SWCNTSs sensor-arrays have, notably,
exhibited sensitivity, specificity and accuracy percentages comparable to those of the
invasive or expensive techniques used (e.g., MRI, cerebrospinal fluid electrophoresis)°Z.
VOCs targeted for the diseases mentioned above are presented on Table 5. In an
astonishing application of a MCNPs/SWCNTs-based chemiresistor array (20 sensors), 17
different diseases (Table 5) were successfully discriminated, with 86% accuracy, based on

the detection of a pattern of only 13 VOC, whose concentration differed significantly
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between healthy controls and/or different diseases.?®> More recently, a MCNPs-based
chemiresistor was developed for COVID-19 detection, with remarkable diagnostic accuracy
over healthy and non-COVID infected subjects®. Despite that targeted VOCs were not
referred in this study, the most notable VOCs for COVID-19 are probably methylpent-2-

enal, 2,4-octadiene, 1-chloroheptane and nonanal (10-250 ppb)*°.

The size, composition and aggregate size of NPs, the interparticle distance and periodicity,
as well as the aggregate thermal stability of such sensors comprise essential, yet easily
controlled, parameters®’”. One major drawback of those sensors, however, is humidity
sensitivity, a major component of exhaled breath. Thus senor reliability and reproducibility
for real-world samples analysis is of major concern. Humidity compensation in the samples

is proposed as an effective solution, enhancing the diagnostic ability of the sensor.>®

Taking into consideration the importance of cross-reactivity for disease diagnosis, a series
of representative examples of different types of cross-reactive gas sensors, using
conventional materials or nanomaterials, are presented on Table 5. It is noticed that VOCs
have been used not only for disease diagnosis in relation to healthy subjects, but also for
diseases discrimination (e.g., gastric cancer, LC and asthma/COPD), or even
distinguishment of different stages of a disease (e.g., chronic kidney disease stages).
Sensitivity, selectivity and discriminant accuracy of the cross-reactive sensors designate
their promising application as diagnostic tools. It can be observed that the incorporation of
nanomaterials in the sensing element ameliorates the sensing performance (i.e.,
sensitivity, LOD), while appropriate modification permits the desired cross-selectivity.
Sufficient LOD, similar to the usual VOCs concentration in exhaled breath are achieved by
all sensor types. As far as MOS-based sensors are concerned, it is apparent that their main
drawback towards all the other categories is the increased operation temperature.
Chemiresistors are probably the most investigated gas sensor type for cross-reactive
systems, incorporating different (nano)materials, being particularly attractive for diagnosis

of a wide range of diseases.

42



G a8e1s
sn ¢ @8e31s gy Aoeundoe 468

JH

[107] 14 sn @)D @8e1s-Ajiea Adeandoe %p/

INAS

U1y

‘loaA|D auajAyl] ‘Bu01BdY [ sn £ abojs
auelday JAylewig-#z

‘auoleing-z ‘aueldo JAyiawiip

-Q'7°F ‘2u01a7y ‘sualdos| :g sa 7 a6p15
auelday JAylewig-#7

‘aueldo |Aylawnl-9zz

‘auolelng-7 ‘auanjo] ‘sualhls
'au01a0y ‘auaudos| .z abpls sn Ayoay

DHOZ ‘GdD T¥ gdd -

spuesi| Juaisyip €
—SdNNY
padded Auejnosjopy

aseasig
Asupnj oluoayd

uss %001

[8s] 1 Annmsues 9001 ‘Auoyoeds %001

v4a

pIoe D10ZUaq |AY1SWOION|LI-Z 1915
[A10-g-|Atpi3-9 ‘suedap |Ayiawn]-H'eT
‘aueuou(jAdosdAylaN-z)-5 ‘a|UMUOGIRD
aua|nze-T-|Ayisw-g-|Adosdosi-g-ounuy-¢

JHTIT D49 0T ‘auejuad JAyrswng-g‘e

d3oued isealyg

auajAx-d ‘auedap [Ay1awig-z'z
'3|ljUOgIeD BUl|NZe

JHOT2d 6 YN -T-JAy1aw-g-jAdoudosi-g-ounwy-z ‘auanjol

Spuest| Jualayip £
—SdNnY

Jaoued ajelsold padded Auejnosjopy

'sjusned Jaoued pue JH usamiaqg
3ouepunge ul dejJaAo JOA ON

‘wayl
usamiag Jou Ing JH wody sadiy
13DUED JO UOIIBUILILIDSIP P05

4 14

Vad

aua)Ax-d ‘auedap |Aylawig-z'z
‘ajuyuogIeD aud|nze-T
-|Ay1sw-g-|Adoidosi-g-oulwy-7 * auanjol

120Ued 21B1501d

plae ojozuaq JAylawolonpyul

-z 42159 |A00-g-|Ay13-9 ‘euedap |Ayrawii]
-¢'e‘z ‘aueuou(|AdoidjAyian-z)-g
‘a|unuogled ausnze-T-jAylaw-g-|Adoados)
-G-oulwy-z ‘aueluad Aylswig-gg

d3Jued jsealyg

3|uuogIed
aua|nze-T-|Ayiaw-g-|Adoidosi-g-ouluy-z
‘ploe 210ZuU3aq 13153 |A-p-[|Auaydig

-, 1'T]oueha- p-(jAxayodAdjAdoid-t)-v
‘p1oe anase [onp(jAyasjAyawig-1'T)]
‘aueUOU OPOI-T ‘auazuag [AYlawig-£T
‘auazuaq siq(auspiAusing-1)-,1°T

d=22Ued |B1D210|0D

auazuaq sig(auspiusing-1-,1T
‘aupdapoq ‘auexay |Aylawn €7
‘auejuad |Aylawig-£g ‘auanjol
‘auazuaq (jAyle [Aylaw-T)-p-AyisN-T

JHTT '2d 8T
‘28 ¢z 2292 D1 0¢ WN

spuesi| JuaJaHIp vT
—SdNnY

Jaoued Bun padded Auejnosjopy

SADLID — 103SIS3IIBYD)

so|dwes pliom-|eay —SaIpNis oAjA U/

Eat: 1 s1nsay

Jaissep)

"ON aotl SDOA pa198ie]

aseas|(] 1uawag Suisuag

‘S|Ell2]BWOUEU

10/pue s|elalew [euonuanuod guisn ‘sajdwes J13YluAs 10 plUOM-|B3J Ul ‘S3SEISIP |EIAASS JO SISIEWOI] SE UOI1I319P SOOA PaJBYXa 10} SIOSUIS 9AIIIEDI-SS0I) S 3|qel

43



Jo |2A3] Y8y 10} 21RISPOI 110SUAS

10} AUAINISUSS-5501D)

OH SA213geIp

DH € ‘s4ajows £ 01 ¢

apAyap|e1aoy ‘|eueda( ‘|eueuon
‘leue1aQ ‘|eueiday ‘Jeuexay ‘|eueiuad
‘leueing ‘apAyap|euoiol) ‘jeuedaoid

J12oued Sun

Ajod snousod

annoa)as apAyapje
-leaul| yum apoiida|a
uoque) ‘siosuas

[zoT] 14 ‘JH SA DT J0 uoneUIWILIISI] DH +T “naqeip g1 qdd mo7 ‘ulajo1oy ‘apAyaplewlod ‘0D ‘ON salaqelq 0D ‘ON [eRIawwo)
J0SUas [D2IWBYI0.4123]]

auejuad adoD /[ ewyisy

2U03RIY
‘leuejuag ‘|euedold ‘jouexay-1-1Ay13-z

I 62T ‘aueluad [AYla -7 ‘suedaq ‘suelday 122ued un
‘ad0od/eunpsy 95 qdd may auo-z-aua1day-G-[Ay1aN-9 SAMNIS
[09] 1y Adeundoe 908 < NNV ‘¥4Q 29 0F 2161 B 01 umoq ‘|leanjand ‘Junuauadold-z J32ued J1ISen paiipow Apenaajon
qdd may auo-g-aualday-g-|Ayran-9 SAMNIS
[#81] 1M Adeinooe 968 < v4a JH Z£ 29 0€ B 0} umo( ‘leanying ‘Junuauadold-z Ja3Ued JUISeD payipow Ajiejnaa|ojy
sAD.uD — (134) J03515UDI | 39347 ploH
qdd may auexay JAylawul-'c7 ‘suedapun SO
[/81] . 00E Aoeundoe g6/ vod JH 8% D1JSN L€ B 01 umoQ ‘auelno [Ayls -t ‘Buszuaq |Ay13 132ued Bun |BIDASWILLOD JUBISHIP /
OH # (wddrt) siaqyoueu snolodoldew
sajdwes yjeaiq [su03180y pue auanjo] jo aouasaid ui) EQOM-3d % MW Z+0°0 pue
[z61]  D. 0SE UOIIEDIHISSE[D [NYSS3ING vod SISO}I|eY PalBNWIS {7 wdd-gns ueldeosaw [Aylay pue STH SISOU[EH 9% IM 800°0 “SQM 2unsud

auedapun ‘auanjol (@D ‘13d
‘aualis ‘Jeuruon ‘aualdos| ‘BUBUOUOS]  q ‘ciad ‘SN ‘adl WIS Buisuas Jualsyip 0T
JH I6S ‘auazuaq |Ayi3 ‘a1e1e0e [Aylg ‘loueyls  ‘gg; on ‘gl 99 O — J4o/m1au SINDMS
‘saseasip ‘auoisoy ‘aueojAylsw-g-AYII-S 99 ‘918 D0 ‘ONH wiopuel paleod-Hyd /
[eoz] 14 Aoeianooe aSesane 498 vOH ‘v4a /T jo Aue ¢1g qdd ot ‘auexayjAylan-¢ ‘jouexaylAyiz-z ‘2D ‘D7) seseasip /T SANNY paded Ajiejnoajop
swiiy Suisuas JualayIp 0T
ad sn ay Aceundoe ypg — }IOMIDU SINIMS
DH sh ad Adelnaoe %8/ 25BSIP S, Uosujied Lopuel pajeod-sqd /
[zoe] 1 DH SA Qv Adeandde 96g ¥40  DHZT‘ad 0€ ‘av ST qdd ¢-T SDOA #T pue s awiayzly  sdNny paded Ajejnasjopy
SHYd usJsyip v
—j4o0/M3au s INDMS
[to1] 1M Adeanooe o408 v4a JH 8T ‘SN /€ N auedapun-JAYI3 -G ‘|euexay s15013)25 2|diyny wiopues paleod-Hyd
snewoldwAis QIA0D IH 86 “rrewoldwAs spuesi| uaiayip g
-uou sa 6T-AIA0D Adeandoe y%ce aiADI-uou £5 —SdNNY
l6€] 14 JH sA 6T-AIAQD Adeindoe 9a/ v4a ‘6T-QINOD 6F ¥N VN 6T-AIAOD paddes Apejnaajoy
auedapexay spuesi| JuaJayip
‘|leueoaq ‘auoueirday-¢ —SdNNY
[19] 14 Azeanaoe o478 v4a IJHOZ ‘AO LT |2n3| qdd ‘louexay|Ayl3-z ‘|eueuon ‘Buaiilg 133ued ueLeAQ padde Ajtenoajow

44



sauey|e oM ay) 1daoxa
‘aduelieA [£101 40 %86 £3d-Td
‘salfjeue ayy e

‘1332 ‘jouRy}a ‘|ouelawWw ‘Buexayo]aAa
‘auelday-u ‘suan|ol ‘sueylawolofyip

siawAjod juaiayip §
— sajisodwodloueu

[coT] 14 4o} Aungospes pue Alaiisuas ysiH vod VN ‘ueanjoupAyesial ‘jouedoudosi 122ued fun JawAjod aAnanpuod-|N)
SsAD.LID J0]SISaUILUBYD)
sa|dwes 2115YIuAs / saul| |80 — S3IPN1s 04244 Ul
sullAydiodo)eraw
[voz] 14 Asynads %0071 ‘Alniaisuas %418 vad-51d JH 9. D104 vN VN Jasues Sun Jualayip 8
J05 sA WAy Aseanaoe yzg sutihydiodojjelaw
[L€T] 14 DH sA D7 Adeundoe 968 va-s1d JH 0T D102 VN VN 12oued Jun uaiap 8
suliAydiodo)elaw
[9¢eT] 14 Adeandaoe 967/ 8 NN4 ‘¥2d DH ¥ ‘ewyise /7 VN VN EWYlsY 1uaisylp 8
SADLID 10SU3S (NDD) 2L11I3[2023ld
aueluadopaAa jAyran
‘auazuaqg JAylswL-+2T $10SU3s
‘leueldaH ‘suazuaq |Adoid MYS PR1B0I-UOU ‘PMYS
(4T $131Yyauciq duoayd / ‘leuexay ‘auaxay-T ‘auedapun pajeod-auajAingosiAjog
‘9] 14 Auonads pue ALIANSUSS 908 NMNY “IH ST D102 qdd pos ‘auazuag ‘sualdos| ‘auedaq ‘aualfag 12oued Jun / uwnjod>-39
SAD.ID 10suU3s (MYS) 2L1I3[20Z3ld
auaslig ‘auanjo]

‘auazuag ‘aueda( ‘aueldQ ‘aueiday 12oued Sun

HyuY

plolewnayy

‘120ueD 15PAIQ

‘eluaiydoziyas
auejuad ‘saseasip Janl 12qy
[611] 1H vN ¥N JHOT 1/1owd aueyly Asuadijap 3UA |eanndo pa1eod-d41INd
sJosu3s [pando

JOS sANAY %F 98

‘JH sn ABo|o1s1Y 3U0 %R8-SZ8 Sjuel0|0d
[gzT] 14 ‘DH SA D1 %118 Aoeindoy 1 JH LET D126 wdd mo7 VN 1aoued 5un] aAIIeal AjeaiWayd 7

