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Résumé

L'analyse de l'air expiré des COV fournit des informations très vitales, du point de vue médical, sur l'état métabolique immédiat, démontrant l'état de santé actuel du patient et la possibilité de prévoir toute maladie maintenant ou à venir. La plupart des maladies, comme le cancer, sont dans la plupart des cas détectées à un stade avancé de la maladie, probablement après la production de l'ensemble de la tumeur, puisqu'elle est difficile à diagnostiquer et elle doit alors être traitée de manière invasive. Ce manuscrit a examiné les inconvénients des technologies traditionnelles dans l'analyse des COV respiratoires et s'est concentré sur le développement de micro-capteurs pour l'amélioration des technologies de nez électroniques dans le diagnostic des maladies. Les polymères conducteurs et le biopolymère de chitosane déposés électrochimiquement sur une électrode en or, ont été considérés par divers chercheurs comme un aspirant potentiel en tant qu'outils de détection de gaz, du fait qu'ils possèdent les propriétés requises ; combinaisons chimiques intéressantes et ajustables, caractéristiques électriques et structurelles. Les polymères conducteurs utilisés pour les capteurs de gaz, jusqu'à présent, pour n'en citer que quelques-uns, comprennent le polypyrrole, le polythiophène, la polyaniline et le polyéther et d'une certaine manière un biopolymère, le chitosane, leurs dérivés sont utilisés comme membrane sensible déposée sur des électrodes d'or interdigitées pour les capteurs de gaz conductométriques en raison de leur capacité à acquérir des propriétés conductrices. Le principal avantage du capteur à base de polymère est de fonctionner à température ambiante par rapport aux autres types de capteurs, principalement à base d'oxydes métalliques présentant une efficacité de fonctionnement à très haute température (300-700°C). Par la suite, les scientifiques ont tenté d'obtenir un capteur de gaz avec des propriétés 3S (sensibilité, sélectivité et stabilité) pour répondre au besoin essentiel des capteurs de gaz en santé publique pour le diagnostic des maladies et le contrôle de l'environnement. Les microcapteurs de gaz sont préférés aux techniques de détection de gaz conventionnelles en raison de leur nature non invasive, de leur taille portable, de leur détection rapide et de leur capacité à fonctionner dans des conditions atmosphériques. Cette étude se concentre principalement sur les avancées précédentes dans les capteurs de gaz à base de polymères conducteurs électrodéposés établis sur des transducteurs.

Des études approfondies ont révélé que la capacité de détection du polymère électrodéposé pourrait être plus efficace par dopage ou fonctionnalisation chimique : nanostructuration et mélange d'autres matériaux fonctionnels pour produire un nanocomposite ou des matériaux hybrides, comme cela a été rapporté lorsque des polymères avec phtalocyanines incorporées sont utilisés comme matériau sensible pour l'application à la détection de gaz. Les microcapteurs de gaz fabriqués à partir de l'électropolymérisation de chitosane dopé avec les phthalocyanines de nickel (NiPc) et de nanofibres de PVC électrofilées incorporant des phthalocyanines de nickel comme matériau de détection de base, présentent plusieurs avantages, notamment des propriétés réglables, la détection à la température ambiante et le potentiel de se prêter aux processus d'impression. Des composites en couche mince de chitosane/NiPc ont été déposés par voie électrochimique sur les électrodes en or interdigitées.

Alors que les nanofibres de PVC ont été électrofilées sur une surface d'électrode en or interdigitée. La membrane polymère seule et le polymère dopé NiPc sont caractérisés par la microscopie électronique à balayage (MEB), par des spectres de dispersion d'énergie (EDS), par la spectrométrie infrarouge à transformée de Fourier (FTIR) et par une analyse thermogravimétrique (TGA).

Les propriétés de détection de vapeurs d'acétone, d'éthanol et de méthanol des films préparés dans des conditions optimales ont été étudiées à température ambiante en utilisant des mesures différentielles à une fréquence optimale de 10 kHz. La fibre PVC dopée NiPc pour la détection du méthanol a la sensibilité, la limite de détection (LOD), le temps de réponse et le temps de récupération suivants : 505 μS/cm (v/v) -1 , 500 ppm, 13 secondes et 25 secondes respectivement.

Par rapport au film de chitosane dopé avec NiPc, le capteur de méthanol obtenu présente les caractéristiques suivantes : sensibilité : 60,21μS/cm (v/v) -1 , limite de détection : 700 ppm, temps de réponse : 31 secondes et temps de récupération : 38 secondes. L'étude a également montré une meilleure sélectivité et répétabilité pour cette configuration vis-à-vis du méthanol par rapport à l'éthanol et à l'acétone. L'appareil est insensible à l'interférence de la vapeur d'eau, ce qui le rend bien adapté à la détection des COV en présence d'humidité.

Abstract

Exhaled breath analysis of Volatile Organic Compounds (VOCs) from the medical point of view provides very vital information on the immediate metabolic state demonstrating the patient's current health status and the possibility of forecasting any disease now or soon. Most diseases as if cancer, are in most cases detected at the late stage of the disease, probably after the tumor most have been produced which makes it difficult to diagnose and must be treated in an invasive way. This manuscript looked at the drawbacks of the traditional technologies in breath VOCs analysis and focused on micro sensors developments for improved e-nose technologies in disease diagnosing. Conducting polymers and chitosan biopolymer electrochemically deposited on a gold electrode, has been considered by various researchers to be a potential aspirant for gas sensing tools. They present required properties, interesting and tunable chemical combinations, electrical and structural characteristics. The conducting polymers used for gas sensors, so far, to mention but few, comprises polypyrrole, polythiophene, polyaniline, and polyether and in some way chitosan biopolymer. Their derivatives are utilized as sensitive membrane deposited on interdigitated gold electrodes for conductometric gas sensors because of the ability to acquire conducting properties. The polymer-based sensor's main advantage is operating at room temperature over the other types of sensors, primarily based on metal oxides with operation efficiency at a very high temperature (300-700 o C). Subsequently, scientists attempted to attain a gas sensor with 3S properties (sensitivity, selectivity, and stability) due to gas sensors' critical role in public health for disease diagnoses and environmental control. Gas micro sensors are chosen over conventional gas detection techniques due to their non-invasive nature, portable size, rapid detection, and ability to work in atmospheric conditions. This study focuses more on the previous advances in electrodeposited conducting polymer-based gas sensors established on different transducers application. Improved in-depth studies revealed that the electrodeposited polymer's sensing ability could be more efficient through incorporation or chemical functionalization: nanostructuration and mixing other functional materials to yield a nanocomposite or hybrid materials, as was reported where polymer/phthalocyanines are employed as sensitive material for gas sensing application. Gas micro sensors made from electropolymerization of chitosan doped nickel phthalocyanines and electrospun PVC nanofibers incorporated with nickel phthalocyanines film as the base sensing material have several advantages including tunable properties, room temperature sensing, and the potential of being amenable to the printing processes. Thin-film composite of chitosan/NiPc were electrochemically deposited across the fingers of interdigitated gold electrodes. Whereas PVC nanofibers were electrospun on interdigitated gold electrode surface. The sole polymer membrane and the polymer doped with NiPc undergo chemical characterization by scanning electron microscopy (SEM) images, energy dispersive spectra (EDS), Fourier transform infrared spectrometry (FTIR), and thermal gravimetric analysis (TGA).

Acetone, ethanol, and methanol head space gas-sensing properties of the films prepared at optimum conditions were studied at ambient temperature using differential measurements at an optimized frequency of 10 kHz. The methanol sensor based on PVC fiber doped with NiPc presents the sensitivity, the LOD, the response time, and the recovery time with the following values: 505 μS/cm(v/v) -1 , 500 ppm, 13 seconds, and 25 seconds respectively. Compared to the methanol sensor based on chitosan film doped with NiPc, its characteristics are the following ones: sensitivity: 60.21 μS/cm(v/v) -1 , LOD: 700 ppm, response time: 31 seconds, and recovery time: 38 seconds. The study also showed better selectivity and repeatability for this configuration towards methanol in comparison to ethanol and acetone. The device is unaffected by the interfering water vapor, which makes it well suitable for VOC sensing in presence of humidity. Table 1. The first section of this dissertation covers a basic overview of the subject and explains the problem and the thesis' background. This opening chapter also highlights the thesis' structure and contents. The manuscript's outline is portrayed briefly, with the focus of each chapter highlighted. researchers have already employed this method in the past few years, which is made up of traditional electrospinning and has been proven to respond selectively to target VOCs when the suitable polymer matrix is used. However, this section incorporates the polymer matrix of electrospun PVC nanofiber, with Nickel phthalocyanines as a controlling parameter of the VOC sensors' stability selectivity and sensitivity. Finally, the concluding aspect of the manuscript presents observations and future perspectives on developing conductive nanocomposite capable of detecting lower concentrations of VOCs for illness prediction.
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I.2. General Introduction & context of the thesis

After this manuscript, a complete explanation of all the used materials, methodologies, tools, and synthesis operations is gathered in an appendix to make it easier to understand.

This appendix also includes a list of the fundamental ELECTRODEPOSITION AND ELECTROSPINNING employed in this study and a systematic procedure for fabricating them.

Morphological, thermal, and structural characterization approaches were all taken into consideration.

Chapter II Bibliographic Chapter

I II.1. Introduction

Medical check-up techniques and diagnostics procedures are the essential tools that help physicians differentiate a healthy individual from a sick person and can predict incoming health consequences [1]. The idea of disease detection at the earliest stage creates the possibility for a victorious diagnosis and provides a suitable treatment protocol. It requires the involvement of a cheap, non-invasive, and proactive way of diagnosing diseases [2]. However, it is conceivable that blood and urine are the widely used biological fluids in laboratory testing, but in recent decades, alternative biological specimens such as exhaled breath have gained importance as sources of clinical information [3], both for diagnosis and therapy monitoring, since this breath can reflect biological activities as well as health status, and it can also be collected easily and painlessly [4]. For these reasons, exhaled breath testing has become an increasingly essential non-invasive diagnostic tool for assessing health status and disease types [5]. Furthermore, breath tests have been used to successfully diagnose symptoms such as lung disease, oxidative stress, gastrointestinal disease, metabolic abnormalities, and Helicobacter pylori infection in clinical trials [6]. Breath analysis is a growing field of research with implications for both fundamental and clinical applications, and early diagnostics is a dynamic and expanding subject that uses nanotechnology and molecular diagnostics to aid in the identification of some VOCs and systemic disorders [7]. As a result, VOCs present in exhaled breath has become a valuable tool for assessing physiological and pathological states in humans [8]. Similarly, an examination of the breath may reveal more health information's. Exhaled air can thus identify a variety of clinically relevant substances (e.g., disease biomarkers, drug metabolites) as well as indicators of pollution exposure. Because these compounds were created from both endogenous and exogenous sources, monitoring them might provide information on physiological processes that happened in the body and along the channels of ingestion or absorption.

However, advanced analytical technologies for detecting and measuring volatile organic compounds in clinical matrices raised significant concern for their application in evaluating VOCs' diagnostic potential for different types of diseases [9]. VOCs were initially analyzed by analytical techniques such as gas chromatography-mass spectroscopy (GC-MS), proton transfer reaction mass spectroscopy (PTR-MS), or chemiluminescence [10]. Indeed, the GC-MS operates for the first time to separate the VOCs in a chromatography column, then their identification by mass spectroscopy [11]. This technique has a low detection limit of about one hundred ppb and good selectivity. However, it involves complex measurement procedures and imposes expensive laboratory measurements. (PTR-MS), is an analytical chemistry technique that uses gas phase hydronium reagent ions which are produced in an ion source. It is a technique for monitoring volatile organic compounds in ambient air. With detection limits in the single digit pptv or even ppqv range, real-time. Complex measurement techniques are often imposed. It involves employing an expert and costly laboratory measurements. As for chemiluminescence, it consists of studying the light produced by returning to the ground state of a molecule previously excited by a chemical reaction [12]. It has the advantage of being a portable technique; however, it causes analytical difficulties for multiple detections of distinct species [13]. As such, these traditional approaches of analyzing VOCs become timeconsuming, convoluted, very expensive, and unsuitable for widespread screening.

In this respect, discovering a rapid, reliable, economical, and portable method is of uttermost need before breath analysis attains a clinical reality [14].

While, trying to make some progress, a new trend of analysis has emerged in the last three decades, based on developing gas micro-sensors capable of selectively detecting and quantifying VOCs characteristic of different diseases syndrome [15]. Portability, real-time acquisition, efficiency, non-invasive, and low cost are the keys to manufacturing these innovative micro-sensors [16]. Researchers paid much attention worldwide to numerous gas species detection; quite many transduction principles focused with a high percentage pointed at the miniaturized ones. The main form of operation studied in sensing approaches and promoting sensing results is outlined here: sensing transducers based on metal oxides [17], acoustic waves [18], cantilever resonance [19], resonance [20], resistance, or capacitive changes [21]. The last among the sensor, as mentioned earlier, is capacitively described by the possession of a) devices where the variations in device capacitance formed from the change in the dielectric permittivity of chemically sensitive materials and (b) silicon/polymer biomorphs working in the form of resonance or static bonding [22]. These devices listed above are formed from a flexible or rigid electrode, whereas covered utilizing sensitive materials (predominantly a polymer) through a chemical reaction carried out on the surface, which can expand the volume in the presence of the detecting molecule. This review will implement distinct conducting polymeric and derivatives sensitive membranes developed based on the previous research to detect gaseous compounds.

For these recent developments, electrodeposited conducting polymers on given transducers for gas sensing ability has received much attention due to their promising sensing characteristics, including sensitivity, selectivity, stability, and short response time. These features are operated at room temperature. The development is an additional advantage since most commercially available microsensors, generally based on metal oxides, operate at very high temperatures (300-700 o C). Among the conducting polymers reported to have been used as sensitive membranes since the early 1980s are polypyrrole (PPy) [23], polythiophene (PTh) [24], polyaniline (PANI) [25], polyether [26], chitosan bio polymer [27], and their derivatives. These polymers above were synthesized via chemical or electrochemical procedures. Chemical oxidation is considered the most suitable and straightforward synthesis technique because it involves blending a monomer with an oxidant in each solution.

Nevertheless, electrochemical synthesis proved more efficient than chemical synthesis because it controls the polymerization and doping level [28]. It could also be made over several substrates for the sole purpose of device fabrication directly. The working electrode, mostly interdigitated gold microelectrode, counter (Pt-Electrode), and a reference electrode (Ag/AgCl /3M KCl) are the three-electrode system usually used for electrochemical polymerization of the sensitive materials. Cyclic voltammetry (CV) and chronoamperometry (CA) are the two most known electrochemical deposition techniques for depositing polymeric materials on a given transducer. Surface morphology, porosity, mechanical properties, and thermal stability significantly impact the polymer film coating's physical characteristics [29]. Further research on polymeric sensor fabrication highlights that, to broaden and upgrade the sensor performance, electrodeposited polymers are consistently incorporated with some sensitive materials like coordination compounds (Metallo-phthalocyanines) [30] and metal nanoparticles (Zeolites) [31], metal oxide nanoparticles, and carbon nanotubes to develop composites of higher sensitivity toward gas detection. The analytes detection process proceeds via converting chemical information to an electrical signal [32].