SADLID JOSUSS ILIIBUWILIOJ0]) — [D21Id0

auolede pue auaidosi ‘|jojodoid
‘ToN 10} suoN [/ asuouelday-g
pue joueylaw ‘ON ‘STH 40}

jyeap / |ouedoldos) pue |joueyla

sueiqIDW
auajAylalonpelial

45



sasuodsal
|lenprapul ueyl Alaisuas aaysy

sONSy-auale[p]xied

$2WI] 8-9 :DUaN|0] ‘WIoJoIolY)D fIDHD SUNNY-auaefy]xied
' Jo} wdd |oueyay ‘auexay-u ‘aucyany ‘SONBY ‘sUNNY
[eg] 1y SJOA e 10} |, Annisuag WN YN ¥ETI-ZST ‘auaiados| ‘auan|o] ‘wiojoioyd J3oued Sun ‘auauey]xed-Hs
sADSSD 10SU3s (N VS) 211123[30231d
Aupruny
Ajigeieadal pue pue apAyap|e1a0y ‘ajuNUOIRDY
Aanoajas ‘Alanisuas pasealoul ‘loueyl3 ‘joueylan Jo 2ouasaud
[#91] 1 yum wiope|d apoulds|e [anoN N wdd T ul apAyap|ewlod ‘suexayopA)  seseasip snoiaju| 094-SMNIS
|ouByl2 pue au0lade
‘I0D Jo 2auasaad ul Alaoa|as saul |92 qdd gp auouelng
sJ0A pood ‘Aunusuas ysiy esoInw J131ses 1-s39 339
[£9T1] 1M ‘UonBUIWILIDSIP - 3Ul| ||32 Ase] N pue 19 €08-29IN qdd €0 3uUoueIQ-€ Ja2ued J11sen / SdN 8v-ny / SINDMIN
105UBS [DIIWBYI04123[7
slaquy tous
p21e4033p-1d %0¢
auanjo] 132ued Sun /P31e1003p-14 %0T
Do 00% /Pa121003p-14 %5
- /Pa|quiasse [[em-uiyl
[vel] 00€ VN WN WN qdd ozT 2U0120Y sajaqelq /payoed Ajasuag
STH sisoyjey  $2ANUWLY E0M Suydels
patahe| U1 9 M T°0
[e6] Do 0OSE WN WN WN wdd T 3uoany sajaqelq  pue-0o9 Im T°0 ‘sunsiid
SIN fOM —SdN Pd
. 00% qdd pot auanjo Jaoued Sun
EE— ‘SLN EOM — SdN 3d
[eel 20 0SE vN WN ¥N qdd o5 ON BlyIsy SIN EOM
o ieheue qdd 1vz STH sisoy|eH SIUSWIS B — SUN
. 00E VIH PuUe v4Qd vOd =24ninyg m_.r...____(__. pue m,OmC_ paieiod2p
— 'sasef ay) usamiaq wdd 6T ‘ON EWpsY -SdN Pd 40 1d ‘ny ‘SUN
[v6T] 0ST UOIIRUIWILIDSIP [BNSIA BAI30344] 10|d Jejog N qdd g¢'T auolady sajaqelq £0/M PUe £QZu| aunsug
wdd $£T a1eisuhw |Adouados|
wdd 5'6ZT |jouedoud-g
Ayoyoads pue Aynyisuas ySiy qdd g6/ auouaydolany SN 2joAdAjod
[58T1] douelBA TDd BT EL vod N wdd 86’8 |eueiday 130ued Isealg pue Quz ‘pd sunsid
PDIVENTETEN
pasealdap aq 01 aney Aypluny — spued|| aulwe Jualayip
40 1233 syl pue gO1 =YL |euBUON 2 Ylm pazijeuoiiaung
[007] 14 SJO/A 4O UOIIBUIWILISIP [NYSSSIING vod N wdd gz ‘auszuaq |Ayi3 ‘jouexaylAyil-z ‘joueyiy 133ue) D5 pue QoJ Bunslid

46



s1j0) aAesa2|N DN ‘[(suiwejduaydip(jAuayd|Aing-s-v)
-N)-t¥)-00-(|A1p-£ ¢-|Auaion|yA1ooip-6'6)|Alod g4l ‘@uniesadwa] ] ‘Bulyoel 101294 Uoddns JAIAS ‘SaA1MOUBU UODI|IS SSMNIS ‘BLUOUIDIRD ||20 snowenbs 132§ ‘aunlesadwal wooy i1y ‘[auexo|is(jAdoidosonipan
-g'ee)iAyiapwlAlod id4lNd  ‘SISAjeuy Jueulwidsig 2J4enbg 1sea |elled iw@-s1d  ‘uoisusuadAq Adeuownd :Hd  ‘elwaxol eisdwe|da-ald i13d  ‘wsiuosupied |eddAly INSIQd ‘9seasiq s,uosunjied
1ad ‘sisAjeuy Jusuodwo) edidulg 1ydd 192ued a1elsold :Dd ‘suodqiedoipAy dnewole 21pAdAjod tHYd ‘192UBEd UBLIBAQ D0 ‘Bwouinie]) Sun |30 ||BWSs-UON :JJSN ‘spolouep isyN ‘se|aiuedouep isdN ‘sagniouep
1SN ‘o|qedddy 10N (YN ‘Sagnioueu UuoOgUed [[eMm-1NIA SSINDMIN ‘sisolapas ajdiny s ‘uosidaoiad Jadeliynpy idTIN ‘|epow uonaipaad onsi8oq iyd] ‘uo13palaq 4o wil @Ol ‘42oued Sung )] “Aaoued
Aaupry 103 ‘aseasip s,uosupjied Jiyledoip| :adl ‘@wolpuds |3moq 2jgeIl] 1SE| ‘JSDUBD 23N PUE peSH :DNH ‘sisAjeuy J21sn|D [ediyduelaIH WOH f|oJ4luod AyljesH DH ‘opoJide|] uogde) sse|D 309 ‘430Ued JusED
199 ‘YI0MISN |BIN3N PIEMI0L-1224 INN4 ‘SISAjeUy uoIDUnd JUBUIWLIDSI fy4d ‘9seasip Aleuow|ng aAI1oNJISqO JIUcUy) 1ad0d ‘2seasiq Asupry Jluouyd :gid ‘sealealIap uLIXapoaAD tsgd ‘aseasig s,uyoltd iad
‘Ja2ued |e12310|07 137 ‘uaBouliu eaun poojg :NNG JoMmISN |eunapn uoneSedold-yaed iNNJE 4S0uBd Jappe|g 118 J90ueD 1sealg 138 “JomlsN [BdnaN [BIDIUY INNY ‘BLICUIDIBIOUaPY INAY ‘@5easI] s JaWIeyz|y iav

Ajigels wuay
-8uo| ‘Anjigeleadal pasealou|

sunAydiodojeraw

s10ds 9¢

jo uoano.doroyd %ee —saAp anisuodsas Hd

SO JB|IWIs auazuag ‘suazuaqAylawiL] ¢ 2T pue suuAydiodojelaw

[62T] 1Y AJlean1onuis jo Adeandoe %7 19 YOH ‘v2d VN wdd 1> ‘leueldaH ‘|euexaH ‘auedapupn ‘suedlaq 132ued Bun palpow-syYNNY
sjuawadxa ( uiaasasony wnipos

a4n1ny sjdwes-jeal 10} Suisiwoud ‘sanileAlap uAydiod

‘UOIIBUIWILIDSIP UOI3RIIUSIUOD NNdg ‘sunAydiod) sahp

[¥zT1] 14 pue pupy 4o AJeindde %001 YOd ‘VOH YN gdd ps |euexaH ‘ausidos| ‘suaidls ‘susjAx-d 130ued 8un) anisuodsau Ajjesiwsyd 9¢
SAp.LD 3112WLI0J07) — (02110

19he| ny

uo e3aljis-auiueidojeyyd

qdd 57§ ON BWLRSY (1) yeqod

19fe|

[z¥T] 14 Aunnisuas ysiH VN VN wdd €¢'v auo01a2y salagelq ny uo S1NJIMIN-Z01L

sADSSD Josuas (NDD) 2141231202314

gluowiwe
Joj wdd
e91
oueyla Io
N dd e (29
-41Z ‘8-417) s|eashuooueu
auolade JIoMmalLell-ajozepiwl
slayJiewolq sa1aqelp JoJ wdd -J111j03Z pazijeuoilduny
[8sTl 14 JO uoljeulWLIDSIP BAII8H] Vvad VN 9ETT Joueyi3 ‘eluowwy ‘auolady selaqelq -SdNNy 10 aullstid
auanjo] 1o} sONBY paiipow auan|ol
‘E[DHD 104 SYNNY payipow J0j wdd

¢ | Aunnaspes r9TvS'T

47



4.1.3. Commercially available electronic noses

Various e-Noses technologies, able to “learn” a complex pattern of gases and, then,
recognize a sample by comparing them, have been developed. On Table 6, the transducer

types used in already marketed e-Noses are presented.

Research concerning application of marketed e-Noses in disease diagnosis via breath
analysis is intense. Asthma?%>, COPD?°¢, BC?°” or Pneumonia?® patient discrimination from
healthy subjects using Cyranose 320, as well as discrimination between different diseases,
such as asthma/COPD/LC with SripoNose?%, LC/COPD/healthy with Aeonose®?!° and
asthma/COPD?%212 | C/COPD?*3 and LC/COPD/LC+COPD/healthy?'* with Cyranose 320 are
some representative examples. Disease phenotyping is also possible, discriminating, for
example, different asthma phenotypes?®, children with partially controlled and
uncontrolled asthma?®> or patients with bronchial/advanced laryngeal SCC?!®, using

Cyranose 320. However, use in clinical practice is not feasible yet?!7:218,

Table 6. Commercially available e-Noses.

Electronic Nose Technology used Ref.
Aeonose Micro hotplate metal-oxide sensors [217]
BIONOTE e-Nose QCM sensors using anthocyanin-coated gold electrodes [217]
Cyranose 320 32 Carbon black-polymer composite chemiresistors [217], [218]
Tor Vergata e-Nose QCM covered with Metalloporphyrins [217]
Common Invent e-Nose Metal oxide semiconductor sensors [217]
Owlstone Lonestar e-Nose Field asymmetric ion mobility spectrometry [217]
SpiroNose Cross-reactive metal-oxide semiconductor sensors [217]
DiagNose 12 Metal oxide semiconductors [218]
LibraNose 8 QCM gas sensors [218]

e-Nose: Electronic Nose, QCM: Quartz Crustal Microbalance

4.2. Polymer-coated MNPs-based chemiresistors

In general, polymer-based gas sensors are able to operate at RT, while the combination
with functional nanomaterials further improves sensing ability>’. Polymers and hybrid NPs-
polymer composites have been extensively investigated as sensing films in different sensor
types, for detection of VOCs’289100219  particularly, as potential disease
biomarkers!02118220 One type of such hybrid sensing films is composed of chemically
unmodified MNPs (Pt*>>2 or Au''> of mean diameter 4-5 nm?°52°7), coated with a polymeric

film>’. The sensing film is formed upon Au IDEs, of overall thickness lower than 30 nm®’,
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formed on rigid (e.g., oxidized Si wafer®>°?) or flexible (e.g., polyimide*®) substrate as
depicted on Figure 10. The sensing mechanism of those hybrid films is described on section

4.1.2.5.

Figure 10. Schematic representation of an array of polymer-coated nanoparticle-based chemiresistors.

Reprinted with permission from Ref [57]. Copyright © 2018 Elsevier Ltd.

For optimum sensor performance, a series of sensor characteristics have been defined.
Device resistance should fall within the range of 600 kQ-10 MQ. The ideal IDEs spacing is
10um, while the NPs-surface coverage should be between 42-46%. NP-surface coverage
greater that 46% leads to significantly increased available charge-transport pathways and,
consequently, metal-like conductivity, reducing sensing sensitivity. Film thickness, also,
affects sensor sensitivity, which is increased by thin polymeric films, possibly due to gas
penetration deeper in the matrix.>” Arrays of this sensor type, possessing polymeric films
with affinity for different compounds, along with pattern recognition methods, have been
investigated for pesticide detection®” and are potentially particularly promising for disease

diagnosis applications, as semi-selective sensors of exhaled VOCs.

Sensible hybrid film selection, for semi-selectivity to be achieved, is closely dependent on
the chemical and physical properties (e.g., polarity, dielectric constant, size and steric
effect) of the targeted compounds®. The factors affecting swelling and analyte-affinity of

the hybrid film are analyzed in detail in the following section.

4.2.1. Factors affecting sensor response and selectivity

Polymer swelling due to gas absorption depends on temperature and sorptive gas
pressure®¥®, as well as on the amount of gas absorbed®*. Polymer selection for the hybrid

sensing films should be guided by the factors affecting gas absorption (in given temperature
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and gas pressure), which are also expected to affect sensor response and selectivity. As
analyzed in section 2.4, gas diffusion and solubility are closely related with gas absorption
into the polymeric film. The factors reported to affect those processes, as well as polymeric

film affinity for certain compounds, are briefly presented.

4.2.1.1.  Polymer crystallinity

Both diffusion and gas solubility in polymers are fundamentally correlated with polymeric
matrix crystallinity. The increased order of polymer chain packing, characteristic of polymer
crystallinity, decreases gas solubility in polymers, since gas solubility is favored by the high
free volume of the polymer. It is notable, however, that sorption of different molecules will
be affected by the ordered chains of a crystalline polymer to a similar degree.?? Gas
diffusion, on the other hand, is feasible only in amorphous polymers. In the crystalline parts
of a polymer, the average length of the paths that the molecules have to travel is
significantly increased, inhibiting molecule movement.®® Thus, polymer crystallinity is of
great importance for sensor performance®®. Dong et al. have demonstrated that the
addition of crystalline polymer to carbon-black filled amorphous polymeric composites,
utilized as swellable gas-sensing film, reduces the maximum responsivity to organic vapors.
The group concluded that polymeric sensing film swelling occurs in the amorphous part.®>
Consequently, it could be concluded that crystalline polymers are not deemed as

appropriate for the development of swellable gas sensing films.

4.2.1.2.  Polymer Intrinsic Viscosity

It has been reported that the intrinsic viscosity of swellable polymeric sensing films is
closely related with sensor response/recovery time. Polymeric matrix viscosity is influenced
by the length of the side chains of a polymeric chain, with longer side chains decreasing
viscosity values.®® The ability of the polymeric chains of an amorphous polymer, which form
a tangled mass, to untangle and slide towards each other determines the polymeric mass
deformability???2 For gas diffusion to occur and the polymeric matrix to respond to the
osmotic swelling pressure, relaxation of the polymeric matrix is demanded. The
macromolecular chains have to be rearranged, in order to accommodate the absorbed
molecules. Apparently, polymer diffusivity and, thus, sensor response time, are favored by

low viscosity values.®®
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4.2.1.3.  Polymer Glass Transition Temperature (Tg)

Along with viscosity, glass transition temperature (Ty) of the polymeric matrix is reported
to affect sensor response/recovery time, as well, no matter gas concentration®. It is noted
that Tg is a characteristic of amorphous polymers, defined as the temperature at which a
viscous, rubbery polymer is transformed to a rigid, glassy solid upon cooling??3. Polymers
with higher Tg are more rigid and diffusion is expected to be lower. Diffusion of small
molecules in rigid polymers can also be observed, providing, though, that holes of
appropriate size between polymeric chains exist, permitting quite increased diffusion
rate.®’ After all, lower T values are expected to benefit gas diffusion, enhancing sensor
responsivity. Zhang et al. have observed that lower Tg values, as well as viscosity — which
vary between different polymers with the same order — lead to lower response time, as
well as higher responsivity to organic vapors.®® Solubility dependence on T; has also been
proposed, by expressing the solubility parameter 6 as a function of the difference between
ambient temperature and T,.¢ In general, sorption of a given gas is typically less favored in
the glassy form of a polymer, than in the rubbery one??!, since polymeric chains in the
rubbery phase possess sufficient thermal energy to move relatively freely??*. Consequently,
the rate and extent of swelling are expected to be higher for a less rigid polymeric matrix.
However, there are, also, reports®”102 of efficient use of polymeric sensing films in T<Tg

(glassy phase), despite the theoretical predictions mentioned above.