I II.2. Brief perception of cancer

Cancer is caused by the rapid development and expansion of aberrant cells. Cell division happens in a normal human being to replace or rather damage a cell and heal injuries. Cancer takes numerous forms, but the causal agent is the out-of-control development of aberrant cells along with the invasion of other organs. Injured DNA in a normal cell neither heals nor dies;

instead, the cell continues to make new cells with the same damaged DNA. Consequently, the tumor is produced in most cases. This cancer cell spreads to other parts of the body, where it grows and creates new tumors, which eventually replace normal tissues. Metastasis is the word for this process. Metastasis is the final stage of a tumor's progression. External causes (tobacco, pathogenic organisms, radiation, and chemicals) and internal factors cause cancer (inherited mutations, hormones, immune condition, and the mutation from the metabolism). Finding a way to initiate or trigger cancer development, the causal cause may occur all at once or in series.

The time between exposure to an external factor and cancer detection is frequently more than ten years [33].The International Agency for Research on Cancer's GLOBOCAN 2020 estimates of cancer incidence and mortality update the worldwide cancer burden. In 2020, an estimated 19.3 million new cancer cases (18.1 million excluding nonmelanoma skin cancer) will be diagnosed worldwide, with around 10.0 million cancer deaths (9.9 million excluding nonmelanoma skin cancer). With a projected 1.8 million fatalities (18%), lung cancer remained the top cause of cancer death, followed by colorectal (9.4%), liver (8.3%), stomach (7.7%), and female breast (6.9%) cancers demonstrated in Figure 1. Tumor rates are typically highest in countries with the most considerable life expectancy, educational attainment, and style of living. However, the opposite is true for some cancers, such as cervical cancer, and the incidence rate is more remarkable in countries with low population density [34]. (From World Health Organization (WHO)).

The World Health Assembly passed a resolution on cancer prevention and control through an integrated approach (WHA 70.12) in 2017, urging governments and the WHO to take immediate action to meet the targets set out in the Global Action Plan and the 2030 UN Agenda for Sustainable Development to reduce cancer-related premature mortality.

I II.3. Tools for Conventional diagnosis of cancer

Lung cancer is a severe threat to human survival on our planet. The difficulty in detecting lung cancer is the inability to recognize signs in the early stages of the disease. Unfortunately for us, the most common procedures for diagnosing lung cancer nowadays can indeed miss gradual development of the tumors because the diagnosis is focused on determining the size of the tumor [35]. This method is likewise considered prohibitively expensive and unsuitable for extensive screening.

PAPANICOLAU test to detect cervical cancer in women, mammography (an X-ray image used to examine breast tumors), and endoscopic examinations (usually for inspecting the gastrointestinal tract, bronchial tubes, cervix, prostate, bladder, or head, and neck region) are the traditional ways of diagnosing cancer [35]. Ultrasound tests, magnetic resonance imaging, computed tomography, and other methods of cancer screening are among the others [37]. As indicated in (Table 1), each of these approaches has certain flaws in one way or another because the efficiency of detection is dependent on the size of the tumor. As a result, none of the procedures can detect cancer in its early stages. Some of them are costly, while others are invasive and painful to use. As a result, considerable study into the development of cancer biomarker sensors that could aid in the early detection of cancer is critical [36]. 

I II.4. Clinical manifestation of lung cancer

Lung cancer symptoms are divided into two groups: those induced by the tumor's direct mass effect or invasion and those caused by paraneoplastic symptoms, which are systemic symptoms caused by compounds secreted by the tumor (Table 2). Cough, hemoptysis, wheezing, shortness of breath, obstructive pneumonia due to endobronchial tumor development, chest wall pain, and shortness of breath due to restrictive functionality due to peripheral tumor growth are all symptoms of direct tumor invasion. Regional tumor migration into the thorax might induce symptoms depending on the organs involved. The tumor's invasion of the trachea can induce dyspnea, the esophagus can produce dysphagia, the recurrent laryngeal nerve can create hoarseness, and the diaphragmatic nerve can cause respiratory distress due to diaphragm paralysis. Horner's syndrome, marked by enophthalmos, ptosis, miosis, and anhydrosis, is also caused by the invasion of the sympathetic nerves of the cervical spinal cord. Pancoast syndrome, produced by an attack of the 8th cervical and 1st or 2nd thoracic nerves, manifests as shoulder discomfort radiating along with the ulnar nerve distribution. In contrast, superior vena cava syndrome is caused by an invasion of the superior vena cava [38]. Lung cancer can spread to any organ in the body, causing symptoms specific to the metastatic lesion [39]. The location and features of the lesion, the general state of the patient, and the level of experience of the technician performing the examination should all be considered when choosing diagnostic equipment (Table 3). Because of the low concentration of VOC biomarkers, pre-concentration is required. The human respiratory system produces many volatile organic compounds from many sources (Figure 3). VOCs can be endogenous, meaning they come from the body, or exogenous, meaning they come from the environment. After passing via the respiratory tract, they may be of systemic origin.

I II.5.1. Alcohol Alcohols are often derived from foods and alcoholic beverages, and they are absorbed from all regions of the gastrointestinal tract, primarily through simple diffusion into the bloodstream.

Alcohols are also produced via the breakdown of hydrocarbons. Alcohol is prevalent in bodily tissues and fluids and is easily absorbed in circulation due to its high affinity for water [48]. 1propanol was identified in higher concentrations in lung cancer patients than healthy controls [49]. Furthermore, Bajtarevic et al. demonstrated in 2005 that lung cancer patients' breath extract contains methanol, ethanol, and isopropanol [50]. On the other hand, Ethyl hexanol and cyclohexanol are skin cancer indicators [51].

I II.5.2. Aromatic hydrocarbons

Philips et al [52]. found a mixture of VOCs styrene, propyl-benzene, trichlorofluorobenzene, 1,2,4-trimethylbenzene, 2-methyl isoprene, 1,4-dimethyl benzene, and 1-methylethenyl benzene to yield a breath print of lung cancer. Poli et al [53]. found a combination of VOCs such as benzene, toluene, ethylbenzene, isoprene, xylene, and styrene to be non-small cell lung cancer biomarkers. In 2005, Machado et al. demonstrated that lung cancer patients' breath extract contained various VOCs such as isoprene, benzene, and toluene [54]. Several aromatic hydrocarbons have been found as skin cancer biomarkers, including benzaldehyde, benzyl alcohol, 1,4-dimethyl benzene, and 1,2,4-trimethyl benzene [55].

II.5.3. Carbonyl compounds

All C1-C9 straight-chain aldehydes were discovered in human breath extract. Apart from acetaldehyde, all of them were found in the breath of lung cancer patients. Formaldehyde is also a potential biomarker for bladder and prostate cancer, according to Li et al [56].

Other aldehydes, such as heptanal and hexanal, are also associated with people with breast cancer [START_REF] Janfaza | Digging deeper into volatile organic compounds associated with cancer[END_REF]. Because it is generated under metabolic conditions associated with a high fatty acid oxidation rate in lung cancer, acetone is one of the most common compounds in-breath and a significant lung cancer biomarker [START_REF] Zhang | Rapid and sensitive detection of acetone in exhaled breath through the ambient reaction with water radical cations[END_REF]. It was discovered that acetone and methyl ethyl ketone are lung cancer indicators as reported in 1985, acetone can also be used to determine the level of glucose in the blood [START_REF] Galassetti | Breath ethanol and acetone as indicators of serum glucose levels: an initial report[END_REF]. The level of acetone in a healthy person's breath extract is typically 5 ppm, whereas diabetic patients' breath extract can include up to 300 ppm acetone [START_REF] Das | Review-Non-Invasive Monitoring of Human Health by Exhaled Breath Analysis: A Comprehensive Review[END_REF].

II.5.4. Aliphatic hydrocarbons

Gordon et al. identified multiple alkanes and monomethylated alkanes in lung cancer patients'

exhaled breath in 1985 [START_REF] Chan | Oxidative Stress and Exhaled Breath Analysis: A Promising Tool for Detection of Lung Cancer[END_REF]. Philips et al [52] observed a combination of VOCs such as 2,2,4,6,6-pentamethyl heptane, 2-methyl heptane, decane, undecane, cyclopentane, methylcyclopropane, 1-methyl-2-pentyl-methane, 1,3-butadiene, 3-methyl-octane, 1-hexene, nonane, [53] and also found a combination of VOCs such as pentane, 2-methyl pentane, heptane, octane, decane, and pentamethyl heptanes to be non-small cell lung cancer biomarkers. Belizario et al.

studied in 2005 lung cancer patients' breath extract of MPM patients [START_REF] Belizário | Breath Biopsy and Discovery of Exclusive Volatile Organic Compounds for Diagnosis of Infectious Diseases[END_REF], malignant pleural mesothelioma (MPM) being cancer caused mostly by asbestos exposure, It contains many VOCs, including pentane [START_REF] Di Gilio | Breath Analysis for Early Detection of Malignant Pleural Mesothelioma: Volatile Organic Compounds (VOCs) Determination and Possible Biochemical Pathways[END_REF] and cyclohexane, being the most specific component in the breath. Breast cancer is related to increased oxidative stress [START_REF] Gašparović | Chronic Oxidative Stress Promotes Molecular Changes Associated with Epithelial Mesenchymal Transition, NRF2, and Breast Cancer Stem Cell Phenotype[END_REF], which leads to increased pentane concentration [START_REF] Di Gilio | Breath Analysis for Early Detection of Malignant Pleural Mesothelioma: Volatile Organic Compounds (VOCs) Determination and Possible Biochemical Pathways[END_REF]. Phillips et al. reported nonane, 5-methyl tridecane, 3-methyl undecane, 6-methyl pentadecane, 2-methyl propane, 3-methyl nonadecane, 4-methyl dodecane, and 2-methyl octane as breast cancer biomarkers in 2003 [START_REF] Phillips | Volatile biomarkers in the breath of women with breast cancer[END_REF]. Melanoma cancer biomarkers have been discovered to include nonane, decane, and heptadecane [START_REF] Deacon | Molecular Biomarkers for Melanoma Screening, Diagnosis and Prognosis: Current State and Future Prospects[END_REF].

I II.6. Interest in Exhaled Breath Analysis

Exhaled breath represents one of the most accessible diagnostic samples because large quantities are released spontaneously. At least 10,000 L of air is inhaled and subsequently exhaled by a human being each day [START_REF] Van Scott | Airway Anatomy, Physiology, and Inflammation[END_REF]. Breath odors were considered for disease recognition in the past before the current development diagnostics: a pleasant smell linked to diabetes mellitus, fish-like odor associated with liver sickness, and urine-like odor with kidney problems [START_REF] Das | Significance of Exhaled Breath Test in Clinical Diagnosis: A Special Focus on the Detection of Diabetes Mellitus[END_REF]. The estimated composition of the exhaled breath of a normal human being is mainly nitrogen, oxygen, carbon dioxide, argon, and water vapors. However, the volatile organic compounds that might diagnostically be vital are present in very trace concentrations [START_REF] Lombello Coelho | Development of Electrochemical Sensor Based on Carbonaceal and Metal Phthalocyanines Materials for Determination of Ethinyl Estradiol[END_REF], as reported in Table 5. Carbonyl sulfide ppbv

The Identification of VOCs in exhaled breath has reached a level of sustained interest in breath diagnosis because of its non-invasive nature. The concept behind breath metabolomics (mostly known as breathomics) is that VOCs profile in breath will be changed when switch from a normal to a pathological state occurs, which can be detected and partially used for diagnosis and monitoring [START_REF] Rondanelli | Volatile Organic Compounds as Biomarkers of Gastrointestinal Diseases and Nutritional Status[END_REF]. VOCs present in exhaled breath are endogenous or exogenous evolved during different biochemical activities in living organisms. Secondly, they are carried out with food, inhaled in the air, or absorbed by the skin [START_REF] Das | Review-Non-Invasive Monitoring of Human Health by Exhaled Breath Analysis: A Comprehensive Review[END_REF].

PAULING discovered in 1971 that normal human breath included about 200 VOCs, indicating that it might be a source of information for both systemic and lung physiology [53]. Only 1% of these VOCs can be used as a biomarker for a specific disease; 75% of them are common to all patients and may be used to differentiate between them when concentration levels change, while 25% of this 1% are uncommon volatiles that could be used as biomarkers for specific diseases [START_REF] Schmidt | Current Challenges in Volatile Organic Compounds Analysis as Potential Biomarkers of Cancer[END_REF]. Breath VOCs are found at very trace levels, and their reliable sensing poses a great challenge, hence the typical sample pre-concentration approach with a susceptible analytical instrument [START_REF] Finamore | Analysis of volatile organic compounds: an innovative approach to heart failure characterization in older patients[END_REF].

I II.7. Physiology of human exhaled breath

The exhaled air is like a flow of gas-carrying molecules that reflect the state of the body of a human being. The development of devices for measuring exhaled air has made it possible to identify many of these substances [START_REF] Pignatti | A snapshot of exhaled nitric oxide and asthma characteristics: experience from high to low income countries[END_REF]. The cells produced VOCs during biochemical processes, then transported via the bloodstream to the lungs and exhaled only a few minutes after their creation. 

I II.8. VOC biomarker of diseases

The number of VOCs found has risen exponentially since the start of this study axis in 1971, providing a better knowledge of human metabolism. However, developing a full-fledged diagnostic model remains a challenge. Exhaled air VOC composition changes qualitatively and quantitatively depending on patients, especially concerning numerous criteria such as their sex, physical state, and way of life. GC-MS studied exhaled air in 50 healthy adults in 1999 [START_REF] Schmidt | Current Challenges in Volatile Organic Compounds Analysis as Potential Biomarkers of Cancer[END_REF],

which we shall briefly describe this chapter. In specifically, the average occurrence of 204

VOCs per person was discovered. Furthermore, 27 VOCs were discovered to be familiar to all participants out of 3481 VOCs detected in these same patients. Extensive research on breathed air has uncovered a set of biomarkers whose concentration variations are crucial in the case of various disorders. Table 6 lists some of the most common VOCs, as well as their concentrations in healthy people and diseases linked to high amounts [START_REF] Wickliffe | Increased long-term health risks attributable to select volatile organic compounds in residential indoor air in southeast Louisiana[END_REF]. As a result, nitric oxide has been identified as a target molecule for asthma diagnostics [START_REF] Pignatti | A snapshot of exhaled nitric oxide and asthma characteristics: experience from high to low income countries[END_REF].