4.2.1.4. Steric Effects — Molecular Size and Shape

In general, solubility, permeation and diffusion of a compound in a solvent is affected by
the molecular size of both the compound and the solvent. Concerning solubility, it is
reported that for two solvents with identical solubility parameters (§ 2.4.2.1) and
significantly different molar volumes, the solvent of higher molar volume exhibits lower
performance. Respectively, solubility is increased for smaller molecules.®’ In the case of
polymers, sorption is, also, less favorable for molecules of greater size?’!. Kinetic
phenomena, including diffusion and equilibrium attainment, are also favored by smaller
molecules. Along with size, shape is also deemed as an important factor for such processes.
More linear molecules are characterized by faster diffusion than the bulky ones. Diffusion

coefficients for some molecules in rigid polymers may be extremely low, with equilibrium
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being unattainable for hundreds of years, at RT.®” Consequently, polymer/solvent (or

polymer/VOCs) miscibility is probably affected by steric and orientation factors.”*

4.2.1.5. Gas — Polymer Miscibility

It is reasonable that the parameters mentioned above comprise important factors that
primarily affect sensor response and performance, so they should be taken into account.
However, selectivity and sensitivity of a polymeric sensing film for different organic vapors
is expected to depend on VOCs physicochemical characteristics®, which determine VOC
absorption. Thus, VOC nature affects polymer swelling and, consequently, film
conductivity.®> The polarity and the geometric characteristics of the desired VOCs are the
most important properties affecting selective vapor absorption.® The effects of the
geometric characteristics of the absorbed compounds, specifically those of size and shape,

were analyzed earlier.

VOC polarity is of great importance, since absorption and swelling are achieved via
intermolecular interactions, including Van der Waals interactions, hydrogen bonding, -,
electrostatic or charge-transfer interactions®’. The type of interactions developed are
determined by the functional groups of the sensing polymer and the targeted compounds.
For example, aldehyde detection is favored by the existence of carboxyl and amino groups
in the sensing material, mainly due to hydrogen bonding and amino-acid Schiff base
formation, without excluding, though, the response towards other gas molecules as well8,
Apparently, polymer and analyte chemical structures are of great importance.®®??! |n
general, polar compounds detection is easier than for non-polar, due to the wide range of
potential interactions. For non-polar compounds, where only dispersion forces are
developed, steric effects and dielectric changes may also affect the response of the
conducting hybrid film.® In any case, it is noticed that intermolecular interactions between
the sensing polymer and the targeted VOCs are of great importance for gas absorption and

impact on sensing film (semi-) selectivity.

HSP concept (§ 2.4.2.1) takes into consideration the intermolecular interactions —
dispersion, polar and hydrogen bonding — developed between molecules of the same or
different, miscible compounds.®” Molecular volume incorporation in a new combination of

solubility and size parameters has been attempted, for steric effects to be included, without
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success though. This is possibly due to the different nature of those parameters (solubility:
thermodynamic factor, steric effects: kinetic factor, mainly affecting diffusion rates).®” HSPs
have effectively predicted gas solubility not only in liquids, but also in polymers,®’as well as
for polymer swelling prediction, among others, despite not taking into account penetrant
size and shape®’. For extremely large/bulky molecules, inadequate absorption has been
observed, even if the polymer and molecule HPSs indicate this as favorable. Thus, targeting

such VOCs with polymer-coated MNPs-based chemiresistors should be avoided.®’

Interestingly, solubility parameters have been used to interpret polymeric sensing film gas
sensitivity, as well. Fu et al. have correlated the maximum resistance response of
conductive carbon-nanofibers and/or carbon-black-filled polystyrene hybrid film, with the
solubility parameter difference between polystyrene and VOCs studied. Maximum sensor
resistance for VOCs with significantly different 6 from polystyrene was several orders of
magnitude lower than those possessing similar 6.8 The same relation between maximum
responses and & differences between sensing film and the targeted organic vapors has

been observed by Dong et al., for carbon-black filled PEG/PMMA hybrid composites®>.

4.3. Potential application of polymer-coated MNP-based chemiresistors in Asthma, COPD,
Lung and Breast Cancer diagnosis, via breath analysis

Taking all the above into consideration, it is proposed that solubility parameters could be
used for polymer selection of the hybrid film described earlier (§ 4.2). A calculation for
polymers and targeted VOCs is expected to reflect the different degree of susceptibility of
a series of polymeric films for the different targeted VOCs and, thus, sensor
(semi)selectivity. For this reason, an extensive literature research was conducted, to
compile the VOCs detected by analytical methods, for a series of diseases. Breath samples
of patients and healthy subjects are composed of numerous VOCs, the identity of which
varies between subjects. VOCs reported as discriminant in more than one studies are
considered promising biomarkers?4,

43.1. Targeted VOCs

4.3.1.1.  Asthma

Asthma is a chronic, not curable??, inflammatory disease!, characterized by increased
bronchial responsiveness*>?2® and reversible airways obstruction'®. Asthma, especially

allergic, is widespread among children*?27228 while wheezing, short breath, short
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episodes of chest tightness'#'® and coughing are the most common symptoms, usually
manifesting during the night or after intense physical exercise®®. Globally, about one third
of preschool children with coughing, wheezing or dyspnea develop asthma in their life?2°.
Comorbidity may be observed in asthma patients, including eosinophilia, neutrophilia,
allergic rhinitis, obstructive sleep apnea, gastroesophageal refluxes and atopy (i.e., asthma,
allergic rhinitis and eczema combination). The exact causes of asthma remain unknown,
however allergens like dust, pollen or fur, irritant agents, environmental pollution and

some drugs, such as aspirin and beta blockers, comprise important risk factors.*?

Asthma maintenance treatment includes antileukotrienes and ICS and targets the
modification of the various underlying inflammation mechanisms?3, responsible for the
disease heterogeneity and disease subtypes*. Namely, asthma subtypes include
eosinophilic, neutrophilic, mixed granulocytic and paucigranulocytic asthma?3°, depending
on the percentage of inflammatory cells in sputum??®. Symptoms similarity exists among
different inflammation phenotypes?322>, for which different treatment is needed??°. For
instance, anti-inflammatory treatment with ICS controls eosinophilic inflammation,
contrary to the neutrophilic inflammation, triggered by innate immunity?3°. Thus, reliable

phenotyping is needed, for the appropriate medication to be administered*>22>,

Another characteristic of asthma are the exacerbation episodes?312%6, j.e., attack crises'®
characterized by respiratory symptoms deterioration??®. Exacerbations may be provoked
by atopy!® and are in general linked with increased sputum eosinophils?3!. ICS are
administered in minimum doses 22® for asthma re-control 19231226228 5ccording to the

general symptoms and lung function?31226, which are not always representative, though?2°.

Spirometry, FeNO and sputum analysis are used for asthma diagnosis, phenotyping and
monitoring®. Spirometry measures either the forced vital capacity (FVC), i.e., the maximum
air volume forcefully exhaled, or the forced expiratory volume (FEV), i.e., the air volume
exhaled in a second, it is, though, time consuming®®. Concerning asthma phenotyping,
empirical methods may be used??, e.g., steroid response, trigger-factors exposure (smoke,
air pollution, allergens, aspirin, exercise), obesity and fixed airway damage*. The gold
standard method for inflammation phenotyping?3®as well as asthma control assessment?3?,

230

is the induced sputum analysis, which is, though, complex, time-consuming*° and invasive
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225 irritating for the patient, particularly for those with uncontrolled asthma?3!. Blood cell
count and FeNO, a clinically applicable method, with provided standards and guidelines?2®
comprise alternative diagnostic methods, however they are confined only to eosinophilic
asthma discrimination??>. Inflammation-related non-volatile biomarkers of exhaled breath

condensate have been investigated, however their diagnostic ability is under question??®.

In contrast, exhaled VOCs have attracted research interest, as they potentially hold a great
promise, even if clinical translation is not realized yet*. Airway inflammation characterizing
asthma potentially leads to alternated exhaled VOCs composition??7228, while, in case of
lung function deterioration, enhanced inflammation may occur before deteriorated
symptom manifestation. Thus, exhaled VOCs are explored not only for early asthma
diagnosis'®?%°, but also for asthma stability assessment, exacerbation prediction??® and
inflammation phenotyping, for which reliable, simple and cost-effective methods are
needed?3® One of the main advantages of breath analysis for asthma diagnosis, usually

presented in (preschool) children®>??°, is the non-invasiveness of the method®®:4>22°,

Among the fifteen articles selected, four studies included pediatric population, of ages
varying between 2 to 16 years old, aiming to differentiate asthmatic children from healthy
controls??7:229232233 ' |n two studies??”?32 asthmatic children suffering also from allergic
rhinitis were included and successfully differentiated from healthy controls, with
classification rates 96%%%’ and 88%232, using patterns of 9 and 28 VOCs, respectively.
Notably, it has been observed that asthma-specific alkanes identified by Caldeira et al.
derive from aldehydes found characteristic for healthy controls in the same study??’.
Smolinska et al. attempted to differentiate asthmatic children from healthy subjects, as
well as from transient wheezers, using 17 VOCs, with respective classification rates 73.3%
and 86.7 %.22° Among those four studies, tetradecane, decane, dodecane, 2,4-dimethyl
heptane, acetone and limonene are reported in two different studies, none of which

appertain to the eight VOCs identified by Gahleitner et al. 233,

Four studies among retrieved articles targeted the differentiation of asthmatic adults from
healthy controls4°>234235 Two studies achieved differentiation of asthmatic and healthy
subjects using both GC-MS analysis and Cyranose 320°>23* and identified 5°> and 11234

discriminant VOCs, while Ibrahim et al.?®> detected a discriminant pattern of 15 VOCs.
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Meyer et al.'4, that identified 16 VOCs discriminant for asthmatic and healthy subjects,
demonstrated the existence of clusters with different clinical features (e.g., asthma
subtype, treatment, spirometry values) and similar VOCs and clusters with similar clinical
characteristics and different VOCs, highlighting the importance of clinical presentation,
along with inflammation processes, for asthma subtypes classification. Among those
studies, 2,6,11-trimethyl dodecane, 2,4-dimethyl heptane, toluene, isoprene and acetone

were identified in two studies, predominantly in higher levels for asthmatic subjects.

Remarkably, more recent studies focus on asthma phenotyping?2>230231.235 and
exacerbation prediction?26:228231,235236  Brinkman et al.?3! identified 3 VOCs significantly
correlated with sputum eosinophils, while Schleich et al.?3 identified 4 VOCs discriminating
eosinophilic from neutrophilic, eosinophilic from paucigranulocytic and neutrophilic from
paucigranulocytic asthma, with accuracy similar to blood eosinophils and FeNO tests.
Additionally, Ibrahim et al.?** identified VOC-patterns differentiating eosinophilic from non-
eosinophilic (6 VOCs), neutrophilic from non-neutrophilic (7 VOCs) and controlled from
uncontrolled asthma (9 VOCs), apart from asthmatic and healthy subjects. However,
among those studies, only nonanal was reported in two studies, while 3,7,7-trimethyl
bicyclo[4.1.0]hept-2-ene?3> and 4-methyl bicyclo[2.2.2]octan-1-01?3%, correlated to sputum
eosinophils, are characterized as related molecules?3!. The limited number of VOCs and,

mainly, the bulky structure do not permit analysis for polymer selection.

Apart from Ibrahim et al., four more studies related to loss-of-control episodes of both
children??6228236 gnd adults®*1?3> were selected. Similarly to Ibrahim, controlled and
uncontrolled asthma differentiation was demonstrated by van Vliet et al. (15 VOCs)??®.
Discrimination of stable periods and exacerbations was achieved by Brinkman et al.?3,
using 3 VOCs. Notably, Robroeks et al.?%¢ identified 6 VOCs predictive for asthma
exacerbation in children, comparing baseline breath samples before (baseline samples) and
during exacerbation (intrasubject), as well as breath baseline samples of patients with
controlled and uncontrolled asthma (intersubject). Five predictive VOCs were identified by
a more recent study??®, other than Robroeks’. Among the two studies of adult population,
no common VOCs were reported, while, for the studies on pediatric population, only 2-

methyl furan, 3-methyl furan and 1,2-dimethyl cyclohexane were reported more than once.
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Table 8: VOCs characterized as able to differentiate asthmatic patients from healthy controls.

VOCs Expression  CAS No Category Ref.

Children Diagnosis

Decanal - 112-31-2 Aldehyde [227]
Dodecanal - 112-54-9 Aldehyde [227]
Nonanal - 124-19-6 Aldehyde [227]
Oct-2-enal + 2363-89-5 Aldehyde [233]
Undec-2-enal + 2463-77-6 Aldehyde [229]
Decane + 124-18-5 Alkane [232]
Decane + 124-18-5 Alkane [227]
Dodecane + 112-40-3 Alkane [232]
Dodecane + 112-40-3 Alkane [227]
Nonane + 111-84-2 Alkane [227]
Octane + 111-65-9 Alkane [229]
Tetradecane + 629-59-4 Alkane [232]
Tetradecane + 629-59-4 Alkane [227]
Hexane, 2-Methyl- + 591-76-4 Alkane, Methylated [229]
Decane, 2,3,6-Trimethyl- + 62238-12-4 Alkane, Methylated [232]
Decane, 3,6-Dimethyl- + 17312-53-7 Alkane, Methylated [227]
Dodecane, 2,6,10-trimethyl- - 3891-98-3 Alkane, Methylated [229]
Heptane, 2,2,4,6,6-Pentamethyl- + 13475-82-6 Alkane, Methylated [227]
Heptane, 2,2,4-trimethyl- - 14720-74-2 Alkane, Methylated [229]
Heptane, 2,4-dimethyl + 2213-23-2 Alkane, Methylated [229]
Heptane, 2,4-Dimethyl- - 2213-23-2 Alkane, Methylated [232]
Hexane, 2,2-Dimethyl- + 590-73-8 Alkane, Methylated [232]
Isodecane + 871-83-0 Alkane, Methylated [227]
Octane, 2,3,6-trimethyl- - 62016-33-5 Alkane, Methylated [229]
Octane, 2,4-Dimethyl + 4032-94-4 Alkane, Methylated [232]
Octane, 4-Methyl- - 2216-34-4 Alkane, Methylated [232]
Pentane, 2,4-Dimethyl- + 108-08-7 Alkane, Methylated [229]
Pentane, 2-Methyl- + 107-83-5 Alkane, Methylated [229]
Dodec-1-ene - 112-41-4 Alkene [227]
Octadecyne + 629-89-0 Alkyne [233]
Benzene, 1-Isopropyl-3-methyl- + 535-77-3 Aromatic Hydrocarbon [233]
Benzene, Ethyl- + 100-41-4 Aromatic Hydrocarbon [233]
Biphenyl - 92-52-4 Aromatic Hydrocarbon [229]
Naphthalene, 1,7-Dimethyl- + 575-37-1 Aromatic Hydrocarbon [233]
Naphthalene, 2-ethenyl- - 939-27-5 Aromatic Hydrocarbon [229]
Isoprene + 78-79-5 Diene [232]
Benzene, 1,4-Dichloro- + 106-46-7 Halogen Compound [233]
6-methyl-5-hepten-2-one - 110-93-0 Ketone [227]
Acetone - 67-64-1 Ketone [232]
Acetone - 67-64-1 Ketone [229]
Pent-2-ene, 4-Methyl- + 4461-48-7 Methylated alkene [229]
Propane, 1-(Methylsulfanyl)- + 3877-15-4 Sulfur Compound [233]
Limonene - 138-86-3 Terpene [229]
Limonene + 138-86-3 Terpene [233]
Adults Diagnosis