These biomarkers are found in modest levels in the air exhaled by healthy people, but it rises significantly when the airways are irritated or narrowed [START_REF] Yadav | Exhaled Breath Temperature and Systemic Biomarkers for Assessment of Airway Inflammation in Asthmatics[END_REF]. The amounts of exhaled NO molecules measured in patients make it possible to diagnose asthma on the one hand and to validate the efficacy of prescribed anti-inflammatory drugs on the others, corticosteroids, for example. This molecule has also been verified as a biomarker for numerous biomedical uses, particularly lung cancer research [START_REF] Montuschi | Pharmacotherapy of Patients with Mild Persistent Asthma: Strategies and Unresolved Issues[END_REF].

In another development, some disease diagnoses are adressed through exhaled breath analysis.

Stress oxidant, a pathogenic mechanism that develops from significant diseases such as cancer, heart failure, or neurological problem [START_REF] Sharifi-Rad | Lifestyle, Oxidative Stress, and Antioxidants: Back and Forth in the Pathophysiology of Chronic Diseases[END_REF], has also been connected to fluctuating VOC concentrations. It shows up as abnormalities in physiological species responsible for redox reactions in the human body, resulting in the emergence of chemical processes that cause free radical generation. These radicals continue to destroy saturated and unsaturated lipids in the human body, resulting in severe cellular damage. The concentration of aldehyde, isoprene, ethane, and pentane molecules in exhaled air rises due to this disease [START_REF] Drabińska | A literature survey of all volatiles from healthy human breath and bodily fluids: the human volatilome[END_REF]. We are interested in detecting the acetone, ethanol, and methanol molecules in expired air as part of this thesis, as it is one of the most prevalent VOCs in people. In recent years, there has been a lot of research on the effects of the VOCs, as mentioned earlier, on human metabolism [START_REF] Lee | In Vitro Tracking of Intracellular Metabolism-Derived Cancer Volatiles via Isotope Labeling[END_REF]. Preliminary determination of the metabolic origin of the volatile biomarkers has limited the progress of the scientific and practical applications. To overcome the current limitations, we developed a metabolism tracking approach combining stable isotope labeling and conductometric analysis of volatiles to trace the intracellular metabolism-derived volatiles and to reveal their relation to various types of diseases pathways. This analytical strategy represents a potential cutting-edge tool in elucidating the biochemical authenticity of diseases volatiles and further expanding our understanding of the metabolic network of airborne metabolites. Metabolic problems are usually the result of an endocrine organ, such as the liver, not functioning correctly. The mechanism of molecular acetone synthesis in the liver is depicted in Figure 5. Metabolic events in the human body go wrong when using fat stores for energy instead of glucose. In hepatocytes, oxidation of fatty acids results in the development of excess acetyl-coenzyme, as much as peroxidation of lipids results in excess acetoacetate formation. By decarboxylation of these molecules present in excess, acetone is produced, resulting in an increase in the amount of acetone in the human body. As a result, this molecule has been identified as a diabetes or fat loss biomarker [START_REF] Sudi | Usage of Volatile Organic Compounds for Detection of Diabetes Mellitus in Exhaled Breath[END_REF]. Healthy people, for example, have acetone concentrations of less than 0.8 ppm, whereas diabetic patients have values of more than 1.8 ppm [START_REF] Saasa | Sensing Technologies for Detection of Acetone in Human Breath for Diabetes Diagnosis and Monitoring[END_REF]. Their study used gas chromatography-mass spectrometry (GC-MS) [START_REF] Gordon | Volatile organic compounds in exhaled air from patients with lung cancer[END_REF]. Since then, there has been a surge in interest in the clinical diagnostic potential of exhaled breath studies in early cancer diagnosis, as evidenced by a significant increase in the number of publications during the last three decades. Many of these studies used a control strategy. Lung cancer patients who had not been clinically diagnosed were used as the case group, and cancer subjects were used as the control group, with the VOC profile evaluated and compared between them. VOC biomarkers are a group of organic compounds whose concentrations are statistically different between two groups. Propanol, isoprene, benzene, acetone, pentane, hexanal, toluene, and ethylbenzene are the most discovered VOCs as lung cancer biomarkers employing GC-MS, PTR-MS, and ion mobility mass spectrometry as analytical equipment (Figure 6) [START_REF] Gashimova | Investigation of different approaches for exhaled breath and tumor tissue analyses to identify lung cancer biomarkers[END_REF].

However, these procedures are believed to be either incredibly expensive or non-portable, despite the need for a low-cost, portable, and sensitive exhaled breath analysis apparatus [START_REF] Omer | Low-cost portable microwave sensor for non-invasive monitoring of blood glucose level: novel design utilizing a four-cell CSRR hexagonal configuration[END_REF]. biological process [START_REF] Puentes-Osorio | Potential clinical biomarkers in rheumatoid arthritis with an omic approach[END_REF]. They are used to screen for diseases, track their progression, and assess therapeutic response [START_REF] Davis | Discovery and validation of biomarkers to aid the development of safe and effective pain therapeutics: challenges and opportunities[END_REF]. In this regard, researchers are investigating the possibility of developing non-invasive approaches for diagnosing cancer by detecting specific cancer VOCs [START_REF] Li | Emerging non-invasive detection methodologies for lung cancer (Review)[END_REF]. It was discovered to be an exceptionally fascinating approach since it allowed for the early detection of tumor cells while they were still localized. One of the most important ways to reduce cancer-related morbidity and mortality is to educate people about the condition [START_REF] Kisely | Cancer-Related Mortality in People With Mental Illness[END_REF].

Breath analysis is fascinating, but it suffers from the disadvantages of a large amount of water and a very low concentration of VOC biomarkers (in parts per billion levels) [START_REF] Azzouz | Recent Advances in Targeting Clinical Volatile Organic Compounds (VOC)[END_REF].

I II.10. Techniques for biomarker analysis

Exhaled breath analysis utilizing gas chromatography-mass spectrometry as the detecting instrument was the subject of many articles at first. Following that, ion flow tube mass spectroscopy, proton transfer reaction-mass spectroscopy, chemo-luminescence sensors, optochemical fibers, infrared spectroscopy, and polymer-coated surface acoustic wave sensors were discussed. To date, the need to continue employing these techniques to detect volatile chemicals has been stifled by factors like cost, the degree of skill required to operate such large instruments, the necessity for pre-concentration, non-portability, and a long response time [START_REF] Lim | Review of Micro/Nanotechnologies for Microbial Biosensors[END_REF].

I II.11. Progressive development in gas analysis

Micro-sensors are already a crucial source of innovation [START_REF] Haleem | Biosensors applications in medical field: A brief review[END_REF]. In recent years, there have been significant improvements in sensor design and fabrication methods and significant advancements in micro-sensor technologies using newly designed materials, resulting in highsensitivity gas sensors. Gas sensors are particularly effective type of profound sensing device, with a broad array of applications in the health care field attracting huge interest worldwide [START_REF] Nasiri | Nanostructured Gas Sensors for Medical and Health Applications: Low to High Dimensional Materials[END_REF]. Several characteristics, such as device sensitivity, selectivity, precision, limit of detection (LOD), resolution, accuracy, reversibility, recovery time, and response time, are used to evaluate detection capability [START_REF] Nazemi | Advanced Micro-and Nano-Gas Sensor Technology: A Review[END_REF]. Furthermore, device miniaturization and power consumption, costly materials, and extended lifetimes are essential variables in developing sensors in various applications. We highlighted in the following subchapter the contributions of chromatography, electrochemical sensors (metal oxide semiconductor and organic-based chemiresistive gas sensors), carbon nano-tube sensors, acoustic gas sensors (surface acoustic wave, capacitive micro-machine gas sensor), optical sensors, and photonic crystal gas sensors.

II.11.1. Gas chromatography

Chromatography is a long-established method for separating and analyzing a complex mixture of volatile organic and inorganic substances. Chromatography works by splitting a mix through percolation via selectively adsorbing medium and detecting chemicals of interest quickly [START_REF] Zhang | Techniques for extraction and isolation of natural products: a comprehensive review[END_REF].

It begins with injecting a mixture of chemicals into a chromatograph fitted with a specified column. The sample goes down the column at varying rates, resulting in a different time interval between reaching the column's terminal point. Ion mobility spectrometry and mass spectrometry are two techniques used [START_REF] García-Nicolás | Ion mobility spectrometry and mass spectrometry coupled to gas chromatography for analysis of microbial contaminated cosmetic creams[END_REF]. The fundamental limitations of these techniques are their non-portability, high cost, and reliance on an expert for handling efficiency. They are currently unsuitable for in-situ applications [START_REF] Chen | Portable Analytical Techniques for Monitoring Volatile Organic Chemicals in Biomanufacturing Processes: Recent Advances and Limitations[END_REF].

II.11.2. Carbon Nano-tube based Sensors

Microfabrication innovation has progressed that carbon nanotubes (CNTs) sensors are now available [START_REF] Ghasemi | Carbon nanotubes in microfluidic lab-on-a-chip technology: current trends and future perspectives[END_REF]. CNT as a sensing material with qualities dependent on its shape is a typical feature of these sensors. Single-walled carbon nanotubes (SWCNT) and multi-walled carbon nanotubes (MWCNT) are two carbon nanotube sensing transducers. The former has only one layer of CNTs, the latter having numerous layers of CNTs within one another. Based on their modes of functioning, they are a significant candidate in gas detecting applications. Gas sorption, ionization, capacitive, and resonant frequency gas sensors are available. CNTs react with the target gas in this scenario, causing a charge transfer between the CNT and the gas. The conductivity of the carbon nanotube sensing material changes due to this process.

I II.11.3. Acoustic gas sensors

The acoustic sensor responds to analyte absorption in the detecting film and detects gas species immobilized on the device's surface. The analytes that generate the optimum chemical reactions are generally examined at deficient concentration levels for these sorts of sensors [START_REF] Hunter | Editors' Choice-Critical Review-A Critical Review of Solid State Gas Sensors[END_REF]. The fundamental disadvantage of these sensors is their limited selectivity due to the widespread use of sensing materials. Various strategies for enhancing the sensor's selectivity have been published, including using multiple sensors with diverse chemical interfaces and pattern recognition algorithms to measure gaseous analytes. In addition to coupling the sensor to a chromatographic column for separating different types of absorbed analytes, quartz crystal microbalance (QCM), surface acoustic waves (SAW), flexural plate wave (FPW), and thin rod sensors are among the acoustic gas sensors that have been proposed and studied [18].

II.11.4. Optical sensors

In an active site where the detection of photons transforms into electronic signals, the optical sensor conducts based manipulation, control, or sensing of the propagation of visible light or any other type of electromagnetic waves. The sensitivity of these sensors to VOCs can be helpful, but they can also be costly. Fiber-optical gas and photonic crystal gas sensors are the most often tested optical sensors. A fiber-optic sensor is created by attaching an optical fiber to the substrate and depositing sensitive materials. The optical fiber is housed in a V-shaped curve channeled on the quartz substrate with a desired radius of curvature [START_REF] Rodrigues | Sensitivity Analysis of Different Shapes of a Plastic Optical Fiber-Based Immunosensor for Escherichia coli: Simulation and Experimental Results[END_REF]. The sensing film coated on the upper side of the structure using the required procedure based on the chosen sensing material for a specific application.

On the other hand, photonic crystal gas sensors are created utilizing advanced micro patterning and deposition techniques such as e-beam lithography and physical and CVD techniques [START_REF] Troia | Photonic Crystals for Optical Sensing: A Review[END_REF].

The dimensions and shape of the patterns are carefully controlled [START_REF] Nair | Photonic crystal sensors: An overview[END_REF]. However, as compared to other procedures, this technique can be costly. For detecting a gaseous analyte, the detection technique is based on the phenomena of optical absorption. However, in the case of gas sensors, the first two types are rarely used. An electrochemical sensor uses an electrical variation to reflect the chemical reaction between the target species and the sensor's sensitive portion. These groups are frequently mentioned in the literature on aqueous media analyses [START_REF] Cretescu | Electrochemical Sensors for Monitoring of Indoor and Outdoor Air Pollution[END_REF]. The current arising from the oxidation or reduction of electro species active in a biological activity on the sensor surface can usually be measured using amperometry [START_REF] Stradiotto | Electrochemical sensors: a powerful tool in analytical chemistry[END_REF].

In an electrochemical cell, when no current flows, potentiometric sensors assess the accumulation of a charge potential around the working electrode relative to a reference electrode; they convert ionic activity into an electrochemical reaction [START_REF] Pingarrón | Terminology of electrochemical methods of analysis (IUPAC Recommendations 2019)[END_REF]. Because the application of these approaches to detecting gaseous analytes is not optimal, we will not go into greater depth about how they work. The other two types of sensors, FET and conductometric sensors, will now be discussed. The FET is a semiconductor system of the transistor family. It uses an electric field to control the shape and conductivity of a channel in a semiconductor material. It consists of three electrodes, the gate, the drain, and the source. As for a bipolar transistor, a distinction is made between channel type N and channel type P FETs.

We are talking about a junction FET transistor (JFET). Establish a bias voltage sufficient at the level of the grid will make it possible to attract or repel the charge carriers in the channel. The charge carrier depletion zone is thus created to form a zone of conduction in the canal. The conductance between the drain and the source of the transistor is thus measured. In linear mode, the transistor acts as a resistor and switch between a non-conduction state or conduction. In saturated mode, the transistor acts as a current source and can be used as a voltage amplifier.

FETs are generally used in applications where the signals in play are weak or high impedance.

It is therefore relevant that this type of sensor is used for electrochemical analyzes. Although many investigations on these types of transistors for the detection of VOCs have been undertaken, the MOSFET category is widely regarded to be the most successful as a gas sensor.

Conductometric sensors being used in this work, are presented in Chapter III.4.

I II.12. Gas Sensors Based on Electrodeposited Conducting Polymers

Conducting polymers transformed into a new era of chemically flexible, mechanically versatile, solution-developed electronic materials [START_REF] Root | Mechanical Properties of Organic Semiconductors for Stretchable, Highly Flexible, and Mechanically Robust Electronics[END_REF]. Integrating aromatic repeat units to form wellconjugated backbones leads to extensive delocalization of π-electrons and efficient charge transfer. Numerous semiconductor gas/vapor sensors apply conductive polymers as part of the electrode material. Organic polymers are mostly considered electrically non-conductive.

However, conductive polymers produce a channel for electrons to move through the polymer chain or jump from one chain to another [START_REF] Tajik | Recent developments in conducting polymers: applications for electrochemistry[END_REF]. Inherently, conducting polymers, polyaniline, polyacetylene, polypyrrole, poly (p-phenylene), polythiophene, poly (p-phenylenevinylene), chitosan-based bio polymer, and their derivatives possess the properties to be active layers of gas/vapor sensors. Polyaniline (PANI) is the most used [START_REF] Khokhar | Functionalization of conducting polymers and their applications in optoelectronics[END_REF]. Conductive polymer reacts with gaseous/vapor species as an electron acceptor or electron donor. In a situation where p-type conductive polymer donates the electron to the gaseous species, its whole conductivity multiplies reversibly; when the polymers act as an electron acceptor, its conductivity becomes less. Conductive polymer possesses a very high conductance of roughly 10 3 S/cm compared to indium tin oxide (ITO) [START_REF] Khalil | A shape tailored goldconductive polymer nanocomposite as a transparent electrode with extraordinary insensitivity to volatile organic compounds (VOCs)[END_REF]. They can also enable the development of a film by a spin coating that is much cheaper and convenient. Nevertheless, the side effect of conducting polymer is property change while producing the doped polymer composition. Recently there was shift of interest in using chitosan as a potential novel bio polymer for gas sensing technology [START_REF] Ayad | Detection of some volatile organic compounds with chitosan-coated quartz crystal microbalance[END_REF].

II.13. Polymer functionalized transducers as versatile gas sensing materials

The amalgamation of two functional material components brings about an unintended development of a newly discovered function of different features of the individual starting materials [START_REF] Hijazi | Sensitive and selective ammonia gas sensor based on molecularly functionalized tin dioxide working at room temperature[END_REF]. Most laboratory analyses reported that molecular weight [START_REF] Uehara | Polymer-functionalized gold nanoparticles as versatile sensing materials[END_REF], dispersity [START_REF] Okechukwu | Concomitant in Situ FTIR and Impedance Measurements To Address the 2-Methylcyclopentanone Vapor-Sensing Mechanism in MnO2-Polymer Nanocomposites[END_REF], and end-groups of the synthesized conjugated polymer [START_REF] Dunst | Polypyrrole based gas sensor for ammonia detection[END_REF] could have reasonable effects on gas sensing devices. The alternating double bond-single bond chemical structure of conjugated polymers mostly depends on a cross-coupling reaction. As a result, synthesis is more commonly done by polycondensation reactions that proceed via the uncontrolled step-growth mechanism. Notwithstanding, to access the full potential of semiconducting polymers, the formation of synthetic methods that follow a controlled chain-growth mechanism is compulsory. An artificial technique that triggered precise control over molecular weight, dispersity, and end-groups will pave the way to optimize polymer properties for industrial applications in electronic sensing devices.

I II.14. Polymer deposited on gold microelectrode

Gold nanoparticles (AuNPs) are applied widely owing to their interesting catalytic properties.

The conducting polymers combined with AuNPs as nanostructured products exhibit unique electrical, optical, and catalytic properties. These novel synthesized nanocomposites detect gases like hydrogen, ammonia, nitrate, hydrogen peroxide, hydrogen sulfide, and acetone.

Various technologies were employed in the preparation of these nanocomposites, to mention was done by applying a potential sweep of 0 V and 0.95 V at a scan rate of 100m V/s [START_REF] Sonu | Solid State Gas Sensor Based on Polyaniline Doped with [3,3′-Co(1,2-C2B9H11)2]-1 for Detection of Acetone: Diagnostic to Heart Failure Disease[END_REF].

Different techniques for depositing sensitive materials on the transducers are implemented (Table 7) gas sensors that respond to gas vapors [START_REF] Madaci | A microconductometric ethanol sensor prepared through encapsulation of alcohol dehydrogenase in chitosan: application to the determination of alcoholic content in headspace above beverages[END_REF]. The acid-base properties of the polymer allow it to be electrodeposited on the surface of a conducting electrode. Ammonia [START_REF] Pang | Ammonia Sensing Performance of Polyaniline-Coated Polyamide 6 Nanofibers[END_REF], alcohol vapors [START_REF] Hao | A polymer based selfpowered ethanol gas sensor to eliminate the interference of ultraviolet light[END_REF], and gaseous acetone [START_REF] Chiou | Sensitivity Enhancement of Acetone Gas Sensor using Polyethylene Glycol/Multi-Walled Carbon Nanotubes Composite Sensing Film with Thermal Treatment[END_REF] have all been described as examples of its usage in sensor design.

It's relevant to our research. The project aims to create a gas sensor capable of measuring VOC concentrations range in the hundreds of parts per billion for medical purposes I II.17. Chitosan as a sensitive membrane for gas sensing ability

When the chitosan film is exposed to ambient air, the oxygen atoms present in the medium are chemi-absorbed on its surface [START_REF] Surya | A chitosan gold nanoparticles molecularly imprinted polymer based ciprofloxacin sensor[END_REF]. Once the film is subjected to a potential, the quantity of free electrons circulating randomly in the conduction band decreases. The absorbed oxygen species trap electrons and transfers from one chitosan particle to another [START_REF] Escárcega-Galaz | Characterization data of chitosan-based films: Antimicrobial activity, thermal analysis, elementary composition, tensile strength and degree crystallinity[END_REF]. The resistance of the sensor then increases and a decrease in the response of the sensor is generally observed [START_REF] Zouaoui | Electrochemical sensors based on molecularly imprinted chitosan: A review[END_REF]. This depends on the saturation of the oxygen species according to a certain equilibrium.

This phenomenon depends on the saturation of the oxygen species according to a certain equilibrium.

Moreover, when the sensor is subjected to a specific flow of carrier gas enriched in VOC, this gas flow has a certain number of water molecules reflecting the gas' relative humidity. These water molecules will affect the film and change the chemical balance achieved. The molecules bonded to the chitosan particles' surface will react with the O-species, resulting in the degassing of O2 and release of the trapped electrons.

Moreover, the presence of the water molecules also creates surface tension on the chitosan film.

This tension promotes the movement of electrons by allowing them to escape oxygen species.

These are again free in the conduction band, which increases the electrical conduction of the membrane. However, free electrons may not move quickly between available particles due to gaps between adjacent particles. The structure of the carbonic chain of chitosan improves the circulation of electrons [START_REF] Wang | Electrodeposition of thin chitosan membrane in freestanding SU-8 microfluidic channel for molecular addressing by capillary effect[END_REF]. The hydrogen of the amine groups binds to the oxygen of water molecules to form hydrogen bonds, as shown in the Figure 7. These hydrogen bridges act as electrical bridges to transfer electrons between particles. This theory, therefore, reveals that the conductivity of the sensitive layer is highly dependent on the water molecules present in the gas. In this sense, we can consider that its response will depend on the relative humidity of the gas. The sensors' response will be more significant with high relative humidity because of the many water molecules.

O

VOCs, however, do not have a factor in what we have presented so far. Chitosan is mainly sensitive to water molecules and not to VOCs. The presence of VOC in the carrier gas changes the membrane's conductivity by affecting the flow of electrons in the conduction band. Indeed, the acetone molecules have an inherent molecular vibration and affect the water molecules on the film's surface. The previously established surface tension is then broken, which causes the vaporization of the water molecules. The interaction between water molecules and oxygen species is thus reduced, which directly affects the increase in the film's conductivity caused by water molecules [START_REF] Croisier | Chitosan-based biomaterials for tissue engineering[END_REF].

II.18. Membrane design

If it is in solution, chitosan goes from a soluble state in acid solution to a precipitated hydrogel state when the pH increases. Different groups conducted many studies based on this principle to deposit a sensitive layer of chitosan on the electrode's surface [START_REF] Zouaoui | Electrochemical sensors based on molecularly imprinted chitosan: A review[END_REF]. According to the same direction, our membrane's production is mainly based on an electro-polymerization deposition technique presented in Figure 8. When the reduction of H + ions of an acid solution of chitosan is carried out, a sudden increase of the pH on the electrode's surface is caused. This causes the precipitation of the polymer and the formation of a homogeneous membrane on the conductor's surface. Moreover, this technique makes it possible to incorporate nanoparticles into the polymeric membrane. When nanoparticles are suspended in the solution of chitosan, they are found "sucked" during the precipitation of the polymer and are present in the membrane, thus deposited. We, therefore, can consider enriching our chitosan membrane with some molecules sensitive to certain VOCs to increase the sensitivity of our sensor.

I II.19. Metallo-Phthalocyanines-Polymer blend enhances gas-sensing ability

Metallo-phthalocyanines are organometallic compounds, which tend to have the capability to act as a chemically reactive and sensitive film as a factor of enormous physical properties impelled upon them through interaction with many volatile organic compounds (VOCs) [START_REF] Kus | Macromolecular hexaasymmetric zinc(II) phthalocyanines bearing triazole-modified triphenylene core: Synthesis, spectroscopy and analysis towards volatile organic compounds on Surface Acoustic Wave devices[END_REF].

They are primarily used as thin-film semiconducting gas sensors to detect various VOCs. The main properties of phthalocyanines in detection abilities for environmentally relevant volatile organic compounds are particularly their ionization potentials ability, which can as well be varied by metal-ion insertion and besides by the attachment of other atoms or groups that trigger or diminish the ionization potential in preference of their position in the electronegativity scale [START_REF] Singh | Detection of chemical warfare agent Nitrogen Mustard-1 based on conducting polymer phthalocyanine nanorod modified electrode[END_REF]. Substituents' variation in the side chain and the ligand or μ-bridge in their polymers [START_REF] Dzhardimalieva | Design and synthesis of coordination polymers with chelated units and their application in nanomaterials science[END_REF], which are a fundamental approach to get control of some of the physical limitations of most phthalocyanines, including the lousy processability and higher crystallinity for chemosensing, comprises combining these materials with polymers, such as polyvinyl alcohol (PVA), polystyrene (PS), polymethyl methacrylate (PMMA) [START_REF] Cao | Metal-Organic Layers for Electrocatalysis and Photocatalysis[END_REF], etc. Phthalocyanines are incorporated in the polymer by dissolution in a common solvent and deposited by a common solution processing. These techniques are solvent casting, spin coating, electrostatic layer-bylayer process, or in some cases, to see the possibility of electrochemical deposition [START_REF] Zhou | Nanomaterial-based gas sensors used for breath diagnosis[END_REF].

Abdulameer and his coworkers, in 2017 in their work [START_REF] Abdulameer | Fabrication and characterization of NiPcTs organic semiconductors based surface type capacitiveresistive humidity sensors[END_REF] reported that polymersphthalocyanines blend materials demonstrated as less crystalline, higher conductivity, and more efficient gas sensing than the pure phthalocyanines. This ability paves the way for the careful fabrication and design of an optimized thin film having different high degrees of sensitivity, selectivity, and stability (3S). However, these films undergo high chemical and thermal stability concerning many environmental conditions. The membrane is easily made through the following coating techniques, sublimation, spraying, spin, and smearing coating or through electrochemical deposition.

Studies have classified the interactions between the metallo-phthalocyanine and VOCs into the irreversible chemical affinity, reversible (normal charge-transfer) chemical reaction, or in some time, bulk sorption [START_REF] Zhou | Nanomaterial-based gas sensors used for breath diagnosis[END_REF]. We will focus more on the different VOC sensors concerning metallo- Metallo-phthalocyanines are considered to demonstrate excellent electrocatalytic activities through oxidation and reduction of numerous common chemical substances with sensing of toxic gases. An example of gases that have been detected is ammonia using carbon blackphthalocyanines composites resistors [START_REF] Paolesse | Porphyrinoids for Chemical Sensor Applications[END_REF]. Nitrogen dioxide was sensed by copper phthalocyanines [START_REF] Brunet | On-board phthalocyanine gas sensor microsystem dedicated to the monitoring of oxidising gases level in passenger compartments[END_REF], hydrogen by phthalocyanines with palladium-coated SAW [START_REF] Urbanczyk | Palladium and Metal-Free Phthalocyanine Bilayer Structures for Hydrogen Detection in the SAW Sensor System Based on Interaction Speed[END_REF].

phthalocyanines
Additionally, ozone was detected using an immobilized metal complex and conducting polymer in the presence of surfactants for the electrode modification in methanol media. Again, copper phthalocyanines in the presence of surfactants through electrochemical polymerization of pyrrole were conducted, knowing well that CuPc is a molecular semiconducting substance [START_REF] Dong | Experimental and modeling studies of colloidal dispersion stability of CuPc pigment nanoparticles in aqueous solution[END_REF], and widely utilized for gas sensing applications due to conjugated ℼ systems present. It triggers the transferring or acceptance of electrons on the electrode surface.

In developing a susceptible and reproducible gas sensor, many techniques were reported for growing a thin film of co-polymer/metal phthalocyanines onto transducers with common identification (gold electrode). This deposition technique involves vacuum deposition, casting in matrices, spin coating, self-assembling, electro-polymerization, and Langmuir-Blodgett techniques [START_REF] Singh | The role of self-assembled monolayers in electronic devices[END_REF]. Although these techniques were mentioned above, it was reported that the electrochemical method has merits over the remaining procedures in terms of deposition simplicity, reproducibility, and the ability for an in-situ production of a thin and stable membrane of homogeneity and controlled thickness [START_REF] Liu | Nanofabrication in polymer matrices[END_REF]. Furthermore, interdigitated electrode transducers are primary capacitive chemical sensors [22]. Studies have recently

shown that a polymer incorporated with phthalocyanine materials film was used as the chemical interface for volatile organic vapors in the air. The capacitance differentials (∆C) as determined using interdigitated capacitors might come up because of the changes from the relative dielectric coefficients ἐi in the gaseous gas phase (I=1), in the sensitive layer (I=2) and from the changes of the adequate thickness (∆d) of the exposed membrane. Changes in the substraterelated dielectric co-efficient ἐi might be neglected. Generally, the dielectric coefficient of the substrate remains constant. Polymers-phthalocyanines blend materials demonstrated low crystallinity, higher conductivity, and more efficient gas sensing. Much attention is focused on incorporating polymer-phthalocyanines in achieving a low-cost, sensitive, selective, and stable micro gas sensor for disease diagnosis through exhaled breath analysis. Zhou and his co-worker in 1993 reported sensitivity properties of coatings with monomeric, polymeric, and polymerbound phthalocyanines for the development of a micro sensor for the detection of NO2 as demonstrated elsewhere [START_REF] Zhou | Phthalocyanines as Sensitive Materials for Chemical Sensors[END_REF].

In his research, Gaudillat and his team of scientists used S-CoPc, CuTsPc, and PANI for the gaseous detection of ammonia; ITO electrode was employed as the working transducer [START_REF] Wu | Sensitive and Selective Electrochemical Sensor Based on Molecularly Imprinted Polypyrrole Hybrid Nanocomposites for Tetrabromobisphenol A Detection[END_REF].

The deposition of the PANI-phthalocyanines sensitive membrane was carried out through a layer-by-layer hybrid film casting technique. The investigation reported the limit of detection for ammonia as 0.7 ppm. This article provides previous works to develop a sensitive gas microsensor by incorporating co-polymers-metallo-phthalocyanine as a sensitive layer. The deposition was done on various transducers, and numerous deposition techniques were applied for different gases. The limit of detection of the research was also reported, as seen in Table 8. Chapter III Analysis of the technologies used for the design of a VOCs sensor

I III.1.