Dodecan-1-ol, 3,7,11-Trimethyl- + 6750-34-1 Alcohol [14]

Isopropanol + 67-63-0 Alcohol [234]
Propanol, 1- + 71-23-8 Alcohol [55]

Octanal - 124-13-0 Aldehyde [14]

Pentadecanal - 2765-11-9 Aldehyde [235]
Alkane + NA Alkane [234]
Dodecane - 112-40-3 Alkane [14]

Decane, 2-Methyl- + 6975-98-0 Alkane, Methylated [235]
Dodecane, 2,6,10-Trimethyl- + 3891-98-3 Alkane, Methylated [235]
Dodecane, 2,6,11-Trimethyl- + 31295-56-4 Alkane, Methylated [234]
Dodecane, 2,6,11-Trimethyl- + 31295-56-4 Alkane, Methylated [235]
Heptane, 2,3-Dimethyl- + 3074-71-3 Alkane, Methylated [234]
Heptane, 2,4-Dimethyl- + 2213-23-2 Alkane, Methylated [234]
Heptane, 2,4-dimethyl- NA 2213-23-2 Alkane, Methylated [14]

Octane, 4-Methyl- + 2216-34-4 Alkane, Methylated [234]
Undecane, 3,7-Dimethyl- + 17301-29-0 Alkane, Methylated [234]
1,3-Dioxolane, 2-Benzyl + 101-49-5 Aromatic Acetal [14]

Benzyl alcohol + 100-51-6 Aromatic Alcohol [235]
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Phenol - 108-95-2 Aromatic Alcohol [14]
Benzene + 71-43-2 Aromatic Hydrocarbon [14]
Toluene + 108-88-3 Aromatic Hydrocarbon [234]
Toluene + 108-88-3 Aromatic Hydrocarbon [55]
Xylene, o-, 4-Ethyl- - 934-80-5 Aromatic Hydrocarbon [235]
Nonane, 5,5-Dibutyl- - 6008-17-9 Butylated Alkane [235]
Acetic acid + 64-19-7 Carboxylic acid [234]
Hex-5-enoic acid NA 1577-22-6 Carboxylic acid [14]
Tetradecanoic acid - 544-63-8 Carboxylic acid [14]
Cyclohexanol, 2-Butyl- - 36159-49-6 Cyclic Alcohol [235]
Cyclopent-4-ene-1,3-dione, 4-phenyl- + 51306-96-8 Cycloalkene [14]
Isoprene + 78-79-5 Diene [234]
Isoprene + 78-79-5 Diene [55]
Octa-2,7-dien-1-ol, 2-Butyl- NA NA Diene, Alcohol [14]
Ethyl 2,2-dimethyl-3-oxobutanoate + 597-04-6 Ester [235]
Propionyllactic acid thiomethyl ester - 66292-29-3 Ester [14]
Acetone + 67-64-1 Ketone [234]
Acetone + 67-64-1 Ketone [55]
Butanone + 78-93-3 Ketone [235]
Benzoate, Ethyl 4-nitro- - 99-77-4 Nitrogen compound [235]
Benzonitrile, 3,4-Dihydroxy- + 17345-61-8 Nitrogen Compound [235]
Quinoline, decahydro- - 2051-28-7 Nitrogen compound [14]
2,6-Di-tert-butyl-1,4-benzoquinone - 719-22-2 Quinone [235]
Allyl methyl sulphide + 10152-76-8 Sulfur Compound [235]
Carbon disulphide + 75-15-0 Sulfur Compound [55]
Terpinolene + 586-62-9 Terpene [235]

* “Expression” refers to the concentration of the VOC in patient’s breath in comparison to healthy controls; (+) indicates higher concentration
in patient’s breath, (=) indicates lower concentration in patient’s breath.

Table 9: VOCs characterized as able to differentiate asthma subtypes (eosinophilic, neutrophilic, paucigranulocytic).

S.1 VOCs Expression  CAS No Category S.2 Ref.
E Acetonitrile + 75-05-8 Nitrogen compound NA [231]
E Bicyclo[2.2.2]octan-1-ol, 4-methyl- + 824-13-5 Cyclic Alcohol NA [231]
E 6-Octen-1-ol, 3,7-dimethyl-, acetate NA 150-84-5 Ester N/P [225]
E Acetic acid, phenyl ester NA 122-79-2 Aromatic Ester N/P [225]
E Butanedioic acid dimethyl ester NA 106-65-0 Ester N/P [225]
E Cyclopentane, 1,1,3,3-tetramethyl- NA 50876-33-0 Cycloalkane N/P [225]
E Decane, 2,5,9-trimethyl NA 62108-22-9 Alkane, methylated N/P [225]
E Diphenyl ether NA 101-84-8 Aromatic Ether N/P [225]
E Nonanal NA 124-19-6 Aldehyde N/P [225]
E Nonene, 1- NA 124-11-8 Alkene N/P [225
E Octane-1,7-diol, 3,7-dimethyl- NA 107-74-4 Alcohol N/P [225]
E Undeca-5,9-dien-2-one, 6,10-dimethyl- NA 689-67-8 Ketone, Diene N/P [225]
E 1,1-Dimethylpropyl 2-Ethylhexanoate - NA Ester Non E [235]
E (7a-1sopropenyl-4,5- - NA Cyclic Alcohol, Alkene Non E [235]
dimethyloctahydroinden-4-yl) methanol
E Bicyclo[4.1.0]hept- 2-ene, 3,7,7-trimethyl- - NA Terpenoid Non E [235]
E Camphene - 79-92-5 Terpenoid Non E [235]
E Cyclohexanone - 108-94-1 Cyclic Ketone Non E [235]
E Cyclohexene-4-methylene = 13407-18-6 Cyclic Alkene, Diene Non E [235]
E Dodecane, 2,6,10-trimethyl- - 3891-98-3 Alkane, methylated Non E [235]
E Hexane - 110-54-3 Alkane P [230]
E Hexanone, 2- - 591-78-6 Ketone P [230]
E Propanol, 1- - 71-23-8 Alcohol P [230]
N Hexane + 110-54-3 Alkane E [230]
N Nonanal + 124-19-6 Aldehyde E [230]
N Nonane, 3,7-Dimethyl- + 17302-32-8 Alkane, methylated E [230]
N Propanol, 1- + 71-23-8 Alcohol E [230]
N Cyclohexanol, 3,5-dimethyl- + 5441-52-1 Cyclic Alcohol Non N [235]
N Cyclopentene, 1,3-dimethyl-2-(1 + NA Cyclic Alkene Non N [235]
methylethyl)-
N Naphthalene, 2,7-dimethyl- + 582-16-1 Aromatic Hydrocarbon Non N [235]
N Naphthalene, Decahydro-8a-ethyl-1,1,4a,6- + NA Aromatic Hydrocarbon Non N [235]
tetramethyl-
N Tetradecane, 4-methyl- + 25117-24-2 Alkane, methylated Non N [235]
N Nonanal + 124-19-6 Aldehyde P [230]
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N Pentadecene + 13360-61-7 Alkene P [230]

N Tetradecene, 3- + 41446-68-8/ Alkene P [230]
41446-67-7

N Undecane - 1120-21-4 Alkane P [230]

* “Expression” refers to the concentration of the VOC in patient’s breath, with asthmatic S.1 in comparison to S.2; (+) indicates higher
concentration in patient’s breath with S.1, (-) indicates lower concentration in patient’s breath with S.2.
E: Eosinophilic, N/P: Neutrophilic/Paucigranulocytic, N: Neutrophilic, NA: not applicable, P: paucigranulocytic, S.1: Subtype 1, S.2: Subtype 2

Table 10: VOCs related to loss of asthma control.

VOCs Expression  CAS No Category Ref.
Children Exacerbation

Pentan-1-ol, 2-ethyl-4-methyl- NA 106-67-2 Alcohol [236]
Oct-2-en-1-ol NA 18409-17-1 Alcohol, Alkene [236]
Hexanal, 2-ethyl- NA 123-05-7 Aldehyde [228]
Nonanal NA 124-19-6 Aldehyde [228]
Octanal NA 124-13-0 Aldehyde [228]
Pentane, 3-methyl- NA 96-14-0 Alkane, methylated [236]
Buta-1,3-diene, 2-ethyl- NA 3404-63-5 Alkene (Diene) [236]
Hexa-2,4-diene NA 592-46-1 Alkene (Diene) [226]
Nonadeca-4,6,9-triene NA NA Alkene (Triene) [236]
Furan, 2-methyl- NA 534-22-5 Aromatic Ether [226]
Furan, 3-methyl- NA 930-27-8 Aromatic Ether [226]
Furan, 2-methyl- / 3-methyl- NA 534-22-5/930-27-8 Aromatic Heterocyclic [228]
Benzene NA 71-43-2 Aromatic Hydrocarbon [236]
But-1-ene, 1-phenyl NA 1005-64-7 / 1560-09-4  Aromatic Hydrocarbon [236]
m-cymene NA 535-77-3 Aromatic Hydrocarbon [226]
Xylene, p- NA 106-42-3 Aromatic Hydrocarbon [236]
Branched C14H30 NA NA Alkane, Branched [226]
Butanoic acid NA 107-92-6 Carboxylic Acid [226]
Cyclohexane NA 110-82-7 Cycloalkane [236]
Cyclohexane, 1,2-dimethyl- NA 583-57-3 Cycloalkane [228]
Cyclohexane, 1,2-dimethyl- NA 583-57-3 Cycloalkane [226]
Cyclohexane, Propyl- NA 1678-92-8 Cycloalkane [226]
Ethylene, Tetrachloro- NA 127-18-4 Halogen Compound [226]
Undeca-5,9-dien-2-one, 6, 10-dimethyl- NA 689-67-8 Ketone [228]
1,2-methyl-4H-1,3-benzoxathiine NA NA Sulfur Compound [236]
Dimethyl sulfone NA 67-71-0 Sulfur Compound [226]
Sulphur dioxide NA 7446-09-5 Sulfur Compound [226]
C10H16 unknown monoterpene NA NA Terpene [226]
C10H16 unknown monoterpene NA NA Terpene [226]
Adults exacerbation

Methanol - 67-56-1 Alcohol [231]
Octane, 2,2,4,4-Tetramethyl- - 62183-79-3 Alkane, methylated [235]
Pentadecane, 1-methoxy-13-methyl- - 56196-09-9 Alkane, methylated [235]
Benzene - 71-43-2 Aromatic Hydrocarbon [235]
Naphthalene, 2,6-diisopropyl- - 24157-81-1 Aromatic Hydrocarbon [235]
Xylene, o- + 95-47-6 Aromatic Hydrocarbon [235]
Heptanoic acid - 111-14-8 Carboxylic acid [235]
Bicyclo[2.2.2]octan-1-ol, 4-methyl- - 824-13-5 Cyclic Alcohol [231]
2-Butanone, 3-methyl/butanal, 2-methyl- - 563-80-4 / 96-17-3 Ketone / Aldehyde [235]
Acetonitrile - 75-05-8 Nitrogen compound [231]
Prop-1-ene, (1E)-1-(methylsulphanyl)- - 10152-77-9 Sulfur Compound [235]
Dehydrosabinene + 36262-09-6 Terpenoid [235]

* “Expression” refers to the concentration of the VOC in the breath of patients with uncontrolled asthma in comparison to controlled asthma;

(+) indicates higher concentration and (=) indicates lower concentration in case of uncontrolled asthma.

4.3.1.2.  Chronic Obstructive Pulmonary Disease (COPD)

COPD comprises a multiphenotypic respiratory syndrome related with chronic, progressive
and not fully reversible airflow obstruction?%23” and inflammation??, mainly neutrophilic?°®.

Various symptoms have been observed inter-individually?°¢, the main of which include
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dyspnea, cough and sputum excretion?3’. Emphysema, small airways disease, chronic
bronchitis and asthma-like characteristics (e.g., hyper-responsiveness) are also related

clinical features?°®, Symptom and exacerbation severity is comorbidity dependent??’,

The major challenge is the underdiagnosis or the diagnosis at late-stages®?, possibly
attributed to limited use of spirometry, as well as the low awareness of general population
and health care professionals?3. The common symptoms with asthma or even the diseases
coexistence, on the other hand, renders difficult their differentiation. The increased
smooth muscle and the abnormally bronchi thick walls, the augmented airway neutrophils
and sputum production and the irreversible airways limitation, not significantly improved

using bronchodilators, comprise characteristic signs of COPD, contrary to asthma.®

Chronic tobacco smoke inhalation is considered as the major COPD cause!®2%237, while
biomass smoke has also been connected with COPD, always depending on exposure extend
23, Free radicals, ROS and nitrogen species of tobacco smoke enhance oxidative stress and
pulmonary inflammation, leading to the production and exhalation of alkanes, aldehydes
or carboxylic acids, as inflammation biomarkers?3’. The identification of such COPD-specific
patterns of exhaled biomarkers hold a great promise for early and precise disease
diagnosis??, with research being yet in early stage concerning sampling methods and VOCs
data analysis'®. Remarkably, apart from COPD diagnosis, research interest focuses, also, on

phenotyping, treatment monitoring and detection of “high risk” smokers, using VOCs?..

Among the twelve studies selected based on inclusion criteria (§ 3.2), eight studies aimed
only at differentiating COPD patients from healthy subjects!®2262237,238,239,240241 ' Ag the
most important risk factor, smoking habits have been taken into consideration in some
cases'®?37.241 Remarkably, Gaida et al. collected breath samples from residents (healthy
and COPD patients) of two different sites and detected 14 VOCs relative to COPD — among
which 10 were reported for the first time — in a total of 134 VOCs. Apart from smoking, also
sampling-environment related VOCs were identified, demonstrating the effect of habits, as
well as environmental factors, on diagnostic results.’® COPD patients suffering from LC have
also been effectively distinguished from healthy subjects, however differentiation between
COPD patient with and without LC was not feasible?*2. Recently, Pizzini et al. attempted to

differentiate not only COPD patients from healthy subjects (12 VOCs) but also acute
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exacerbations COPD from stable COPD and healthy subjects. 4 VOCs, from which 3 attain
to ketones, were increased in AECOPD patients’ breath?43. However, no other study related
to COPD exacerbations was retrieved. Only two studies attempted to distinguish different

phenotypes (neutrophilic, eosinophilic), however no common VOCs were detected.?0623?