Introduction

Within the scope of this research, a VOC sensor will be developed through the experimental procedure explained in this chapter. The usage of microelectrodes, surface characterization, manufacture of sensitive layers, and sensor response analysis were all implemented. This chapter will first focus on presenting an overview of the laboratory equipment and devices utilized in this work before describing the methods of producing the sensor and highlighting the detection techniques used. It will also be discussed how to measure and characterize the surfaces used. These techniques have not been developed in the state-of-the-art; thus, we will briefly review the operational principle. In the second half, we'll go over the gas analysis platform we built as part of this work. The instrumentation used will be explained first, and then we will concentrate our development efforts on gas sensor manufacturing. We will wrap up this chapter by discussing the transducer's modeling and characterization findings. It is the final phase in the sensor production process, allowing us to test its functioning before functionalizing it to detect certain VOCs such as acetone, ethanol, and methanol. 

. Techniques for electrochemical measurements

The potentiostat is essential for the chemical characterization of electrodes before and after functionalization. It enables the creation of measurement methods such as chronoamperometry (CA), cyclic voltammetry (CV), and even electrochemical impedance spectroscopy [3].

The CA involves monitoring the current's temporal evolution after a constant potential is applied to the working electrode as a function of time (t) [4]. Our study utilizes it during the electrode's functionalization, and it will be detailed later in the manuscript.

The CV is formulated by measuring the current generated by a potential linear sweep over a predetermined interval at a constant sweep speed [5]. We can run several CV cycles with the instrument in succession, each depicted by a plot of the recorded current against the applied potential. The resulting graph is known as a voltammogram. It is an electrochemical method for determining how the electrons travel between the working electrode and the electrolyte. It The oxidizing/reducing coupling parameters were used in our work because the potentials at which the current peaks (-0.1V / 0.1V) for a gold surface are widely mentioned in the literature [7]. The application of these potentials does not damage the electrode surface. The double wave visible on the graph corresponds to the oxidation and reduction of the two species at the electrode surface [8]. The measured current value is proportional to the area accessible to species in the solution. As a result, we can utilize this method to determine if a gold surface is blocked after the electrodeposition of a chitosan-sensitive membrane.

I III.4. Conductometric measurements by IDE's sensors

The operating principle of an interdigitated electrode sensor (IDE) is the same as that of a capacitor. Indeed, an IDE is immersed in an ionic solution called electrolyte which is electrically conductive. The presence of ions, electrically charged, ensures the character solution driver. The conductive properties of this solution are measured by a conductometric analysis. Its principle can be explained by analogy with the operation of an electric capacitor with parallel plates. The latter is composed of two plane reinforcements, parallel, of the same shape, of surface A and spaced by a distance d. When applying a potential on these plates, they are charged on both sides, which generates an internal electric field. The nature of this field depends on the position of the plates. We define the properties of the dielectric medium placed between the 2 flat electrodes by the capacitance (C) and the conductance (G), shown in Figure 13. The following formulae can be used to determine these variables:

-A: the area of the flat electrode (μm 2 ) -d: distance between the electrodes (μm) -σ: electrical conductivity of the medium (S/m) -ε0: vacuum permittivity, ε0= 8,8542.10 -6 (pF/μm) -εr: relative permittivity of the medium -C0: capacitance per unit area (pF / μm 2 )

The conductivity σ is a quantitative characteristic of the medium to be analyzed. An aqueous medium depends on ions concentration, ionic conductivity, and temperature. The defined factor (A / d) depends only on the sensor's geometry, generally assimilated to a constant K, the cell constant of the sensor [9]. The electric field formed by the application of potential on the sensor is shown in Figure 14, as reported by Dey et al. [10]. 

. The Atomic Force Microscopy

The Atomic Force Microscopy (AFM) is a technique for mapping nanometric solid, conductive, or insulating surfaces using near-field microscopy. It is based on the contact between the surface of the sample and a micro lever with a radius of curvature (10 nm) tip.

The optical deflected tips system is based on the detection of a laser beam reflected off the back of the micro-lever by a photodiode 4 dials, as shown in Figure 16. Transmission and reflection are two different radiation/matter interactions used by infrared absorption spectroscopy. The most common method for determining a material's absorbance is to compare the intensity of transmitted radiation to the intensity of incident radiation [13]. This concept necessitates the use of thin samples. For gases and liquids, this method of analysis is ubiquitous. The in-line analyzes cannot be used because the materials in this study are electrodes. As a result, we worked in the Attenuated Total Reflectance mode (ATR).

The use of a crystal in contact with the sample to be studied is required for this procedure. This technique generates an evanescent wave at the crystal/sample contact, with an electric field attenuating along the normal to the surface. This field can be coupled with the material's vibration modes, resulting in absorption [14]. The refractive index, among other factors, determines the depth of penetration of the evanescent wave into the material.

We selected to deal with a germanium crystal since it has a high refractive index (n = 4), making it unique. As a result, we restrict the depth of analysis to focus on the surface of our sample.

A broadband light source generates the beam, which contains the whole spectrum of wavelengths to be measured. The light goes via a Michelson interferometer, which works on the following principle shown in Figure 17. The IR beam passes via a splitter, which divides the beam into two equal-intensity beams [15].

One beam is focused on a stationary mirror, while the other is focused on a moving mirror [16].

At the separator's level, the two beams are reflected and recombined; depending on the distance traveled by the two beams, they interfere in different ways. If the distance traveled by the two beams is identical (or separated by a wavelength), interference is in phase (or constructive). The optical path of this emerging beam is increased by 2d if the moveable mirror is shifted from "d," and the two beams are out of phase. As a result, the resulting signal is a displacement "d" function called an interferogram. We convert the interferogram data to spectra reflecting the light absorbed as a function of wavenumber using the Fourier transformation [17].

The Analysis is made with a "NEXUS (THERMO -OMNIC software)" spectrometer that includes a "Globar" source, a "KBr" splitter, and a "DTGS" detector. The spectra were captured in ATR on a germanium crystal in monoreflexion at 45 degrees (Spectra Tech Thunderdome attachment). And to obtain a scope with a resolution of 4 cm -1 , 256 accumulations are performed.

I III.5.3. The scanning electron microscope

Scanning electron microscopy (SEM) is a technique for obtaining high-resolution pictures of a sample's surface, based on the electron-matter interaction principle [18]. The block diagram is depicted in Figure 18. The interaction between the probe electrons and the sample generates low-energy secondary electrons propelled towards the detector when the electron beam is projected onto the material to be examined [19]. Each impact on the sample's surface produces an electrical signal, the strength of which is determined by the nature of the selection and its topography at the place in question. It is possible to obtain a map of the scanned area by scanning the beam over the sample. The surface morphologies of the sensing materials membranes were studied using scanning electron microscopy (SEM) (COXEM EM-30AX+). The instrument is installed in our team MNBT (ISA LYON). This SEM is fitted with Energy Dispersive Spectroscopy EDS analysis equipment. We can use this technique to perform elemental analysis on the material.

Notwithstanding, following that, the de-excitation generates atom-specific X-rays, which we may examine to learn more about the atom's chemical makeup. The detection of X photons in energy dispersion is usually done with a detector made of a silicon crystal diode doped with lithium or a germanium.

III.5.4. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a thermal analysis method in which the mass of a sample is estimated based on temperature or time, and the surrounding environment. In this method, changes in the mass range can be recognized with a high degree of accuracy [20]. The principle of TGA as depicted in Figure 19. The "Lock-in amplifier" shown in Figure 21, is a highly efficient method for detecting and measuring low-amplitude AC signals. Despite the presence of large noise sources, accurate measurements can be made. This system employs phase-sensitive signal detection to precisely isolate signal components in sensor output at a predetermined frequency and phase. Noise at frequencies other than the reference frequency is rejected, therefore the measurements are unaffected. As a result of the "Lock-in Amplifier" we may use conductometric measurements to examine the gas sensor's response. It has an output that can generate a sinusoidal signal stimulation with adjustable frequency and amplitude. We restore the sensor's reaction to input A of the "Lock-In" once it has been excited. It is also feasible to carry out differential conductometric measurements. A second input B is coupled to a VOC-insensitive reference sensor. This mode of operation will be discussed in the next sections where differential measurements were practically adopted.

Figure 21. Front view of Lock-In Amplifier

P Phase-sensitive detection

To extract a signal from a noisy environment, Lock-in amplifiers leverage the knowledge of the signal's time dependence. A lock-in amplifier multiplies its input with a reference signal, also known as down-mixing or heterodyne/homodyne detection. It then filters the result using an adjustable low-pass filter. Demodulation, also known as phase-sensitive detection, isolates the signal at the desired frequency from all other frequency components. The reference signal generated by the lock-in amplifier or supplied by an external source to the lock-in amplifier and the experiment. The reference signal is typically a sine wave, although it can also take other shapes. Using demodulation with a pure sine wave, selective measurement at the fundamental frequency or any of its harmonics is possible. Some instruments utilize a square wave [22],

which records all of the signal's odd harmonics, potentially generating systematic measuring inaccuracies. We will look at both the time and frequency domains to understand lock-in detection, first for mixing and filtering.

Dual-phase demodulation

This method necessitates the creation of a reference signal. The "Lock-In" generates a fixed frequency AC pulse that excites the gas sensor. The sensor's response is then measured at the same frequency by the latter. The reference signal created by Lock-In in Figure 22 is the result of a square signal of frequency. The output signal is proportional to.

The phase difference between the signal and the Lock-In reference oscillator corresponds to this value. It is possible to get this phase difference equal to zero by modifying ref.

In this situation, the signal Vsig is being measured. The output will be zero if the phase difference is 90 degrees. Simple phase locking is defined as a lock-in that consists of a single PSD [23]. By introducing a second PSD module, phase dependence can be eliminated, the signal at the output of the sensor is multiplied by the signal from the reference oscillator shifted by 90

The second low-pass filter's output signal is then: 

D Differential measurements

Lock-in enables differential measurements, which is a separate measurement mode. It's not uncommon for measurement findings in gas detection applications to be heavily influenced by ambient factors (temperature, humidity, etc.). We can use differential configuration to break free from the medium in measuring.

Its concept is based on the employment of two IDEs, one of which is passive and the other of which is active. In trying to detect the presence of analyte gas in the media, a membrane sensitive to the desired VOC is put on the operational IDE. The other IDE (reference IDE) has been passivated to be insensitive to this VOC. Figure 23 depicts the setup in use. When the analyte is detected, the current flowing through the active microelectrode changes, causing it to change, allowing us to measure a difference in the medium's conductivity. This technique allows for more exact measurement findings that are standardized and independent of the electrode's environment. Non-specific signals, such as species absorption on sensors, can also be eliminated using this strategy.

I Interface for measuring conductivity

The software LabVIEW was used to create a human-machine interface (HMI) for controlling the Lock-In. A GPIB (General Purpose Interface Bus) link supplied with measuring equipment connects the Lock-In to the PC. Figure 24 depicts the intended HMI. It allows to customize measurement parameters such as acquisition time, amplitude and frequency of the excitation AC signal, and I-V measurement type (single or differential). On the graph depicted, the sensor's response (variable R previously mentioned equivalent to the voltage at the sensor's output) is exhibited in real-time. Finally, the acquisition findings are stored in a text file on the computer and processed using the Origin software. Now that we've gone over the entire module instrumentation, we'll move on to the final module created as the design phase.

I III.6.2. Basic principles of headspace analysis

A headspace sample is typically made in a vial that contains the analyte, dilution solvent, matrix modifier, and headspace [24]. In a sample vial's headspace or gas section, volatile components from complex sample mixes can be separated from non-volatile sample components and segregated. The gas sensor connected to the lock-in amplifier through signals detects a sample of the gaseous compounds above the aqueous phase in the headspace (Figure 25). The gas phase is commonly referred to as the headspace and lies above the condensed sample phase.

S = the sample phase

The sample phase contains the compound(s) of interest. It is usually a liquid or solid combined with a dilution solvent or a matrix modifier.

Once the sample phase has been loaded to the vial and sealed, volatile components diffuse into the gas phase until the headspace reaches equilibrium, as shown by the arrows. After that, the sample is obtained from the headspace.

I III.6.3 Potassium Chloride Conductometric Analysis

To determine how effective our IDEs sensors are, we examine their response to changes in the conductivity of the aqueous medium, particularly about the frequency f of the fixed signal and the resistance R utilized. Titration of a potassium chloride KCl solution was performed in this experiment. μ-IDEs were immersed in 25 mL of distilled water, and then, we gradually added volumes of KCl at varying concentrations to adjust the medium's concentration. The following is an explanation of how the titration is done:

Stock solutions were prepared from Alfa Ultrapure KCI, and the samples were weighed in a temperature-controlled room using a Mettler BSC1000 balance. The water was prepared using a Culligan deionizing system and had a specific resistance more significant than 18 x 10 6 Ωcm - 27). Secondly, the chitosan membrane for conductive measurement is mostly affected by humidity due to its hygroscopic nature [25]. To overcome the situation, preliminary a differential measurement was carried out between the two sensors, that is the microelectrode without sensitive membrane (Reference sensor) and microelectrode with sensitive material deposited (working electrode). The response become more at 10 kHz than other frequencies. Henceforth, these two reasons allow us to make our gas detection measure at 10 kHz. The plot of conductance against KCl concentrations (M) was plotted from the above Kinetics. Even though the conductance of 50 and 100 kHz has the most prominent signal at a very high concentration, that is not good enough to be considered because they do not respond at a low concentration of KCl solutions. 

. Electrodeposition of chitosan

The electrochemical parameters for the deposit were tuned based on prior bibliographic studies conducted in our laboratory [1]. Therefore, the approach is based on gradually increasing the pH of the solution by adding 1M sodium hydroxide solution, allowing the precipitation of chitosan during the application of the potential. After a protracted homogenization, this approach creates a homogeneous chitosan solution.

Chitosan solution (50 mL):

• 0.286 mL of acetic acid The voltammogram obtained is presented in Figure 30. The redox peaks associated with a gold surface may be seen on both curves. We also notice a decrease in peak current, indicating that the deposit is present on the electrode's surface.

Chitosan is not an electrical insulator; instead, the polymer allows electrons to be exchanged with the metallic electrodes.

We'll focus on the sensor's response in the presence of analytes now that we've perfected the method of electrodeposition of the membrane on the sensor's surface. The appendices will outline the final methodology that was optimized during this section (Figures S6 to S10 6) Blunt needle with capillary tube (emitter). ( 7) Illumination (laser). ( 8) XYZ belt driven stage controller

The analysis system is based on measuring the conductance of our working electrode about a reference electrode, as mentioned in the introduction. The sort of membrane put on our sensor's surface, its thickness, and the gaseous species present, as well as their concentration, all influence its conductivity. For each type of membrane, each of these properties must be investigated.

I III.8. Analytical cell for VOC detection using microsensor

A comprehensive analysis system is required to regulate all aspects mentioned above. Our first system used a cylindrical cell (Figure 32). We employ a commercial gas generator, the Liquid Calibration Unit (LCU), marketed by the business "Ionicon," to produce the gas that allows us to test our sensor, as shown in Figure 33. The sensor initially reacted to a gas made up of a mixture of water and acetone. Still, the signal stayed steady even when the acetone concentrations fluctuated by a few ppm. We subjected the sensor to gases with considerable fluctuations in acetone concentrations to better understand how it reacts to acetone. The sensor was immersed in the gaseous headspace of a liquid solution to make these measurements. The headspace is created by evaporating a liquid solution, managed by a liquid-gas equilibrium system. As a result, the concentration of species in the gas phase is determined by their aqueous phase concentrations. As a result, the sensor was subjected The oxygen atoms contained in the medium are chemically absorbed on the surface of the chitosan film when it is exposed to ambient air as reported from Nasution et al [27]. (a). The number of free electrons circulating randomly in the conduction band reduces when exposed to a potential layer. Absorbed oxygen species trap electrons, passing from one chitosan particle to another. The sensor's resistance increases as a result, and the sensor's responsiveness decreases typically. The saturation of oxygen species determines this phenomenon under a predetermined equilibrium (b).

However, when the sensor is exposed to a particular flow of VOC enriched carrier gas, the gas flow contains a certain number of water molecules, which reflects the relative humidity level of the gas. These water molecules will impact the film and alter the chemical equilibrium that has been created. The molecules adhering to the chitosan particles' surfaces will react with the O-species, causing O2 to degas and stored electrons to be released (c and d). Figure 36 depicts the mechanism that governs this reaction:

Surface tension is also created on the chitosan film by water molecules. This voltage encourages electron mobility by allowing oxygen species to escape. It is again accessible in the conduction band, increasing the membrane's electrical conduction. On the other hand, free electrons may find it challenging to move between available particles due to gaps between nearby particles.

Figure 7 shows how the carbon chain of chitosan promotes electron circulation by forming hydrogen bonds between the hydrogen of amine groups and the oxygen of water molecules.

These hydrogen bridges serve as an electrical link between particles, allowing electrons to flow freely. As a result of this notion, the sensitive layer's conductivity is strongly reliant on water molecules in the gas. In this way, we can expect its behavior to be influenced by the gas's relative humidity. Due to the presence of many water molecules, the response of our sensor will be enhanced at a high relative humidity rate.

On the other hand, VOCs are not included in the information supplied thus far. Water molecules, no VOCs, are the most susceptible to chitosan. By altering the circulation of electrons in the conduction band, the presence of VOCs in the carrier gas modifies fluctuations in membrane conductivity. Since acetone molecules have a molecular vibration that affects the water molecules on the film's surface, the previously created surface tension is then broken, resulting in the vaporization of the water molecules. As a result, the interaction between water molecules and oxygen species is diminished, which significantly affects the film's increased conductivity owing to the existence of water molecules.

S Sensitivity

Because these sensors are designed to detect gas concentrations in the ppb range, it was vital to investigate the impact of sensitivity. Using many working electrodes simultaneously was one of the options explored. It is crucial to ensure that the reference electrode does not generate any signal in the presence of humid air to do this. Otherwise, we would have to utilize twice as many reference electrodes as active electrodes, but each sensor only has four of them. As a result, we conducted measurements with the various electrodes under the same conditions, namely 91 percent relative humidity (RH) at room temperature. The data in Figure 37 show that the reference has minimal effect on the magnitude of our signal. In the case of humid air, we can therefore avoid the usage of an internal connection. The following experiments were chosen to employ three chitosan-functionalized electrodes connected. In the first plot one IDE with chitosan deposited on it connected to conductimeter and measure the signal, again 3 IDEs deposited with chitosan were connected in series to detect acetone. It was observed that the signal when 3 working electrodes were connected in series produced a higher signal. Figure 38 shows the results of an analysis performed under the previously described parameters. The increase in signal intensity is proportional to the number of electrodes employed, as can be seen. This enables us to produce higher signal-to-noise (S/N) signals at lower humidity levels than previously possible. Another objective concerning these gas sensors is to adapt them to existing analysis systems.

In our case, it is a matter of coupling them to a gas phase chromatography apparatus. The gas flow rates used in chromatography being much lower than those used in the cell, 1000 mL/min against 1.5 mL/min in GC, we have studied the impact this will have on the signal. For this we designed a cell with an adapted geometry (Figure 39). The carrier gas flow, at the outlet of the chromatographic column, was conveyed by a transfer line and arrived in front of the sensor in order to maximize the adsorption of water molecules and thus obtain a more intense and more reproducible signal.

I Injection system

Another major difference that appears when adapting the system to the chromatograph, is that the injection of the gas to be analyzed, which was continuous, becomes instantaneous and discontinuous. Indeed, in the previous configurations, we fixed a gas flow using the LCU, then we waited for the stabilization of the sensor to determine the amplitude of the signal, on the other hand in a GC the injection is made in a punctual way with a specific volume. For this we have simulated an "instantaneous" injection system using a 6-way valve and a 250 μL sampling loop. This system, schematized in Figure 40, allowed us obtained, by the conductimeter, the results presented in Figure 41. Firstly, we can see that the surface of the peaks acquired varies with the humidity of the gas, implying that there may be a correlation between these two variables.

Secondly, at a temperature of 25°C, we were able to observe more sensitive results with a gas flow greater than 2 mL/min.

We can connect the GC to the cell now that it permits low-flow analysis, and the sensor can operate with instantaneous injection. The first step will be to analyze the gas using GC-MS to identify the chemical of interest to us, in this case, water, and determine its retention time within the column. We may then direct the gas flow to the sensor using a valve.

The GC column separates the gases, and we can identify each compound by associating a retention time with it using the mass spectrometer. This temporal element, termed retention time, will allow us to compare our sensor's response to each gas we have looked at. Because this research is focused solely on a chitosan membrane with previously established selectivity, moisture will be the primary gas of interest.

Two peaks can be seen in the total ionic current (TIC). The diluent gas, nitrogen, has the most extensive surface area and 4. Figure 44 shows the results obtained during the coupling of our micro-sensor for analysis with a carrier gas at 3.7 mL/min.

Figure 44. Sensor signal produced by water from coupled GC Consequently, we notice that there is a signal at the column output. As a result, the sensor can detect minute quantities at low flow rates, as demonstrated by prior devices. Furthermore, the repeatability of our results is good, allowing us to contemplate employing this method for quantification. Finally, a gas dilutor has been validated to address this quantitative element and the potential of testing our sensors on various gases.

G Gas dilutor

We built a gas dilutor to evaluate the affinity of our sensor for numerous gases and be able to do quantitative analyses. The latter is based on Messer-supplied and certified gas cylinders with known concentrations and a flow controller to establish the dilution factor to be applied. The following equation determines the ultimate gas concentration:

Cf: Final gas concentration Ci: concentration of gas in the bottle FG: Bottle gas flow FD: Diluent gas flow rate

The principle of the diluter is therefore based on the use of 3 commercial bottles with gas concentrations of 300,000 ppm, 150,000 ppm and 1,000 ppm. The flow rates achievable by the flow controllers made it possible to scan a range of concentrations extending from 100 to 300,000 ppm. The measurements were carried out using a GC-MS, on three common gases present in the standard cylinders: methane (CH4), ethane (C2H6) and carbon dioxide (CO2).

Figure 45 represents the surfaces obtained as a function of the concentrations of methane. It can therefore be seen that the system responds linearly. The uncertainties represented here by the prediction envelope were calculated for a confidence rate of 95%. We worked on a polymeric chitosan membrane during our research for the functionalization of the sensor by an acetone-sensitive layer. We chose a method for preparing an acid chitosan solution, the various processes were tuned to produce a homogeneous and repeatable deposit on the IDE's surface. A functionalization procedure based on cyclic voltammetry (CV) electroaddressing of the chitosan membrane on the surface of the microelectrode has been optimized.

The functionalized sensors were evaluated (bottles containing a mixture of distilled water and solvents). The sensor is sensitive to the water molecule and provides fast response and recovery times and a stable and reproducible signal.

The sensors were then put in a gas flow. The sensor's response to gas flow at various relative humidity levels has been proven. Because the reaction of our sensor increases with the level of humidity, the qualities of our membrane have been validated. Because the study aims to quantify the minor changes in humidity caused by adding species in solution, this feature is quite promising.

Finally, the sensor's reaction was tested with gas chromatography analysis settings. We can evaluate the selectivity of our sensor against these gases without needing to work with pure samples using this technique for separating gases in a mixture. Also, the use of a gas diluter, which was validated, allows for working with wide range of concentrations and avoids some of the issues that occur using numerous samples.

Chapter IV Development of a chitosan/nickel phthalocyanines composite based conductometric micro-sensor for methanol detection

I IV.1. Introduction
Methanol concentration in human blood can be measured non-invasively in exhaled breath [1], similar to ethanol, which is commonly used by legal enforcement agencies [2]. The main objective is thus to detect methanol selectively in the presence of a significantly greater ethanol environment, which is common after sipping contaminated alcoholic beverages and during therapy where ethanol is employed as an antidote [3]. Fraudsters in some countries use methanol instead of ethanol in homemade wine because it is less expensive and more frequently available. As a result, increasing public aware-ness about the lethal implications of consuming counterfeit alcohol supplied on the black market is critical [4]. Simple ways for screening alcoholic beverages to prevent methanol poisoning may be even more intriguing [5]. When methanol poisoning is not detected early enough, it can cause blindness, organ failure, and even death [6]. There is currently no methanol detector available for early breath analysis diagnosis or screening of contaminated beverages.

Furthermore, advanced development in analytical technologies for detecting and measuring methanol in clinical matrices raised significant concern for their application in evaluating volatile organic diagnostic potential for different types of diseases [7]. VOCs were initially analyzed by analytical techniques such as coupled gas chromatography with mass spectroscopy or chemiluminescence [8]. Each of these techniques has its own merits and demerits [9]. Indeed, the GC-MS operates to separate the VOCs in a chromatography column, then their identification by mass spectroscopy [10]. This technique has a low detection limit of about one hundred ppb and good selectivity. However, it involves complex measurement procedures and imposes expensive laboratory measurements. As for chemiluminescence, it consists of studying the light produced by returning to the ground state of a molecule previously excited by a chemical reaction [11]. It has the advantage of being a portable technique, however, it causes analytical difficulties for multiple detections of distinct species [12]. As such, these traditional ways of analyzing VOCs become time-consuming, convoluted, very expensive, and unsuitable for widespread screening. In this respect, discovering a rapid, reliable, economical, and portable method is of uppermost need before breath analysis attains a clinical reality [13]. Researchers paid much attention worldwide in numerous gas species detection, quite many transduction principles focused with a high percentage pointed at the miniaturized ones. The main form of operation studied in sensing approaches and promoting sensing results is here outlined: sensing transducers based on nanomaterials [14], acoustic wave [15], cantilever resonance [16,17],

resistance or capacitive changes [18]. The last among the sensor is the conductometric sensor.

Conductometric gas sensors are most widely among the known and utilized researched devices for controlling dangerous and flammable gases in medical diagnosis, industrial processes, and environmental studies. Conductometric sensors feature a straightforward design that consists of only two components: a sensitive conducting layer and contact electrodes. A DC voltage, usually applied, in the range of 1-10 V, to the device to produce the measurement, and the current flowing through the electrodes is monitored as the response.

Chemical species interact with the sensitive layer, changing its electrical conductivity as a result. The change in resistance/conductivity of a sensitive layer because of processes (adsorption, chemical reactions, diffusion, catalysis, charge transfer) occurring on the surface of the sensing area is the base of conductometric sensor functioning [19]. Change in electrical conductivity as a response is due to the interactions between chemical species (Analyte) and the sensitive film.

This study will focus on implementing chitosan sensitive membrane doped with gas sensitive ionophores developed based on the previous research where only chitosan was employed for the detection of gaseous compounds [20].

Metallophthalocyanines are a group of coordination compounds, which tend to have the capability to act as a chemically reactive and sensitive film as a factor of enormous physical properties impelled upon them through interaction with a large number of VOCs [21].

Early researchers described phthalocyanine sensors [22][23][24]. These researchers reported that NO2 has large effects (6-8 orders of magnitude) on the conductivity of some sublimated phthalocyanine films. It is hoped that suitable substitutions of metals in the cavity and organic substituents at the periphery of the phthalocyanine structure can be used to develop gas specificity. Chemical and electrochemical oxidation methods were used to investigate the direct integration of phthalocyanine into conducting polyaniline, polypyrrole, and polythiophene. The chemical sensitivity analyses of conducting polymers functionalized with copper and nickel phthalocyanine, particularly polyaniline (PANI CuPc) polypyrrole (PPy NiPc), and polythiophene, are the focus of this work (PT CuPc). The chemical vapors of nitrogen dioxide, ammonia, and alcohol were investigated on these polymers. They are mostly used as thin-film semiconducting gas sensors solely for the detection of various VOCs. However, the main properties of phthalocyanines in detection abilities for environmentally relevant volatile organic compounds are particularly, their ionization potential's ability, which can as well be varied by metal-ion insertion and besides by the attachment of other atoms or groups that trigger or diminish the ionization potential in preference of their position in the electro-negativity scale [25]. An important approach to get control of some of the physical limitations of most phthalocyanines, including the bad processability and higher crystallinity for chemosensing, comprises combining these materials with polymers [26], such as polyvinyl alcohol (PVA), polystyrene (PS), polymethyl methacrylate (PMMA) [27], etc. Phthalocyanines are functionalized in the polymer through dissolution, in a common solvent and deposited by a common solution processing. These techniques are solvent casting, spin coating, electrostatic layer-by-layer technique, or in some cases, to see the possibility of electrochemical deposition [9]. Ali and coworkers [28] reported that phthalocyanine blended polymeric materials were demonstrated to be less crystal-line, have higher conductivity, and more efficient gas sensing than pure phthalocyanines. This paves the way for the careful fabrication and design of an optimized thin film having different degrees of sensitivity, selectivity, and stability (3S).

However, these films are considered to undergo high chemical and thermal stability concerning many environmental conditions. The films are easily made through the following coating techniques as, sublimation, spraying, spin, and smearing coating, or through electrochemical deposition. Previous studies have classified the interactions between the Pc and VOCs into the irreversible chemical affinity, reversible (normal charge-transfer) chemical reaction, or in some time, bulk sorption [28].

In other to achieve a more efficient gas sensor in terms of sensitivity, selectivity, and stability towards gas detection, we here electrodeposited a chitosan biopolymer film on the gold substrate and later doped it with nickel phthalocyanine as a sensitive composite film on the gold electrode. Both processes were conducted separately, due to the incompatibility of solvent solubility. A conductometric methanol sensor, working at ambient temperature was then obtained.