The VOCs used to differentiate COPD patients and healthy controls in the studies of Table
11, were compiled (Table 12). Aldehydes were detected in higher levers in COPD patients’
breath in comparison to healthy controls, with hexanal being reported in five studies, while
each of the alkanes butane, heptane, octane and nonadecane were reported in two
studies. The methylated alkanes 2,4-dimethyl heptane and 2,6-dimethyl heptane comprise
isomers found decreased in COPD patients’ breath. The aromatic compounds phenol,
benzaldehyde, benzene, toluene, xylenes (o-, m-, p-) and indole have also been
characterized as discriminative for COPD more than once, found in increased for COPD
patients, except indole. Notably, as already mentioned ($ 2.3.1), aromatic compounds are
considered as exogenous VOCs, rather than metabolic products, deriving mainly from
tobacco smoke?®. Last but not least, acetic acid, cyclohexanone and 2-pentanone

differentiated COPD patients and healthy subjects in two and isoprene in three studies.

4.3.1.3.  Lung Cancer (LC)

LC is the most widespread kind of cancer worldwide!'?4> and one of the five most common
and mortal cancer types®. Cigarette smoking, active or passive, is the most common LC
cause?® with about 85% of LC cases being attributed to tobacco smoking!®. Radiation,
radon, asbestos and air pollution comprise causes of the rest 15% of cases?, along with Cd,

As and Be exposure?* while, in some cases genetic factors are responsible!®.

Primary LCs, called carcinomas, are divided into two large groups, based on the histological
type; SCLC and NSCLC?. SCLC, with 20-25% percentage of occurrence?¥, are dense cells in
which blister-like neurosecretory granules filled with endocrine hormones are contained??,
characterized by increased metabolic and proliferation rates that other cancer cells3>.
NSCLC, which accounts for 70-75 % of LC cases, is subdivided into SCC?*> and non-squamous
cell carcinomas®® including adenocarcinomas and LCC?*. SCC, closely correlated with
smoking!®2%¢, is commonly developed centrally in lungs, with greater frequency to men

than women?®®. In contrast, adenocarcinoma, usually appearing in the lung periphery is the
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Table 12: VOCs characterized as able to differentiate COPD patients from healthy controls.

VOCs Expression* CAS No Category Ref.
Octanol, 2-Butyl- + 3913-02-8 Alcohol [22]
Propanol, 2- + 67-63-0 Alcohol [22]
Acetaldehyde + 75-07-0 Aldehyde [22]
Butanal + 123-72-8 Aldehyde [22]
Decanal + 112-31-2 Aldehyde [239]
Dodecanal + 112-54-9 Aldehyde [239]
Hexanal - 66-25-1 Aldehyde [238]
Hexanal + 66-25-1 Aldehyde [239]
Hexanal Similar 66-25-1 Aldehyde [62]
Hexanal + 66-25-1 Aldehyde [240]
Hexanal + 66-25-1 Aldehyde [237]
Nonanal + 124-19-6 Aldehyde [239]
Pentadecanal + 2765-11-9 Aldehyde [239]
Propanal + 123-38-6 Aldehyde [22]
Undecanal + 112-44-7 Aldehyde [239]
Butane, n- + 106-97-8 Alkane [62]
Butane, n- - 106-97-8 Alkane [243]
Decane, n- + 124-18-5 Alkane [244]
Heptane, n- + 142-82-5 Alkane [244]
Heptane, n- + 142-82-5 Alkane [243]
Hexadecane, n- - 544-76-3 Alkane [238]
Nonadecane, n- - 629-92-5 Alkane [62]
Nonadecane, n- + 629-92-5 Alkane [240]
Octadecane, n- - 593-45-3 Alkane [238]
Octane, n- + 111-65-9 Alkane [244]
Octane, n- + 111-65-9 Alkane [22]
Pentane, n- + 109-66-0 Alkane [244]
Tetradecane, n- - 629-59-4 Alkane [22]
Tridecane, n- + 629-50-5 Alkane [18]
Undecane, n- - 1120-21-4 Alkane [238]
Decane, 2,4,6-Trimethyl- - 62108-27-4 Alkane, methylated [238]
Heptane, 2,4-dimethyl- - 2213-23-2 Alkane, methylated [243]
Heptane, 2,6-Dimethyl- - 1072-05-5 Alkane, methylated [238]
Hexane, 2-methyl- + 591-76-4 Alkane, methylated [243]
Octane, 2,6-dimethyl- - 2051-30-1 Alkane, methylated [243]
Octane, 4-Methyl- - 2216-34-4 Alkane, methylated [238]
Pentane, 2-Methyl- + 107-83-5 Alkane, methylated [244]
Undecane, 4,7-Dimethyl- - 17301-32-5 Alkane, methylated [238]
Cresol, m/p- - 108-39-4/106-44-5 Aromatic Alcohol [18]
Phenol + 108-95-2 Aromatic Alcohol [62]
Phenol similar 108-95-2 Aromatic Alcohol [18]
[E]-Cinnamaldehyde - 104-55-2 Aromatic aldehyde [22]
Benzaldehyde Similar 100-52-7 Aromatic Aldehyde [62]
Benzaldehyde + 100-52-7 Aromatic Aldehyde [240]
Phthalic anhydride + 85-44-9 Aromatic Anhydride [62]
Furan,2-pentyl - 3777-69-3 Aromatic Ether [239]
Benzene + 71-43-2 Aromatic Hydrocarbon [240]
Benzene + 71-43-2 Aromatic Hydrocarbon [18]
Benzene, 1-Ethyl-3-methyl- + 620-14-4 Aromatic Hydrocarbon [18]
Benzene, Ethyl- + 100-41-4 Aromatic Hydrocarbon [244]
Benzene, Trimethyl- + NA Aromatic Hydrocarbon [244]
Styrene + 100-42-5 Aromatic Hydrocarbon [244]
Toluene Similar 108-88-3 Aromatic Hydrocarbon [62]
Toluene + 108-88-3 Aromatic Hydrocarbon [240]
Toluene + 108-88-3 Aromatic Hydrocarbon [18]
Xylene, m/p- + 108-38-3/106-42-3 Aromatic Hydrocarbon [18]
Xylene, o- + 95-47-6 Aromatic Hydrocarbon [18]
Xylenes + 108-38-3/ 106-42-3/ 95-47-6  Aromatic Hydrocarbon [244]
Benzonitrile - 100-47-0 Aromatic, Nitrogen compound [238]
Indole - 120-72-9 Aromatic, Nitrogen compound [18]
Indole - 120-72-9 Aromatic, Nitrogen Compound [22]
Pyrazine, Vinyl- - 4177-16-6 Aromatic, Nitrogen Compound [22]
Pyridine, 2-Acetyl- - 1122-62-9 Aromatic, Nitrogen Compound [22]
Acetic acid Similar 64-19-7 Carboxylic Acid [62]
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Acetic Acid similar 64-19-7 Carboxylic Acid [18]

Butanoic acid, 2-Methyl- - 116-53-0 Carboxylic Acid [22]
Pentanoic acid - 109-52-4 Carboxylic acid [239]
Menthol + 1490-04-6 Cyclic Alcohol [239]
Cyclohexanone + 108-94-1 Cyclic Ketone [242]
Cyclohexanone + 108-94-1 Cyclic Ketone [243]
Cyclopentanone, 3-methyl- + 1757-42-2 Cyclic Ketone [22]
Cyclohexane + 110-82-7 Cycloalkane [243]
Isoprene — 78-79-5 Diene [238]
Isoprene Similar 78-79-5 Diene [62]
Isoprene + 78-79-5 Diene [240]
Carbon dioxide Similar 124-38-9 Dioxide [62]
Oxirane, dodecyl- + 3234-28-4 Epoxide [239]
Acetate, Vinyl + 108-05-4 Ester [18]
Ethyl 2,2-dimethyl-3-oxobutanoate  — 597-04-6 Ester [239]
Isobutyrate, Methyl + 547-63-7 Ester [22]
Linalyl Acetate - 115-95-7 Ester [18]
C16 hydrocarbon - NA Hydrocarbon [238]
Butanone + 78-93-3 Ketone [18]
Hept-5-en-2-one, 6-methyl- - 110-93-0 Ketone [243]
Heptanone, 4- + 123-19-3 Ketone [243]
Hexanone, 3- + 589-38-8 Ketone [22]
Pentanone, 2- + 107-87-9 Ketone [241]
Pentanone, 2- + 107-87-9 Ketone [243]
Delta-dodecalactone - 713-95-1 Lactone [22]
Dimethyl disulfide - 75-18-3 Sulfide [243]
Methyl propyl sulfide + 3877-15-4 Sulfide [243]
Sulphur dioxide + 7446-09-5 Sulfur Compound [62]
Pinene, a- + 80-56-8 Terpene [22]
Terpineol - 98-55-5 Terpenoid [238]
Hepta-1,3,5-triene, 1,6-Dimethyl- + 928-67-6 Triene [18]
Octa-1,3,6-triene, 3,7-Dimethyl- - 3338-55-4/13877-91-3 Triene [238]

* “Expression” refers to the concentration of the VOC in patient’s breath in comparison to healthy controls; (+) indicates higher
concentration in patient’s breath, (-) indicates lower concentration in patient’s breath.

most widespread NSCLC type, with an occurrence percentage of 40%'°, while smoking
association is minor?%6. LCC is a malignant neoplasm deriving from transformed epithelial
cells in lungs. It is composed by large tumor cells and can be differentiated from the other

NSCLC types using light microscopy?®°.

Commonly, no symptoms are expressed in early stages®>. On the other hand, disease
manifestation is limited to non-specific symptoms?>, including cough, short breath, chest
pain and weight loss®®. LC diagnosis at early stages is particularly important, as chances for
effective treatment are greater, in comparison to advanced-stages®>. Thus, improved
screening is essential for LC mortality reduction®!%24>, For LC diagnosis and screening chest
radiography, low-dose spiral CT'%1925 sputum cytology, fluorescence bronchoscopy''?® or
positron emission tomography'! are used, while confirmation by the invasive, expensive

and time consuming biopsy is essential'®. Among those techniques, it is indicated that low-

dose CT comprises the only method reducing high-risk patients’ mortality?®.
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For this reason, research interest has turned towards biomarkers and, specifically exhaled
VOCs'3 jdentification, produced by induced oxidative stress and oxidase enzymes?¥’.
Common proposed cancer biomarkers include branched and oxygenated hydrocarbons3>.
Identification of VOCs derived from LC nodules the same is of particular importance but yet
not achieved®®. In contrast, some potential VOCs-biomarkers (e.g., aromatic or unsaturated
compounds, cyclic hydrocarbons) are purely exogenous, correlated with smoking,
disinfectants, medications, plastics or fuel combustion3®. Despite the great number of

relevant studies, low concordance between them, concerning the determination of

(patterns of) VOCs, has delayed the development of a non-invasive breath test'°.

Among the twenty three studies selected according to the inclusion criteria (§ 3.2), almost
all attempt to differentiate LC patients — including both SCLC and NSCLC histologies, of
different LC stages — from healthy controls, taking into account the smoking habits
35,33,245,248, 249,250,251,252,253 |n some cases, only NSCLC patients were included?'?>4, while the
differentiation of LC patients from patients with BPN has also been extensively
reported?>:31,247.255256  smoking-related VOCs present in the breath of smokers should be
taken into account, as important confounding factors'®. Aromatic compounds, for instance,
have been found to be increased in the breath of healthy smokers, in contrast to the levels
of oxygenated species (aldehydes, ketones and alcohols) found increased in LC patients®>’.
Interestingly, age, considered as important risk factor, has also been selected as a variable

in statistical analysis, along with specific VOCs, for LC detection?>3.

Apart from LC diagnosis, histology characterization is, also, an important target of the
research field. It is reported that 1-butanol and 3-hydroxy-2-butanone!!, as well as 4-
hydroxyhexenal?*’” can differentiate SCC from adenocarcinoma patients, while SCLC and
NSCLC can be potentially distinguished from 4-hydroxynonenal and CsH100, increased in
the former case?*’. The differentiation of LC stages (I, Il, Il or IV) has been attempted, as
well. Recently, Chen et al. detected a pattern of 19 VOCs to distinguish early (1,II) and
advanced LC stages (lI,IV) 2°, while Fu et al. demonstrated that exhaled 2-butanone
concentration is significantly different between stages | and II-IV, distinguishing them?*’.
Carbonyl compounds, in general, have attracted research interest, not only for LC stages
discrimination?¥’, but also to differentiate early-stage LC patients from healthy controls?>®

and BPD patients?>>2°6, Aldehydes seem promising LC biomarkers produced by tissue
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damage??, thus it has been attempted to determine their concentration to differentiate
healthy subjects from NSCLC?® or both SCLC and NSCLC patients?>4. LC discrimination from
other diseases is also reported. In an attempt to discriminate NSCLC, COPD patients and
healthy subjects, considering smoking habits, 4 VOCs were found in different levels for
NSCLC and COPD patients.?** In another study, LC patients were effectively distinguished
from PNMD (COPD, pulmonary tuberculosis and asthma) patients using 10 VOCs>>8.

The VOCs used to differentiate LC patients and healthy controls in the studies of on Table
13, were compiled (Table 14). In general, aliphatic hydrocarbons and aldehydes are
reported in the literature as the most abundant in the breath of LC patients, followed by
aromatic hydrocarbons and ketones, as well as alcohols in lower levels'®. On Table 14, it is
observed that alcohols, aldehydes, ketones, hydroxylated aldehydes and ketones, alkanes,
aromatic, nitrogen as well as non-aromatic compounds are included in the commonly
identified discriminant VOCs of LC towards healthy subjects. Specifically, 39 VOCs, including
methanol, ethanol, 1-butanol, 1l-propanol, 2-propanol, propanal, butanal, pentanal,
hexanal, heptanal, octanal, nonanal, acetone, 2-butanone, 2-pentnone, 3-hydroxy-2-
butanone, 2-hydroxyacetaldehyde, 4-hydroxyhexenal, hexane, octane, nonane, dodecane,
isoprene, furan, 2,5-dimethyl furan, benzene, ethyl benzene, n-propyl benzene, 1,2,3-
trimethyl benzene, 1-methyl-3-propyl benzene, toluene, xylenes, cyclohexanone,
cyclohexane, methyl cyclohexane, propyl cyclohexane and acetonitrile have been identified
in more than one studies, predominantly in higher levels in LC patients’ breath. In some
cases, for some VOCs, either lower or similar concentrations between LC patients and

healthy controls are observed, however, in any case, those studies are fewer.

4.3.1.4. Breast Cancer (BC)

BC, one of the top five most frequent and mortal cancer types* comprises the most
common cancer among female population, following skin cancer®32 and the main cause of
women deaths!3. Genetic and epigenetic alternations in breast cells, due to a combination
of genetic and environmental factors, can induce BC. Such alternations, e.g., inactivation
of DNA repair genes or DNA methylation of certain genes, may occur in pre-malignant

lesions, during carcinogenesis®®. BC is subdivided into milk ducts and lobular cancer2.
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Table 14: VOCs characterized as able to differentiate LC patients from healthy controls.