I IV.2. Materials and Methods

IV.2.1. Chemicals and Reagents

All reagents and solvents in this work were of analytical reagent grade and were used as received without further purification. Chitosan lower molecular weight (deacetylated chitin, degree of acetylation 85-95 % Mw = 230 kDa), glacial acetic acid (99.9 %), nickel phthalocyanine (NiPc) (dye content 85 %), THF (98 %), 0.1 M sodium hydroxide solution, potassium chloride (99.0 %), ethanol (99.5 %), methanol 99.9 %) and acetone (99.0 %) were all procured from Sigma Aldrich.Ultra-pure water (UPW) (resistivity > 180 Ohm.cm) was used throughout this research work, which was obtained from a Millipore System. 

IV.2.3. Instrumentation

The electrodeposition of chitosan was carried out using an EC-Lab 9.9 potentiostat, in a conventional three-electrode system. The experiments were proceeded at room temperature in a dark and grounded metal Faraday box, using the gold interdigitated electrode as the working electrode, Ag/AgCl (saturated KCl) electrode as the reference electrode, and a platinum counter electrode.

The surface morphologies and energy-dispersive X-ray (EDX) analysis of the bare encapsulated microelectrode, of chitosan on a gold electrode, and of NiPc doped in chitosan film deposited on gold electrode were studied using scanning electron microscopy (SEM) (COXEMEM-30AX+).

Thermogravimetric analysis (TGA) was carried out using a thermal gravimetric analyzer TA Instruments Q50. The atmosphere is air at a flow rate of 90 mL/min. Fourier Transform Infrared (FTIR) spectroscopy was carried by applying a vacuum microscope continuous (Nicolet-Thermo Fisher, UK), coupled to an infrared spectroscopy Nexus specular reflectance mode, with an MCT detector. Spectra were registered, through a resolution of 4 cm -1 , in the wavenumber range of 4000 and 400 cm -1 at room temperature.

Conductometric detections of VOCs was achieved by applying to each of the paired interdigitated electrodes (sensor) a small amplitude sinusoidal voltage (10 mV peak to peak) with 10 kHz frequency generated by a very low-frequency waveform generator (Standard Research System). These parameters were employed to limit faradaic processes, multiple layer charging, and polarisation at the microelectrode surface. These conditions were optimized in KCl solutions [29]. The differential output signal was recorded between the working and the reference pair of the interdigitated electrodes, utilizing a Standard Research System lock-in amplifier SR510 and the response time of the gas sensor was registered.

These measurements were done by placing the NiPc/ chitosan modified interdigitated electrodes (working electrode) and the chitosan modified interdigitated electrodes (reference electrode) in the headspace over a liquid phase in a cylindrical vessel like container. The differential measurement of conductance (ΔG) was detected against time. The recovery was obtained when the sensor was removed from the headspace after peak maximum was reached and passed to the air.

I IV.2.4. Preparation of Chitosan and Nickel Phthalocyanine Solutions

The fabricated interdigitated microelectrodes chip was cleaned through sonication in acetone, ethanol, and deionized water, each step during ten min under ultra-sonication. Later, the chip was rinsed with distilled water, and dried under nitrogen flow in a fume hood, then the electrode was placed in UV/Ozone procleaner (BioForce) for at least 30 min before electrodeposition of chitosan on the electrode surface as described below.

The chemical composition of the chitosan solution was 0.55 g of chitosan powder (lower molecular weight) completely dissolved in 2 % (v/v) of glacial acetic acid by overnight stirring.

The pH was adjusted to 6.5 by drop addition of 0.1 M NaOH solution into the chitosan solution while agitating with a magnetic stirrer, The chitosan (Figure 47A) was used as film matrix.

Whereas suspension of NiPc was prepared by dissolving blueish NiPc (Figure 47B) at 1 mg/mL in THF for overnight stirring, due to low solubility of phthalocyanine. Physical and chemical parameters of chitosan solution such as viscosity, electrical conductivity, pH, and chitosan concentration can affect the suitability of the chitosan deposited on the gold electrode surfaces [30]. CA electro-deposition of chitosan solution using 1 % w/v favored a highly sensitive gas sensor [29]. An increase in acid concentration may lead to an increase in gas adsorption due to a higher degree of protonation [31]. Chitosan film was grown onto the gold substrate to form a thin film and the highly controlled deposition improved the mechanical and electrical contact between the polymeric membrane and the gold surface [32].

It's worth noting that each glucosamine in chitosan makes it a polycationic polymer with one NH2 group and two OH groups per unit. These three groups are extremely reactive and have a significant impact on the polymer's characteristics. Chitosan's high functionality allows it to be chemically modified in a variety of ways [33]. Figure 48 shows chronoamperometric deposition of chitosan on the gold microelectrode. 9). On bare Au, gold and Si are abundant.

Table 9. EDS analysis The surface of the bare interdigitated gold electrode on a silicon wafer was subjected to FTIR analysis. Bands at 2859 and 1036 cm -1 which is said to be associated with Au [34] and the bands at 1169 and 1036 cm -1 are considered to be Si-O stretching [35]. FTIR spectra for the electrodeposited chitosan film showed important absorption bands identifying the characteristics of functional groups, which were recorded in the middle infrared (4000 cm -1 to Figure 49. FTIR overlap spectra from pure chitosan film (blue curve) and chitosan film doped with NiPc (red curve) and pure NiPc (green curve)

The stretching vibrations of the -OH bond of the prepared chitosan was found at 3366.3 cm -1

and that for C-H was observed at 2932.5 cm -1 . The absorption peaks at 1656.88 cm -1 , 1585.3 cm -1 , 1432.2 cm -1 , 1339 cm -1 were associated with the presence of the C=O stretching of the amide I band, bending vibrations of the N-H (N-acetylated residues, amide II band), C-H bending, O-H bending respectively. The peak at 1169.0 cm -1 assigned for anti-symmetric stretching of (C-O-C) bridge, 1078 cm -1 , and 1025.18 cm -1 anticipated to the skeletal vibration involving C-O stretching [32,36,37]. However, the FTIR spectra of electrodeposited chitosan doped with NiPc (well-observed onto pure NiPc spectrum) has bands of chitosan at 3366, 1585, 1415, 1078, and 1036 cm -1 , and bands of NiPc at 1537, 1473, 1432, 1339, 1262, 1169, 1126, 1096, 758 and 736 cm -1 [38,39,28].

As suggested previously, the FTIR vibration peaks of phthalocyanines originate from pyrrole, benzene ring, and metal-ligand [42]. The peak at 918 cm -1 can be assigned to Ni ligand vibration [39][40][41]. The peaks at 1293 cm -1 and 1432 cm -1 are due to the C-N and the C-C bonds stretching in pyrroles [40]. The peaks at 736 cm -1 and 758 cm -1 are corresponding to the C-H out-of-plane mode, and 1126 cm -1 corresponds to an in-plane bending in the benzene ring. These indicate that the NiPc individual molecule does not change either in powder or nanowires. However, we can find the difference in the FTIR spectra of powder and nanowires caused by the change of crystal structure. Commonly, the peaks at 724 cm -1 and 1293 cm -1 in NiPc nanowires are used to identify the orientation in phthalocyanines, while these two characteristic peaks are located at 736 cm -1 and 1339 cm -1 for NiPc powder [41]. The peaks at 780 cm -1 and 1174 cm -1 are the signature for the β-MPc, which appeared apparently in NiPc powder, while was missing in NiPc nanowires [42], not observed here.

TGA analysis was conducted on lower molecular weight chitosan samples and results are presented in Appendix Figure S18. The weight loss process of chitosan under air is divided into three phases of the thermal degradation pattern. The first stage started to degrade at around 180°C and degradation terminated at around 650°C. During the first thermal process from ambient temperature to 180°C, the sample lost 9.70 % of its weight. This loss of mass corresponds to a loss of moisture. The second and the third thermal degradation of chitosan are from 180 to 385°C and from 385 to 650°C. At these temperatures, we observed the chitosan decomposition and scission of the polymer chain through two mechanisms. At 650°C in which chitosan attained nearly complete decomposition, we observe a weight loss of 99.3 %. The chitosan-blend showed similar decomposition ranges but with higher remaining weights at each temperature [43], this is because the decomposition of chitosan leads to rapid weight loss [44].

Chitosan weight loss of 9.7 %, (Appendix Figure S18) as such enables us to calculate the exact mass of chitosan for the solution preparation. Additionally, the ability of chitosan to start degrading at 180°C allows us to bake our fabricated sensor made from chitosan at 50°C without any risk of decomposition. The same way, TGA analysis of chitosan doped with NiPc was studied accordingly, the different degradation stages were observed as in pure chitosan (Figure S19 in Appendix). The TGA profile, under air, in Figure 50, demonstrates the stages of mass loss of chitosan doped with NiPc. The total loss is 70 % at 650°C. The chitosan and NiPc remained stable afterward. This also corresponds to the results obtained by Modibanne et al. [42] and by Rajic and Stojakovic [45].

I IV.3.2. Preparation of Gas Samples

Gaseous samples of acetone, ethanol and methanol were sampled from the headspace above aqueous solutions of known concentrations between 0-100 %.

The concentrations of the aforementioned solvents in the gas phase above the aqueous solution depend on Henry's law constants, of the given analytes in water and were converted from Henry's law from the third version equation reported at (25°C) by Sander in 1999 [46].

kHo = ca/pg (1)
Here, ca is the concentration of a species in the aqueous phase and pg is the partial pressure of that species in the gas phase. Where H o refers to Henry's law constants for the standard condition, its unit is M/atm (2) For the listed solvents above at (25°C) i.e, methanol, ethanol, and acetone, Henry's law constants value of 2.2 × 10 2 M/atm, 1.9 × 10 2 M/atm, and 0.2 × 10 2 M/atm were considered respectively [47]. Tables 10,11, and 12 describe the calculated equilibrium gas-phase concentrations of acetone, ethanol, and methanol above the aqueous phase.

Table 10. Equilibrium gaseous phase concentrations above an aqueous methanol solution at 25°C following Henry's law constants as reported by Sender et al [46] Table 11. Equilibrium gaseous phase concentrations above an aqueous ethanol solution at 25°C per Henry's law constants as reported by Sender et al [46] Table 12. Equilibrium gaseous phase concentrations above an aqueous acetone solution at 25°C per Henry's law constants as reported by Sender et al [46] Conductometric detection of several VOCs (methanol, acetone, chloroform, and water) were performed in the gaseous phase above pure liquid compounds, at room temperature 25°C, as

shown in Figure 51a. The conductivity of the film, read by the lock-in amplifier, increased dramatically when exposed to the headspace of pure solvents. The sensor shows good sensitivity towards methanol, 4.5 times higher than towards ethanol, 10 times higher than towards acetone, and 7.5 times higher than towards water, with no single response when exposed to chloroform.

Variation of the absorption curves in the presence of dry air and methanol or ethanol vapors is important in the Q-band region (600-640 nm) rather than in the Soret band for a CuPcOH film.

A six times higher effect is observed with methanol compared to ethanol [48]. The sensing mechanism is related to the rearrangement of the electrical dipole in the bulk thin film due to the interaction of phthalocyanine and analytes, in other words, the interaction generates modulation in the disposable electronic levels for π-π* transitions of the phthalo-cyanine ring.

The same phenomenon was observed with ZnTTBPc (zinc tetra-tertiary-butyl phthalocyanine) film in the presence of methanol and was modeled as weak bonding between test alcohol molecule and the central Zn atom, which perturbs the π-π* transitions [49].

For measuring the selectivity of the sensor toward acetone, ethanol, and methanol, we exposed some concentrations ranging from 5.67-56.06, 0.9-8. The response time of the sensor is short, around one to thirty-one seconds, whereas the time to be recovered back to the baseline immediately after removal of the headspace measurement, is around thirty-eight seconds. The calibration curve for methanol, ethanol, and acetone are presented in Figure 52. The sensor-based on chitosan doped NiPc provides us with a detection limit for methanol to be 0.07 v/v% (700 ppm) in the gaseous phase during the headspace measurement, this concentration corresponds to 0.15 M in the aqueous phase (4.8 g/L of methanol diluted in water).

The relative standard deviation for the described sensor ranged from 3% for higher concentrations to around 10% for lower concentrations. Chitosan/NiPc conductometric sensor maintains its stability for almost three months when stored in a plastic container at room temperature. Methanol was detected after every 4 days. Over this period the sensor still retained almost 92% of its original response A lot of methanol sensors have been fabricated (Table 13) but this is the first time that chitosan doped with NiPc is used for the conductometric detection of methanol. Compared to the other methanol sensors, this one presents a short response time, a large dynamic range but a rather high detection limit. The addition of nano-materials could improve the detection limit.

The calibration plots, from Figure 52, highlight the linearities of change in conductivity for acetone, ethanol, and methanol versus concentration in the gas-phase. Methanol sensor with the best linearity slot of R2 = 0.99688, was also observed to have the best sensitivity of 60.21

μS.cm -1 (v/v), 35 times higher than acetone (1.71 μS.cm -1 (v/v)) and 4 times higher than ethanol (14.79 μS.cm -1 (v/v)) respectively.

We noticed from Figure 51a that the detection signal of the gaseous phase pure methanol was at 575 μS.cm -1 and that of pure water to be 98 μS.cm -1 .

Table 13. Comparison of the analytical performances of methanol sensors based on different sensitive materials Even though chitosan is hygroscopic, the hydrophilic ability of the NiPc coupled with the differential measurement decreases the signal of the water and limits its interfering effect. From Figure 53, it comes that the methanol signal is increased by a factor of 11 % in the presence of 1/10 of ethanol and by a factor of 3 % in the presence of 1/10 of acetone. The effect of acetone is in the range of the measurement error whereas the effect of ethanol is 4 times higher than this error.

Figure 53. Effect of the presence of 1/10 of ethanol and of acetone compared to methanol on the sensor signal Rubbing alcohol is a product made from 95 % methanol, is used as a liquid on barbecues or fireplaces or as an antifreeze solvent. In addition, if used at home, it is a powerful cleaner for stubborn dirt, polishing numerous surfaces, removing stains.

Following the detection of absolute methanol and a 90 % methanol/water combination in the gaseous phase, the detection of a commercial rubbing alcohol in the gaseous phase was conducted as presented in Figure 54. Previously described chemiresistor gas/vapor sensors based on polyaniline nanocomposite for detecting methanol in perfumes and dyes have a detection range of 0.31 mM-3.5 mM [54]. The developed microconductometric methanol sensor has a relatively large detection limit (22 mM).

Pre-functionalization of the microconductometric chip with nanomaterials such as zeolite [55],

could improve this detection limit. Measurements of methanol in exhaled breath could be another application for this methanol sensor [56]. Exhaled methanol (MeOH) can provide a non-invasive assessment of intestinal flora.

I IV.4. Conclusion

In this study, a highly sensitive gas sensor based on chitosan composites doped with NiPc, was successfully developed. Analytical techniques such as FTIR, EDX, and TGA were employed to characterize the sensing composite layer. Excellent thermal stability of the sensing layer has been observed. Acetone, ethanol, and methanol gas-sensing properties of the films prepared at optimum conditions were studied at atmospheric temperature using differential measurements at a frequency of 10 kHz. The sensor is selective, sensitive, stable and presents a short response time towards methanol detection. Presently, there exists no methanol detector working at ambient temperature for early diagnosis by breath analysis or for screening of adulterated beverages.