VOCs Expression* CAS No Category Ref.
Butan-1-ol, 3-Methyl- + 123-51-3 Alcohol [251]
Butan-2-ol, 2,3-dimethyl- + 594-60-5 Alcohol [250]
Butanol, 1- + 71-36-3 Alcohol [11]
Butanol, 1- + 71-36-3 Alcohol [257]
Butanol, 1- NA 71-36-3 Alcohol [34]
Ethanol + 64-17-5 Alcohol [33]
Ethanol + 64-17-5 Alcohol [253]
Methanol + 67-56-1 Alcohol [12]
Methanol NA 67-56-1 Alcohol [259]
Propanol, 1- + 71-23-8 Alcohol [12]
Propanol, 1- + 71-23-8 Alcohol [249]
Propanol, 1- + 71-23-8 Alcohol [250]
Propanol, 1- + 71-23-8 Alcohol [33]
Propanol, 1- + 71-23-8 Alcohol [245]
Propanol, 1- NA 71-23-8 Alcohol [259]
Propanol, 1- - 71-23-8 Alcohol [34]
Propanol, 2- + 67-63-0 Alcohol [248]
Propanol, 2- + 67-63-0 Alcohol [245]
Propanol, 2- + 67-63-0 Alcohol [34]
But-3-yn-2-ol + 2028-63-9 Alcohol + Alkyne [250]
Butanal + 123-72-8 Aldehyde [254]
Butanal + 123-72-8 Aldehyde [245]
Butanal + 123-72-8 Aldehyde [2]
Formaldehyde + 50-00-0 Aldehyde [248]
Heptanal + 111-71-7 Aldehyde [254]
Heptanal + 111-71-7 Aldehyde [251]
Hexadecanal + 629-80-1 Aldehyde [258]
Hexanal + 66-25-1 Aldehyde [35]
Hexanal + 66-25-1 Aldehyde [254]
Hexanal LC only 66-25-1 Aldehyde [33]
Hexanal + 66-25-1 Aldehyde [251]
Hexanal Similar 66-25-1 Aldehyde [34]
Hexanal + 66-25-1 Aldehyde [25]
Hexanal NA 66-25-1 Aldehyde [31]
Nonanal + 124-19-6 Aldehyde [35]
Nonanal + 124-19-6 Aldehyde [254]
Nonanal Similar 124-19-6 Aldehyde [34]
Nonanal + 124-19-6 Aldehyde [257]
Octanal + 124-13-0 Aldehyde [35]
Octanal + 124-13-0 Aldehyde [254]
Octanal Similar 124-13-0 Aldehyde [34]
Pentanal + 110-62-3 Aldehyde [35]
Pentanal + 110-62-3 Aldehyde [254]
Pentanal LC only 110-62-3 Aldehyde [33]
Pentanal 110-62-3 Aldehyde [2]
Pentanal + 110-62-3 Aldehyde [250]
Propanal + 123-38-6 Aldehyde [254]
Propanal + 123-38-6 Aldehyde [33]
Propanal + 123-38-6 Aldehyde [245]
Propenal, 2- + 107-02-8 Aldehyde [245]
Acetaldehyde, 2-hydroxy- + 141-46-8 Aldehyde, Hydroxylated [255]
Acetaldehyde, 2-hydroxy- + 141-46-8 Aldehyde, Hydroxylated [247]
Acetaldehyde, 2-hydroxy- + 141-46-8 Aldehyde, Hydroxylated [256]
Hexenal, 4-hydroxy- + 17427-08-6 Aldehyde, Hydroxylated [247]
Hexenal, 4-hydroxy- + 17427-08-6 Aldehyde, Hydroxylated [255]
Hexenal, 4-hydroxy- + 17427-08-6 Aldehyde, Hydroxylated [256]
Non-2-enal, 4-hydroxy- + 75899-68-2 Aldehyde, Hydroxylated [256]
Butane + 106-97-8 Alkane [33]
Decane + 124-18-5 Alkane [244]
Dodecane + 112-40-3 Alkane [253]
Dodecane NA 112-40-3 Alkane [31]
Dodecane, n- + 112-40-3 Alkane [251]
Heneicosane NA 629-94-7 Alkane [31]
Heptane + 142-82-5 Alkane [25]
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Heptane, 3-ethyl-3-methyl + 14676-29-0 Alkane [25]
Hexane + 110-54-3 Alkane [253]
Hexane + 110-54-3 Alkane [34]
Hexane + 110-54-3 Alkane [2]
Hexane, n- + 110-54-3 Alkane [257]
Methane + 74-82-8 Alkane [253]
Nonadecane NA 629-92-5 Alkane [31]
Nonane LC only 111-84-2 Alkane [33]
Nonane + 111-84-2 Alkane [25]
Nonane, 5-(2-methyl-)propyl- + 62185-53-9 Alkane [258]
Octane + 111-65-9 Alkane [244]
Octane - 111-65-9 Alkane [34]
Pentadecane, 8-hexyl- + 13475-75-7 Alkane [258]
Pentadecane, n- NA 629-62-9 Alkane [31]
Pentane + 109-66-0 Alkane [244]
Tetracosane, n- NA 646-31-1 Alkane [31]
Undecane, n- + 1120-21-4 Alkane [250]
Butane, 2-methyl- + 78-78-4 Alkane Methylated [250]
Decane, 4-methyl- + 2847-72-5 Alkane Methylated [249]
Heptane, Pentamethyl- + 30586-18-6 Alkane Methylated [244]
Pentane, 2-Methyl- + 107-83-5 Alkane Methylated [244]
Undecane, 3,7-dimethyl- + 17301-29-0 Alkane Methylated [250]
Dodecane, 2,6,11-trimethyl- + 31295-56-4 Alkane Methylated [258]
Heptadecane, 8-methyl- NA 13287-23-5 Alkane Methylated [31]
Heptane, 2,2,4,6,6-pentamethyl- 13475-82-6 Alkane Methylated [253]
Methane, dimethyl- 74-98-6 Alkane Methylated [253]
Pentadecane, 2,6,10,14-tetramethyl- NA 1921-70-6 Alkane Methylated [31]
Pentane, 3-methyl- 96-14-0 Alkane Methylated [257]
But-2-ene, 2-methyl- + 513-35-9 Alkene [250]
Hexa-2,4-diene, 2,5-dimethyl- + 764-13-6 Alkene (Diene) [249]
Isoprene + 78-79-5 Alkene (Diene) [33]
Isoprene NA 78-79-5 Alkene (Diene) [259]
Isoprene Similar 78-79-5 Alkene (Diene) [34]
Isopropylamine + 75-31-0 Amine [251]
Phenol NA 108-95-2 Aromatic Alcohol [31]
Phenol, 2,6-di-tert-butyl-, 4-methyl- + 128-37-0 Aromatic Alcohol [258]
Benzaldehyde + 100-52-7 Aromatic Aldehyde [250]
Benzene, cyclobutyl- + 4392-30-7 Aromatic Cycloalkane [250]
Benzene-1,2-dicarboxylic acid, diethyl ester + 84-66-2 Aromatic Ester [249]
Benzoic acid, 4-ethoxy-, ethyl ester + 23676-09-7 Aromatic Ester+Ether [249]
Benzene, 1-phenoxy- + 101-84-8 Aromatic Ether [249]
Furan + 110-00-9 Aromatic Ether [33]
Furan + 110-00-9 Aromatic Ether [245]
Furan, 2,5-Dimethyl + 625-86-5 Aromatic Ether [25]
Furan, 2,5-Dimethyl- + 625-86-5 Aromatic Ether [249]
1H-Indene, 2,3-dihydro-1,1,3-trimethyl-3- + 3910-35-8 Aromatic Hydrocarbon [249]
phenyl-

Benzene + 71-43-2 Aromatic Hydrocarbon [244]
Benzene + 71-43-2 Aromatic Hydrocarbon [245]
Benzene - 71-43-2 Aromatic Hydrocarbon [34]
Benzene 71-43-2 Aromatic hydrocarbon [2]
Benzene 71-43-2 Aromatic Hydrocarbon [25]
Benzene, 1,2,3-trimethyl- NA 526-73-8 Aromatic Hydrocarbon [31]
Benzene, 1,2,3-trimethyl- + 526-73-8 Aromatic Hydrocarbon [25]
Benzene, 1-methyl-3-propyl- NA 1074-43-7 Aromatic Hydrocarbon [31]
Benzene, 1-methyl-3-propyl- + 1074-43-7 Aromatic Hydrocarbon [25]
Benzene, 4-ethyl-1, 2-dimethyl + 934-80-5 Aromatic Hydrocarbon [25]
Benzene, Ethyl- + 100-41-4 Aromatic Hydrocarbon [244]
Benzene, Ethyl- + 100-41-4 Aromatic Hydrocarbon [33]
Benzene, Ethyl- + 100-41-4 Aromatic Hydrocarbon [245]
Benzene, Ethyl- + 100-41-4 Aromatic Hydrocarbon [251]
Benzene, ethyl- + 100-41-4 Aromatic Hydrocarbon [34]
Benzene, ethyl- + 100-41-4 Aromatic Hydrocarbon [25]
Benzene, n-propyl- NA 103-65-1 Aromatic Hydrocarbon [31]
Benzene, n-propyl- + 103-65-1 Aromatic Hydrocarbon [25]
Benzene, Trimethyl- + NA Aromatic Hydrocarbon [244]
Biphenyl, 2,2’-diethyl- 13049-35-9 Aromatic Hydrocarbon [249]
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Indan NA 496-11-7 Aromatic Hydrocarbon [31]
Naphthalene, 1,2,6-trimethyl- 3031-05-8 Aromatic Hydrocarbon [253]
Styrene + 100-42-5 Aromatic Hydrocarbon [34]
Toluene + 108-88-3 Aromatic Hydrocarbon [244]
Toluene + 108-88-3 Aromatic Hydrocarbon [34]
Toluene + 108-88-3 Aromatic Hydrocarbon [2]
Toluene, 3-ethyl- NA 620-14-4 Aromatic Hydrocarbon [31]
Xylene (o-,m-,p-) 95-47-6/108-38-3/106-42-3  Aromatic Hydrocarbon [252]
Xylene, o- 95-47-6 Aromatic Hydrocarbon [33]
Xylene, o- NA 95-47-6 Aromatic Hydrocarbon [31]
Xylene, o- + 95-47-6 Aromatic Hydrocarbon [25]
Xylene, p-, 2-ethyl- + 1758-88-9 Aromatic Hydrocarbon [25]
Xylenes (o-,m-,p-) + 95-47-6/108-38-3/106-42-3  Aromatic Hydrocarbon [244]
Acetophenone + 98-86-2 Aromatic Ketone [250]
10,11-Dihydro-5H-dibenz-(B,F)-azepine + 494-19-9 Aromatic, Nitrogen [249]
Compound

1-Isoprpyl-4-methylbicyclo [3.1.0] hexane-3-ol  + 513-23-5 Cyclic Alcohol [253]
Aconityl anhydride NA 6318-55—-4 Cyclic Anhydride [31]
Cyclohexanone + 108-94-1 Cyclic Ketone [251]
Cyclohexanone + 108-94-1 Cyclic Ketone [34]
Cyclohexane - 110-82-7 Cycloalkane [257]
Cyclohexane + 110-82-7 Cycloalkane [252]
Cyclohexane - 110-82-7 Cycloalkane [34]
Cyclohexane, methyl- NA 108-87-2 Cycloalkane [31]
Cyclohexane, methyl- + 108-87-2 Cycloalkane [25]
Cyclohexane, prolyl- NA 1678-92-8 Cycloalkane [31]
Cyclohexane, prolyl- + 1678-92-8 Cycloalkane [25]
Cyclopentene + 142-29-0 Cycloalkene [250]
trans-Caryophyllene + 87-44-5 Cycloalkene [249]
Cyclopenta-1,3-diene, 1-methyl- + 26519-91-5 Cycloalkene (Diene) [250]
Cyclododeca-1,5,9-triene, 1,5,9-trimethyl- + 21064-19-7 Cycloalkene (Triene) [249]
2,4,4-trimethylpentan-1,3-diol-diisobutyrate + 74381-40-1 Ester [249]
Acetate, Ethyl- + 141-78-6 Ester [245]
Acetate, Propyl- + 109-60-4 Ester [25]
Butyl acetate + 123-86-4 Ester [250]
DL-sec-Butyl acetate + 105-46-4 Ester [25]
Ethyl butyrate - 105-54-4 Ester [34]
Pentan-1,3-dioldiisobutyrate, 2,2,4-trimethyl + 6846-50-0 Ester [249]
Acetate, 2-metylbutyl / Hexanol, 2- + 624-41-9 / 626-93-7 Ester/Alcohol [251]
Acetone + 67-64-1 Ketone [33]
Acetone + 67-64-1 Ketone [245]
Acetone + 67-64-1 Ketone [12]
Acetone Similar 67-64-1 Ketone [34]
Acetone + 67-64-1 Ketone [2]
Butanedione, 2,3- + 431-03-8 Ketone [250]
Butanone, 2- + 78-93-3 Ketone [250]
Butanone, 2- + 78-93-3 Ketone [245]
Butanone, 2- + 78-93-3 Ketone [247]
Butanone, 2- + 78-93-3 Ketone [255]
Butanone, 2- + 78-93-3 Ketone [256]
Butanone, 2- + 78-93-3 Ketone [257]
Butanone, 2- 78-93-3 Ketone [34]
Butanone, 2- + 78-93-3 Ketone [2]
Hepta-2,6-dien-4-one, 2,5,5-trimethyl- - 546-49-6 Ketone [253]
Pentan-2-one, 4-methyl- NA 108-10-1 Ketone [31]
Pentan-3-one, 2,4-dimethyl- 565-80-0 Ketone [249]
Pentanone, 2- 107-87-9 Ketone [33]
Pentanone, 2- 107-87-9 Ketone [257]
Pentanone, 2- / Pentanal + 107-87-9/ 110-62-3 Ketone [256]
Pentanone,, 2- + 107-87-9 Ketone [245]
Butan-2-one, 3-hydroxy- + 513-86-0 Ketone Hydroxylated [250]
Butan-2-one, 3-hydroxy- + 513-86-0 Ketone Hydroxylated [11]
Butan-2-one, 3-Hydroxy- + 513-86-0 Ketone Hydroxylated [247]
Butan-2-one, 3-Hydroxy- + 513-86-0 Ketone Hydroxylated [255]
Butan-2-one, 4-hydroxy- + 590-90-9 Ketone Hydroxylated [256]
Acetonitrile NA 75-05-8 Nitrogen Compound [259]
Acetonitrile + 75-05-8 Nitrogen Compound [2]
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Benzylimidazoline, 2- NA 59-98-3 Nitrogen compound [31]

Ethylenimine + 151-56-4 Nitrogen Compound [250]
Hydrogen isocyanide NA 6914-07-4 Nitrogen Compound [259]
Isoquinoline, 1,2,3,4-tetrahydro- + 91-21-4 Nitrogen compound [250]
Urea, tetramethyl- + 632-22-4 Nitrogen Compound [250]
Benzothiazole + 95-16-9 Nitrogen — Sulfur [25]
Compound
2,6-Diisopropyl-1,4-benzoquinone + 1988-11-0 Quinone [249]
Hexamethylcyclotrisiloxane + 541-05-9 Siloxane [25]
Dimethyl Sulfide + 75-18-3 Sulfur Compound [33]
Methyl propyl sulfide + 3877-15-4 Sulfur Compound [250]

* “Expression” refers to the concentration of the VOC in patient’s breath in comparison to healthy controls; (+) indicates higher
concentration in patient’s breath, (-) indicates lower concentration in patient’s breath.

Lymph node metastasis, along with large tumor size, comprise signs of unfavorable
prognosis'3, that can be avoided by early diagnosis and appropriate treatment, decreasing

mortality>1332,

The gold standard method for BC diagnosis, reducing BC mortality, is mammography*3261,
However, radiation exposure and patient discomfort, decrease compliance®?%!, MRI and
ultrasonography are also used32. Ultrasonography surpasses mammography sensitivity,
detecting lesions in dense breasts, however detection of microcalcifications, a typical
characteristic of DCIS, is not always feasible. This, along with the dependance on technician
expertise, are important limitations.*® Early BC detection is limited, mainly due to lack of
early symptoms3?, thus new tools with increased sensitivity are needed?. Breath analysis
may serve as a painless, safe and accurate diagnostic tool for BC, as breast stromal

fibroblast activation potentially enhances oxidative stress and increases CYP450 activity.25?

Among the seven studies selected according to the inclusion criteria (§ 3.2), 3 studies 2%

263 gttempted to differentiate BC patients from healthy women, using 273 VOCs and two
different groups of 5%% 263 VOCs. In the rest of studies, the differentiation of BC patients
from patients with abnormal mammograms and negative biopsies?%4, benign tumors?60:265,
non-malignant breast diseases'? or early-stage BC (DCIS)*®°, was also a target. Remarkably,
Wang et al.®® differentiated BC patients from healthy controls, cyclomastopathy and
mammary gland fibroma, using 21, 6 and 8 VOCs, respectively, while 2,5,6-trimethyloctane,
1,4-dimethoxy-2,3-butanediol and cyclohexanone differentiated BC patients from all the
other categories. In another study, Barash et al.**°identified 21 VOCs significantly different
between healthy women and patients suffering from BBT, DCIS and BC and a potentially

cancer-related set of 14 VOCs significantly different between malignant and non-malignant
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patients. Li et al.?%®>, on the other hand,

defined 4 aldehydes discriminant for non-

smoker BC patients and healthy controls,
however no significant differences were
observed between patients with BC and
benign tumors.

The VOCs used to differentiate BC patients
and healthy controls in the studies of Table

15, were compiled (Table 16). The most
common category of VOCs among the studies
are (alkylated) alkanes. Only tetradecane,
though, is reported in two different studies,
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and 3,3-dimethyl pentane, which comprise
isomers of the same compound,

tetradecane and butyl acetate were also
observed in two studies.

the methylated alkanes 2,3-dimethyl pentane
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Table 16: VOCs characterized as able to differentiate BC patients from healthy controls and/or benign diseases.

VOCs Expression*  CAS No Category Ref.
Butane-2,3-diol, 1,4-dimethoxy- + 33507-82-3 Alcohol [13]
Ethanol + 64-17-5 Alcohol [260]
Hexan-1-ol, 2-ethyl- + 104-76-7 Alcohol [260]
Hexan-3-ol, 5-methyl- - 623-55-2 Alcohol [13]
Octan-1-ol, 2-butyl- + 3913-02-8 Alcohol [3]
Octan-1-ol, 2-hexyl- + 19780-79-1 Alcohol [3]
Propanol, 2- + 67-63-0 Alcohol [264]
Heptanal + 111-71-7 Aldehyde [264]
Heptanal + 111-71-7 Aldehyde [265]
Hexanal + 66-25-1 Aldehyde [265]
Nonanal + 124-19-6 Aldehyde [265]
Octanal + 124-13-0 Aldehyde [265]
Dodecane + 112-40-3 Alkane [3]
Heptane + 142-82-5 Alkane [260]
Hexadecane - 544-76-3 Alkane [13]
Nonane, 5-butyl- - 17312-63-9 Alkane [13]
Pentadecane + 629-62-9 Alkane [3]
Tetradecane + 629-59-4 Alkane [3]
Tetradecane - 629-59-4 Alkane [13]
Tridecane + 629-50-5 Alkane [3]
Undecane + 1120-21-4 Alkane [3]
5-(2-methylpropyl)-nonane) - 62185-53-9 Alkane Branched [29]
Decane, 2,2-dimethyl- - 17312-44-6 Alkane Methylated [13]
Decane, 2,3,4-trimethyl - 62238-15-7 Alkane Methylated [29]
Dodecane, 2,7,10-trimethyl- + 74645-98-0 Alkane Methylated [3]
Dodecane, 2,7,11-trimethyl- + 31295-56-4 Alkane Methylated [3]
Heptane, 2,3,4-trimethyl - 52896-95-4 Alkane Methylated [13]
Hexane, 3-methyl- - 589-34-4 Alkane Methylated [263]
Octane, 2,5,6-trimethyl + 62016-14-2 Alkane Methylated [13]
Pentane, 2,3-dimethyl + 565-59-3 Alkane Methylated [260]
Pentane, 3,3-dimethyl + 562-49-2 Alkane Methylated [29]
Octane, 2,3,6-trimethyl- - 62016-33-5 Alkane, Methylated [13]
Decene - 872-05-9 Alkene [263]
Ethylene, trichloro- + 79-01-6 Halogen Compound, Alkene [263]
Dimethylacetamide + 127-19-5 Amide [13]
1,4-Diethylhexyl 3-(trifluoromethyl) benzoate - NA Aromatic Ester [29]
1-Methyl-1-phenylethyl acetate - 3425-72-7 Aromatic Ester [13]
Benzene, 1,2,3,5-tetramethyl- + 527-53-7 Aromatic Hydrocarbon [3]
Benzene, 1,2,4,5-tetramethyl- + 95-93-2 Aromatic Hydrocarbon [3]
Xylene, m- + 108-38-3 Aromatic Hydrocarbon [260]
Benzene, 1-ethyl-3,5-dimethyl- + 934-74-7 Aromatic Hydrocarbon [3]
Benzocyclobutene - 694-87-1 Aromatic Hydrocarbon [13]
Naphthalene - 91-20-3 Aromatic Hydrocarbon [263]
Toluene + 108-88-3 Aromatic Hydrocarbon [260]
Acetophenone + 98-86-2 Aromatic Ketone [264]
1-azulenecarbonitrile, 2-amino-5-isopropyl-8- - NA Aromatic Nitrogen compound [29]
methyl-

2,3-dihydro-1-phenyl-4(1H)-quinazolinone + 35242-43-4 Aromatic Nitrogen compound [264]
Dimethyl carbonate + 616-38-6 Carbonate [260]
Ethylene carbonate - 96-49-1 Carbonate [13]
Methylacrylic acid — 79-41-4 Carboxylic acid [13]
Butanoic acid, 4-Hydroxy- — 591-81-1 Carboxylic acid, Alcohol [13]
Propionic acid, 2-acetyl amino- - 1115-69-1 Carboxylic Acid, Amide [13]
Aromadendrene + 25246-27-9 Cyclic Alkene [3]
Cyclopropane, ehtylidene + 18631-83-9 Cyclic Alkene [3]
Longifolene-(V4) + NA Cyclic Alkene [3]
1,3,5,7-tetroxane - 293-30-1 Cyclic Ether [13]
Cyclohexanone + 108-94-1 Cyclic Ketone [13]
Cyclohexane, 1,4-dimethyl- + 589-90-2 Cycloalkane [260]
Cyclopentane + 287-92-3 Cycloalkane [260]
Cyclohexene, 1-methyl-5-(1-methylethenyl)- + 1461-27-4 Cycloalkene [3]
Isoprene + 78-79-5 Diene [3]
Pentadiene, 1,4- + 591-93-5 Diene [3]
trans-2,3-Epoxybutane + 21490-63-1 Epoxide [13]
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Acetic acid, 2,6,6-trimethyl-3-methylene-7-(3- + NA Ester [3]
oxobutylidene)oxepan-2-yl ester

Butyl acetate + 123-86-4 Ester [260]
Butyl acetate - 123-86-4 Ester [13]
Isopropyl myristate + 110-27-0 Ester [264]
Prop-2-enoic acid, butyl ester + 141-32-2 Ester [260]
Trifluoroacetic acid, n-octadecyl ester + 79392-43-1 Halogen Compound, Ester [3]
Acetone + 67-64-1 Ketone [260]
Hept-5-en-2-one, 6-methyl- + 110-93-0 Ketone [260]
Hexane, 2,5-dimethyl-2,5-dihydroperoxy- - 3025-88-5 Peroxide [13]
2,5-di-tert-Butyl-1,4-benzoquinone + 2460-77-7 Quinone [3]
2,6-di-tert-Butyl-1,4-benzoquinone + 719-22-2 Quinone [3]
Benzoic acid, 4-methyl-2-trimethylsilyloxy-, + NA Silicon Compound [3]
trimethylsilyl ester

Cyclotetrasiloxane, octamethyl- + 556-67-2 Silicon Compound [3]
3-Ethoxy-1,1,1,5,5,5-hexamethyl-3 + 18030-67-6 Silicone Compound [3]
(trimethylsiloxy)trisiloxane

Caryophyllene - 87-44-5 Terpene [263]
Limonene, D- + 5989-27-5 Terpene [3]
Longifolene, (+) + 475-20-7 Terpene [3]
Pinene, a- + 80-56-8 Terpene [260]

* “Expression” refers to the concentration of the VOC in patient’s breath in comparison to healthy controls; (+) indicates higher
concentration in patient’s breath, (-) indicates lower concentration in patient’s breath.

4.3.2. Polymer selection

6 values were not available in the literature for all VOC or polymers selected, thus, they
were calculated for all the compounds and polymers, for comparable values to be obtained,
as 6 calculation with group contribution methods leads to somehow different results (§
2.4.2). Ty and VOCs/polymer density values, for molar volume calculation, were retrieved
from references [66], [67] and [266] and/or the respective safety data sheets. Especially for
benzene, calculated (15.69) and literature (18.5) 6 values, as well as 6 of similar aromatic
compounds (toluene, xylenes) differed significantly, thus literature values were used for 46
calculation. Also, literature value was used for Swater®®. Notably, polymer selection was
based on Ad, however VOC-polymer structural similarity or functional groups able to form
VOC-polymer hydrogen bonds were also taken into account, especially if two different
polymers exhibited similar A6 for VOCs. The selected polymers are amorphous, while for

some Tg is greater than RT.

A. Asthmatic children

The calculated 6 values of the VOCs selected for asthmatic children and the potentially
responsive polymers are presented on Table 17. cis-PIP is expected to be more sensitive for
the alkanes and limonene (dispersion forces) and not acetone, as indicated by Aé. The small
PVP- acetone AéS indicates that acetone absorption is favored (polar interactions), in

contrast to the rest of VOCs. Water absorption to polymers seems to be by far less favored
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than VOCs. For the levels of limonene and 2,4-dimethyl heptane in asthmatic children
breath, there is no clear tendency between the studies retrieved, while the three alkanes
are increased. In contrast, acetone concentration is reported to be lower for asthmatic
children, thus potential differentiation of acetone and the rest of VOCs using those two

polymers could enhance the possibility for effective diagnosis.

Table 17. Solubility parameters of selected VOCs and polymers and solubility parameter difference for each pair.

VOC/polymer 6b 6p 6h ot A8 (MJ/m?3)1/2
(MJ/m3)¥2 (MJ/m3)*2  (MJ/m3)¥2  (MJ/m?)¥2  cis-PIP PVP
Limonene 16.44 0 0 16.44 0.01 15.48
Heptane, 2,4-dimethyl 14.46 0 0 14.46 1.97 15.89
Tetradecane 15.69 0 0 15.69 0.74 15.61
Decane 15.46 0 0 15.46 0.98 15.65
Dodecane 15.57 0 0 15.57 0.87 15.63
Acetone 15.39 10.49 5.22 19.34 11.76 5.30
Water 12.30 31.30 34.20 47.96 46.55 32.19
cis-PIP 16.43 0 0 16.43 - -
PVP 18.67 12.49 8.87 24.15 - -

cis-PIP: cis-polyisoprene, Tg: -67°C, PVP: polyvilyl pyrrolidone, Mw: 40K, Tg: 175°C

B. Asthmatic adults

The calculated 6 of the VOCs selected for asthmatic adults and the potentially responsive
polymers are presented on Table 18. It should be noted that instead of the not
commercially available 2,6,11-trimethyl dodecane, the isomer 2,6,10-trimethyl dodecane
with the same 6§, found also increased in asthmatic adults, was used. The small PVP-acetone
Aé indicates the increased polymer affinity for acetone (polar interactions), in contrast to
the rest VOCs, exhibiting high Aé. In contrast, cis-PIP is expected to absorb the non-polar
VOCs to a greater extend (dispersion forces) and not the polar acetone, as indicated by Aé.
PS, with, probably, increased affinity for the aromatic toluene (dispersion forces and m-nt
interactions) in comparison to the alkanes and isoprene, could also be used, to enhance

response to the aromatic toluene. PS affinity for acetone is expected to be far lower, as 46

Table 18. Solubility parameters of selected VOCs and polymers and solubility parameter difference for each pair.

VOC/polymer éb ép 6h ot A8 (MJ/m?3)1/2
(MI/m3)¥2  (MI/m3)*/2 (MJ/m3)*2  (MJ/m*)*?  cis-PIP PVP PS
Dodecane, 2,6,10-trimethyl 15.93 0 0 15.93 0.500 15.56 2.30
Heptane, 2,4-dimethyl 14.46 0 0 14.46 1.97 15.89 3.65
Toluene 17.41 1.04 0 17.44 1.42 14.54 0.54
Isoprene 14.85 0 0 14.85 1.58 15.79 3.29
Acetone 15.39 10.49 5.22 19.34 11.76 5.30 11.03
Water 12.30 31.30 34.20 47.96 46.55 32.19 45.97
cis-PIP 16.43 0.00 0.00 16.43 - - -
PVP 18.67 12.49 8.87 24.15 - - -
PS 17.95 1.11 0.00 17.95 - - -

cis-PIP: cis-polyisoprene, Tg: -67°C, PS: polystyrene, Mw: 35K, Tg: 123-128°C, PVP: polyvilyl pyrrolidone, Mw: 40K, Tg: 175°C
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is higher. VOCs concentrations were increased in asthmatic adults breath, thus greater
response for those VOCs in contrast to healthy subjects could potentially lead to asthma

diagnosis. As previously observed, polymer affinity for water is far less favored.

C. COPD
Table 19. Solubility parameters of selected VOCs and polymers and solubility parameter difference for each pair.
A6 (MJ/m?3)1/2
voc/polymer P op oh ot PAHS  PVB PVP( : PS) cs-  PLA
(MI/m2)¥2 (MI/m3)Y2  (MI/m3)¥2  (MJ/m?)2 o
n-heptane 14.95 0.00 0.00 14.95 15.00 855 1577 3.19 148 12.24
n-octane 15.14 0.00 0.00 15.14 1496 851 1572 3.02 129  12.29
n-nonadecane 15.71 0.00 0.00 15.71 14883 8.40 15.60 2.49 0.72 12.43
Heptane, 2,4- 14.46 0.00 0.00 14.46 15.09 8.69 15.89 3.65 1.97 12.15
dimethyl
Heptane, 2,6- 14.46 0.00 0.00 14.46 15.09 8.69 15.89 3.65 1.97 12.15
dimethyl
Toluene 17.41 1.04 0.00 17.44 14.44  7.77 14.54 0.54 1.42 12.48
Benzene 17.6 1.00 0.00 18.5 1444 7.80 1465 036 1.53  11.78
o-Xylene 17.49 0.91 0.00 17.51 14.47 784 1463 050 1.40 3455
m-Xylene 17.17 0.90 0.00 17.20 1448 7.83 14.68 0.80 1.16 12.58
p-Xylene 17.11 0.89 0.00 17.14 1449 7.83 14.68 0.86 1.12 12.46
Phenol 18.68 5.83 15.09 24.71 1.80 8.42 9.11 1583 16.34 8.29
Benzaldehyde 18.73 7.96 6.66 21.41 7.91 3.82 5.04 9.59 10.63 7.24
Acetic acid 16.63 7.35 13.23 22.48 2.71 6.91 7.04 1469 15.14 5.50
Cyclohexanone 17.62 7.41 4.39 19.61 9.82 3.88 6.85 7.69 8.70 7.63
2-Pentanone 15.69 7.23 4.33 17.81 10.03 4.00 7.56 7.83 8.47 6.47
Hexanal 16.38 6.65 6.12 18.71 8.07 2.37 6.85 8.40 9.04 5.51
Water 12.30 31.30 34.20 47.96 33.70 38.51 32.19 4597 46.55 34.55
P4HS 17.67 4.94 13.90 23.01 - - - - - -
PVB 17.07 4.53 6.93 18.98 - - - - - -
PVP 18.67 12.49 8.87 24.15 - - - - - -
PS 17.95 1.11 0.00 17.95 - - - - - -
cis-PIP 16.43 0.00 0.00 16.43 - - - - - -

cis-PIP: cis-polyisoprene, Tg: -67°C, P4HS: poly(4-hydroxy styrene), Mw: 25K/11K, Tg: 130-185°C, PLA: polylactic acid, Mw: 60K, Tg:
50-57°C, PS: polystyrene, Mw: 35K, Tg: 123-128°C, PVB: polyvinyl butyral, Mw: 170-250K, Tg: 72-78°C, PVP: polyvilyl pyrrolidone,
Mw: 40K, Tg: 175°C

The calculated 6 values of the VOCs selected for COPD patients and the potentially
responsive polymers are presented on Table 19. Among the VOCs characterized more than
once as COPD-biomarkers, n-butane (gas in RT) and indole (solid in RT) were excluded. The
small Aé for P4HS and the VOCs phenol (hydrogen bonding and m-it stucking) and acetic
acid (hydrogen bonding) indicate higher polymer affinity for those VOCs. PLA seems to,
also, have high affinity for acetic acid, along with hexanal, thus PLA and P4HS combination
may enable phenol identification is some cases. PVB and PVP are indicated as sensitive to
benzaldehyde, with the former having, also, affinity for cyclohexanone, 2-pentanone and
hexanal. Signal due to benzaldehyde presence could be discriminated, combining those
two polymers. PVB affinity for the other VOCs seems to be lower, however it is observed

that Ad are not too high. Notably, phenol and benzaldehyde comprise the only class of
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VOCs (polar aromatic) not overlapping with the commonly reported VOC classes of the
other three diseases, thus their differentiation may be of particular importance.
Concerning the alkanes and the non-polar aromatic VOCs, PS and cis-PIP exhibit low Ad
values, indicating increased affinity. Taking into account the quite lower Aé values of PS for
the non-polar aromatic VOCs (0.36-0.86 (MJ/m?3)/2), in combination with their structural
similarity and the development of m-mt interactions, it could be expected that higher
responses would be obtained for those VOCs. Polymer affinity for water seems to be far

less favored.

Among those VOCs, the concentrations of methylated heptanes in COPD patients were
diminished, in contrast to those of heptane and octane, while, for nonadecane, no clear
tendency is observed among the studies. The differentiation of the methylated from
normal alkanes, though, is quite challenging as indicated by Aé with PS and cis-PIP. Also,
acetic acid concentration was found both increased and decreased in relation to healthy
subjects. The rest VOCs are reported to be exhaled in higher levels for COPD patients, thus

their detection could lead to COPD diagnosis, based mainly on concentration differences.

D. Lung cancer

Table 20. Solubility parameters of selected VOCs and polymers and solubility parameter difference for each pair.

5b 5p 5h 5t 46 (MJ/m3)1/2
VOC/polymer =

(MI/m3)¥2  (MI/m3)Y2  (MJ/m3)¥2  (MJ/m?)2 PMMA PHEMA PS cis-PIP
Ethanol 15.43 8.57 18.52 25.59 9.94 3.89 2012 2043
1-Propanol 15.63 6.68 16.35 23.58 7.42 1.03 17.42  17.68
Hexanal 16.38 6.65 6.12 18.71 3.13 9.38 840  9.04
Pentanal 16.01 7.53 6.51 18.85 3.23 9.73 935  9.96
2-Butanone 15.65 8.61 4.73 18.47 5.33 10.99 916  9.85
3-Hydroxy-2- 16.20 10.47 15.84 24.96 5.10 4.35 1848 18.99
butanone
Cyclohexanone  17.62 7.41 439 19.61 5.03 11.32 769 870
Cyclohexane 16.18 0.00 0.00 16.18 1078 16.65 208  0.25
Hexane 14.70 0.00 0.00 14.70 1098  16.66 343 173
Dodecane 15.57 0.00 0.00 15.57 1084  16.64 262 086
Isoprene 14.85 0.00 0.00 14.85 1095  16.65 329 1.58
Ethyl benzene  17.31 0.90 0.00 17.34 1032  16.42 067 1.26
o-Xylene 17.49 0.91 0.00 17.51 1032 1644 050  1.40
Furan 15.23 5.59 6.47 17.47 3.08 9.00 833  8.64
Water 12.30 31.30 34.20 47.96 3610 3151 4597  46.54
PMMA 16.24 3.62 7.19 18.13 : : : -
PHEMA 15.55 6.19 15.45 2278 R R : -
PS 17.95 1.11 0.00 17.95 - - - -
cis-PIP 16.43 0.00 0.00 16.43 - - - -

cis-PIP: cis-polyisoprene, Tg: -67°C, PHEMA: poly(2-hydroxyethyl methacrylate, Mv: 20K, Tg: 84.88°C, PMMA: poly(methyl
methacrylate), Mw: 120K, Tg: 105°C PS: polystyrene, Mw: 35K, Tg: 123-128°C
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The calculated 6 values of the VOCs selected for LC patients and the potentially responsive
polymers are presented on Table 20. Among the VOCs repeatedly characterized as LC-
biomarkers, 2-hydroxy acetaldehyde (solid in RT) and the commercially unavailable 4-
hydroxy hexenal were excluded. Among the 7 repeatedly reported aldehydes, which
possess similar 6, hexanal and pentanal were reported in more studies. Concerning the 5
alcohols, 1-propanol was by far the most commonly reported and was selected along with
ethanol which possesses higher 6 values. Ethyl benzene and o-xylene comprise the most
commonly reported aromatic VOCs, while furan was also selected due to structural
differences (no benzene ring). Hexane and dodecane were identified in more studies than
the rest alkanes, while among cyclohexane and alkylated cyclohexanes the former was
reported in more studies. Butanone was the most common ketone, with lower & than

acetone, while cyclohexanone was also selected, due to structural differences.

The small A6 for PMMA and hexanal, pentanal, 2-butanone, 3-hydroxy-2-butanone,
cyclohexanone and furan indicate high polymer affinity. Specifically, 3-hydroxy-2-butanone
affinity is expected to be enhanced by hydrogen bonding formation. Despite their higher
A, alcohols may also be able to form hydrogen bonds with PMMA carbonyl groups.
PHEMA, on the other hand, is expected to have higher affinity for the alcohols ethanol and
1-propanol, as well as 3-hydroxy-2-butanone, all of which can form hydrogen bonds with
the carbonyl and hydroxyl groups of PHEMA. Hydrogen bonding between
ketones/aldehydes (higher A8) with PHEMA hydroxyl groups may also be formed. As
previously observed, for alkanes, isoprene and aromatic benzene derivatives, PS and cis-
PIP are supposed to exhibit increased affinity, especially PS for benzene derivatives, as

explained earlier (COPD diagnosis). In any case, polymer affinity for water is probably low.

The concentration of VOCs selected, except cyclohexanone, were increased for of LC
patients, thus greater response for those VOCs in contrast to healthy subjects could
potentially lead to LC diagnosis. Cyclohexanone discrimination from ketones, aldehydes
and furan, though, seems to be challenging. Poly(cyclohexyl methacrylate) was also tested,

(values not shown) leading, though, to similar Aé and, thus, semi-selectivity, with PMMA.
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E. Breast cancer

The calculated & values of the VOCs selected for BC patients and the polymers potentially
responsive to their presence are presented on Table 21. The small A6 between PMMA and
heptanal and butyl acetate, in contrast to alkanes, indicates increased polymer affinity. On
the other hand, cis-PIP is expected to be more sensitive to the three alkanes, thus
discrimination of those VOCs is potentially feasible. Polymer affinity for water is expected
to be far lower. The concentrations of those VOCs are clearly found increased in BC
patients, compared with healthy subjects, except tetradecane and butyl acetate for which
no clear tendency is observed. The detection of those VOCs in increased levels in BC
patients’ exhaled breath could potentially lead to BC diagnosis, however more classes of

VOCs may lead to more precise diagnosis and avoid overlapping with other diseases.

Table 21. Solubility parameters of selected VOCs and polymers and solubility parameter difference for each pair.

VOC/polymer éb (MJ/m3)¥/2  &p (MJ/m3)/2  &h (MJ/m3)/2 &t (MJ/m3)¥/2 A P
PMMA  cis-PIP
Heptanal 16.67 5.95 5.79 18.63 3.31 8.31
Butyl acetate 15.37 3.69 7.26 17.39 3.14 8.21
Tetradecane 15.69 0.00 0.00 15.69 10.83 0.74
2,3-dimethyl 14.64 0.00 0.00 14.64 10.99 1.80
pentane
3,3-dimethyl 14.87 0.00 0.00 14.87 10.94 1.56
pentane
Water 12.30 31.30 34.20 47.96 36.10 46.54
PMMA 16.24 3.62 7.19 18.13 - -
cis-PIP 16.43 0.00 0.00 16.43 - -

cis-PIP: cis-polyisoprene, Tg: -67°C, PMMA: poly(methyl methacrylate), Mw: 120K, Tg: 105°C
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Chapter 5: Conclusions and future perspectives

It has been designated that exhaled breath analysis, using both analytical techniques and
sensors, comprises a non-invasive method that holds a great promise for application in
early-stage diagnosis of, not only respiratory, but also systemic, diseases. The aim of this
diploma thesis was, firstly, to present the main categories of nanomaterials and sensors
that have been investigated until now for disease diagnosis applications by exhaled breath
analysis. Further on, focusing on chemiresistors possessing hybrid polymer coated-MNPs
sensing films, the factors potentially affecting VOC-polymer interaction were studied, and
were then taken into account for the proposal of polymers that could possibly detect
repeatedly identified VOCs as potential biomarkers of asthma, COPD, lung and breast

cancer.

The conclusions concerning the factors to be considered for polymer selection are briefly
summarized. Targeted VOCs solubility in the selected polymeric films, as expressed by
solubility parameter difference, 46, is expected to comprise the major (thermodynamic)
factor affecting sensor (semi-)selectivity, as it can, also, be observed by the effective
application of this factor for polymer selection in similar applications’>31.8385  Structural
similarity between the analyte and the polymer, that enables their miscibility should also
be taken into account. Analyte diffusivity in polymeric films may also be an important
(kinetic) parameter, affecting sensor response. The combination of solubility parameter
with a structural parameter, related with the steric factors affecting analyte diffusion in
polymers, has been attempted (Prigogine theory), without success though®’. However, VOC
size and shape could be taken into account. Extremely bulky and non-linear molecules are
considered to inhibit analyte diffusion (§ 4.2.1.4) and, thus, sorption, in polymers,
rendering 6-based predictions invalid. Consequently, the use of solubility parameters
should be limited in the case of non-bulky VOCs of relatively small size, for safe results to
be obtained. Concerning polymer characteristics, amorphous polymers, with low intrinsic
viscosity and, preferably (but not necessarily), Tg lower than operation temperature

(rubbery phase) potentially permit better sensor performance.

More generally, the progressive development of novel nanomaterials offers a great

opportunity to develop more effective sensing elements, both for selective and cross-
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reactive sensors, especially for point-of-care diagnosis, treatment monitoring or population
screening. However, fundamental challenges of the field, which is yet in its infancy, inhibit
the application in clinical practice and should, thus, be tackled. Concerning analytical
techniques used for exhaled VOCs identification, the bulky, expensive and complex
machines limit their application in hospitals, rather than patient’s home, for point-of-care
use?®’. Apart from this, the validity of results is of major concern. The trace levels of exhaled
VOCs affect the analysis accuracy?®®. Simultaneously, the lack of clear breath sampling
protocols?>® — e.g., for the part of breath collected?®’ (§ 2.1.3) — as well as breath storage
needed, potentially alternating sample composition?®’, comprise important challenges.
Sample composition is, also, affected by confounding factors, i.e., age, gender, place of
living, habits and nutrition. In the case of sensors, exhalation rate, a hardly controlled

parameter, may also play a role, complicating the procedure?®’.

For those limitations to be surmounted, relative research should focus on sampling and
procedure protocols standardization?'®267 and system amelioration towards technical
/physiological/pathophysiological confounders?!®, to determine the endogenous VOCs and
define valid exhaled (patterns of) biomarkers. Towards this direction, standard correlations
between blood and breath VOC concentrations could be established?®”. Further on, the
development of portable/wearable, low-cost nanomaterial-based sensors, resistant to
humidity?®’, that serve the clinical needs (i.e., selectivity for disease-specific VOCs and small
recovery time for population screening), along with the optimization of sensor training and
validation using different groups of subjects meeting the clinical purposes, comprise critical
steps for the development of sensors applicable in clinical diagnosis?*®. Notably, the ability
of new sensing systems to discriminate different diseases, to achieve precise early
diagnosis of diseases with similar symptoms and underlying mechanisms, should be a major

concern3,

For all those targets to be achieved, interdisciplinary research and co-operation of
researchers of different fields, is an essential prerequisite?®”. Hopefully, the overcoming of
the existing challenges will permit the clinical translation of breath analysis to become a

reality.
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