Chapter V Electrospun PVC polymer/nickel phthalocyanines composite fiber arrays for the conductometric detection and identification of volatile organic compounds V V.1. Introduction Methanol (MeOH) is commonly utilized in laboratories and industries as solvents or cleaning agents [1]. Methanol is a frequent feedstock for a variety of critical compounds and a possible energy carrier alternative to hydrogen [2]. Inhaling significant amounts of methanol vapor can result in headaches, tiredness, nausea, impaired vision, convulsion, and even blindness, tumors, and cancer [1]. The wide range of applications for MeOH, as well as its toxic effects and the desire to fine-tune its synthesis under extreme conditions, all of these factors point to the necessity for methanol sensors that are both reliable and selective. The American Conference of Governmental Industrial Hygienists (AGGIH) recommends a released threshold for methanol vapor concentration of 200 ppm for repeated exposure without severe health effects during the working day (8 h). Originally, non-invasive analytical pieces of equipment such as PTR-ToF-MS, GC-MS, and chemiluminescence gas analyzers were known for methanol detection and measurements for early diagnostic techniques [3]. With these techniques, conventional VOC analysis becomes time-consuming, expensive, and unsuited for extensive screening [4]. Sensors are good candidates for the low-cost detection of VOCs. Chemical species interact with the sensitive layer of the sensor, changing its electrical conductivity as a result. The change in resistance/conductivity of a sensitive layer because of processes (adsorption, chemical reactions, diffusion, catalysis, charge transfer) occurring on the surface of the sensing area is the base of conductometric sensor functioning [5].

Electrospinning is a low-cost, effective technique for creating ultra-thin polymer and composite fibers having diameters ranging from a few nanometers to a few micrometers (Figure 44) [6].

It requires utilizing a high voltage to polymer solutions or melts ejected from micro syringe pumps through electrostatic stretching [7]. Over the last two decades, this technique has gained significant attention. It was used to actively spin more than a hundred polymers into ultra-fine fibers [8]. Electrospun fibers with several properties, fine structure, tunable membrane, thickness, and an attractive large specific surface area are indicators of the best prospects for a sensing application's configuration [9]. So far, sensor scientists have carried out numerous studies to develop amazingly gas sensors capable of detecting NH3, H2S, CO, and others [10]. Nickelphthalocyanines are a class of coordination compounds that can act as a chemically reactive and sensitive film due to the enormous physical properties of interactions with a wide range of volatile organic compounds [11][12][13][14][15][16][17][18][19][20][21][22][23][24][25][26][27]. Compared to pure phthalocyanines, polymersphthalocyanines mixed materials are less crystalline, and have high electrical conductivity, and are more effective in gas sensing properties [17]. This opens the door to the meticulous manufacture and design of a thin film with high sensitivity, selectivity, and stability (3S) [18].

We investigated the activities for COVs sensing of the electrospun polyvinyl chloride doped with the NiPc deposited on interdigitated electrodes, in this study. The ideal conditions for nanofiber manufacturing were explored using characterization techniques like scanning electron microscopy, FTIR, and TGA.

V V.2. Results and Discussion

V.2.1. Optimization of the electrospinning process

Electrospinning of a 15% and 11% w/v PVC solution in a 1:1 v/v DMF/THF solution proved relatively easy and is suggested that electrospinning of PVC in the THF/DMF solution is more favorable [19]. Four parameters were explored to investigate the electrospinning process and generate smooth nanofibers. Polymer concentration, NiPc concentration, applied voltage, and flow rate are critical parameters that have a direct impact on nanofiber shape [20]. Thus, we produced 15% and 11% PVC solutions and then varied flow rates and voltages. Furthermore, the distance between the needle and the collector in the electrospinning setup had restrictions.

Nanofibers were placed on the substrate's surface to determine the best electrospinning settings.

The collection period was 3 min, which resulted in dense polymer deposition and allowed the experiment to be completed in a fair amount of time. Experiments that determine Taylor cone, stability of jet, and fabrication of nanofibers are summarized in appendix Table S23.

The parameters of the electrospinning technique for the formation of PVC nanofibers on the interdigitated gold electrode substrate were successfully optimized. We observed that 15% wt. polymer content, flow rate of 1.5 mL/h, and 12 cm between the needle and the collector are the most impressive parameters for fabricating consistent bead free nanofibers.

V.2.2. Characterization of electrospun PVC-NiPc nanofibers

V.2.2.1. Scanning electron microscopy

Scanning electron microscopy (SEM) scans of electrospun 15% PVC nanofibers and that of PVC-NiPc nanofibers are shown in Figure 56. After electrospinning PVC nanofibers on the substrate, optical images were obtained on bare chip, chip covered with electrospun PVC nanofibers and chip covered with electrospun PVC/NiPc nanofibers (Figure S24 in Appendix). EDS analysis were then performed on the electrospun PVC nanofiber chip. In Figures S26, S27, S28, S29 and in Table S30 in Appendix, we discovered carbon in abundance (77.88%) and some quantity of chlorine (9.45%) due to PVC nanofibers. After doping PVC nanofiber with NiPc, the atomic percentage composition was investigated. NiPc was distributed on the surface PVC nanofiber, as evidenced by the nearly equal percentage number of carbon atoms of about (75.64%) and the presence of (1.14%) Ni at the surface of the fibrous mats.

TGA and FTIR characterization of the electrospun fibers is presented in the Appendix.

V V.2.3. VOC differential measurements

The VOC differential detection performance of PVC/NiPc fibrous mats on the interdigitated electrode as working sensor and using only PVC nanofiber as the reference sensor is shown in [21]. After testing the sensor's selectivity of the VOCs as depicted in Figure 47A, the sensor was exposed to successive decreasing concentrations of methanol (Figure 47B) and of acetone (Figure S33) and of ethanol (Figure S34). When the concentration of methanol was 0%, the sensor was exposed to pure water and the measured conductivity, corresponding to 100% of humidity, is then 4.4x10 2 μS/cm. This low value is due to the hydrophobicity of the PVC matrix and to the differential measurement system. When the concentration of methanol was 11.25%, the measured signal was 5x10 3 μS/cm, the contribution of 89% of humidity is less than 10% of this signal, which is in the range of the experimental error in this range of concentration. The sensors were exposed to different concentrations of acetone, ethanol, and methanol to ascertain the sensitivity of each of the three VOCs accordingly. The linearity of the methanol calibration curve was verified in the range of 0v/v% to 11.25v/v%. The sensor has a sensitivity of 505 μS/cm (v/v) -1 and a limit of detection of 15 ppm, as demonstrated in the calibration curve in The sensor was 4 times more sensitive to methanol than to ethanol and 19 times more sensitive to methanol than to acetone.

In our previous work, using a film of chitosan doped with NiPc [22], a conductivity value of 400 μS/cm was obtained for 9.0 v/v% of methanol whereas with PVC-NiPc fibrous mats, the obtained conductivity value was 4400 μS/cm for the same concentration, showing the interest of the fibrous mats for increasing the sensitivity of detection.

For the same sensor, the relative standard deviation ranges from 8% for lower concentrations to 2% for higher concentrations. The sensor retains its detection performance for seven weeks, when every four days, methanol was tested. The sensor kept nearly 88% of its initial response after this time.

The effect of the presence of 1/10 of acetone on the methanol peak is in the range of the measurement error whereas the effect of 1/10 of ethanol on the methanol peak is 4 times higher than this error.

V V.2.4. Application of methanol sensor

Commercial rubbing alcohol is a product made from methanol and is used as a liquid onto barbecues or fireplaces or as solvent or antifreeze. In addition, if used at home, it is a powerful cleaner for stubborn dirt.

The sensor initially detected absolute methanol, followed by a 90% methanol/water mixture and then the commercial rubbing alcohol, as seen in the diagram above (Appendix S37). The conductivity value for rubbing alcohol is consistent with a concentration of 9.9±0.46 v/v% in the gas phase. The expected concentration of rubbing alcohol is 22.2±0.6 M, equivalent to 91.5 ± 3.7% in compliance with the concentration specified by the provider, 95%.

Table S36 in Appendix summarizes different types of electrospun polymer nanofibers describing the nature of the polymer, the gas tested, the response time, the dynamic range and the detection limits for some VOCs.

V.3. Conclusions

The current research proposes a one-step elaboration of electrospun nanofibrous mats and optimization of the electrospinning parameters to generate PVC electrospun nanofibers doped with NiPc. According to our research, the most optimal parameters for fabricating continuous non-beaded nanofibers were 15 weight percent PVC polymer, 1.5 mL/h flow rate, and 12 cm distance between needle and collector.

The findings revealed that nanofiber morphology is greatly influenced by the applied voltage, flow rate, and polymer concentration in solution and the adhesion and stability of nanofiber deposition on the substrate surface. PVC/NiPc-NFs, synthesized electrospun nanofibers, were employed to make the VOC conductometric sensor. Sensor demonstrated good sensing performance for methanol. In the future, to fabricate an efficient gas sensor for biomedical, industrial, and environmental applications, we wish to couple our sensor with a LCU and GC-MS to enable detection at a much lower concentration.

Chapter VI

General Conclusions

We have developed a new class of novel transducers based on the utilization of interdigitated gold microelectrodes (μIDEs). These μIDEs were made on a silicon substrate (microchips measuring 7.3 x 4 mm) in a cleanroom using traditional microelectronics production processes.

This microelectrode arrangement makes it possible to detect and measure the presence of a target molecule in a gaseous medium using conductometric measurement techniques. Different designs of μIDEs were considered and manufactured for these purposes. In this investigation, only the classic design of μIDEs was studied among these microelectrode types. The application of our study findings to these cutting-edge microelectrodes will undoubtedly boost the sensitivity of our sensors.

The effort of creating and optimizing the sensor in this context was centered on determining the impact of the μIDE's geometric parameters on the sensor's response. For detecting gaseous analytes, characteristics such as digit size, spacing, and thickness were debated, carefully investigated, and adjusted. Following the validation of the transducer, the designed encapsulated sensors were first cleaned and tested in aqueous environments using the method of adding various concentrations of KCl. The conductometric data were compared to a mathematical model that depicted the events that occur at the interface of polarized μIDEs in a liquid media. The conductometric measurements allowed us to validate the transducer's fabrication and use in a liquid medium. After then, the entire model was converted to a gaseous medium. Consequently, we developed an effective transducer capable of measuring the presence and concentrations of VOCs in a gaseous medium using conductometric measurements.

The research goal is to develop a sensor that can measure the concentration of VOC molecules selectively. Most VOCs concentrations in saintly patients have been reported to be in the hundreds of parts per billion (ppb), with a general trend to ppm. We need to use a sensitive and VOC-selective polymer membrane to functionalize our sensor in this scenario.

We have opted to work with chitosan for our research, a fascinating biopolymer with intriguing physical and chemical properties. On the one hand, we have thus created a process for creating an acid chitosan solution, the different phases of which have been optimized to achieve a homogeneous and repeatable deposit on the μIDE's surface. A functionalization process based on the electro-addressing of the chitosan membrane to the microelectrode surface was devised in the other section. CV also characterized the membranes as well designed. The functionalized sensors were put to the test using conductometric analyses. But later, the chronoamperometry technique was shown more suitable for chitosan deposition on gold microelectrode surface.

It was based on the usage of LabVIEW software; we control the "Lock-In Amplifier" measuring device that provides our sensor (sinusoidal signal) and evaluates the sensor response when exposed to VOCs. To achieve this strategy, numerous instrumentation parameters, amplitude, and frequency of the excitation signal were evaluated and tuned for our sensor. As a result, the complete platform produced during this project allows us to adjust the numerous parameters involved with conductometric analyses and evaluate the response of our sensor in different configurations. With this in mind, we suggested first investigating the behavior of our chitosan membrane to verify the polymer's physical and chemical properties. The functionalized sensors were tested in stationary gaseous environments (cylinders holding a mixture of distilled water and solvents). Our sensor is sensitive to the VOC molecules, with fast reaction and recovery times (40 seconds) and a consistent and repeatable signal.

Furthermore, experiments have revealed that our membrane is more selective for methanol than for other interfering chemicals like ethanol and acetone. The sensor's reaction to a gas flow at various relative humidity levels was studied and optimized. Sensor response influenced by humidity level, to a maximum RH rate of 70%, the qualities of our membrane have been proven.

Because the study's goal is to monitor the breath expelled by the patient, which can be compared to a gas flow saturated with moisture, this feature is somewhat encouraging. After that, the sensor's response was tested against various VOC concentrations. The final sensor created has a detection limit of 1000 ppm against methanol, which is insufficient for the project's goals, as we need to approach a lower concentrations range. In this regard, we proposed doping the chitosan membrane with VOC-sensitive molecules to boost the sensitivity of our sensor. are a group of organometallic compounds, which tend to have the capability to act as a chemically reactive and sensitive film as a factor of enormous physical properties impelled upon them through interaction with many volatile organic compounds.

On the one hand, we've devised a method for chemically modifying the chitosan membrane by doping in a solution of 1 mg/ml THF solution such that nickel phthalocyanine can be incorporated into their structure. This form of cation allows the molecule to be polarized, which aids in trapping VOC molecules in the membrane. SEM and FTIR studies evaluated the functionalized nickel phthalocyanines allowing us to validate the chemical modification method. Functionalizing sensor using the CA technique has been tweaked to co-electrodeposit chitosan-NiPc doped surface IDE at a doping rate of 10%. FTIR and AFM technologies were used to characterize membranes. The conductometric analysis of functionalized sensors, the insertion of NiPc and making differential measurements changed the behavior of our sensor completely. According to tests, humidity no longer affects the conductivity signal of the VOC detection.

A sensitive gas sensor was developed based on chitosan composites doped with NiPc.

Analytical techniques such as FTIR, SEM, EDS, AFM, XPS, and TGA were employed to characterize the composite-sensing layer. Excellent thermal stability of the sensing layer has been observed. Acetone, ethanol, and methanol gas-sensing properties of the films prepared at optimum conditions were studied at atmospheric temperature using lock-in amplifier differential measurements at 10 kHz. The sensor is selective, sensitive, and stable towards methanol. Presently, there exists no methanol detector for early diagnosis by breath analysis or for screening of alcoholic beverages.

To explore more in fabricating a highly sensitive, selective, and stable gas sensor, we use the electrospinning of polymer composites. Electrospinning is a low-cost, high-efficiency method for producing ultra-thin polymer and composite fibers with diameters ranging from a few nanometers to a few micrometers. Electrostatic stretching of polymer solutions or melts ejected by microsyringe pumps necessitates a high voltage. This method has got a lot of attention in the previous two decades. More than a hundred polymers were actively spun into ultra-fine fibers using electrospinning. Electrospun fibers with various materials, a fine structure, a tunable membrane, thickness, and an appealing broad specific surface indicate the best structure prospects for a sensing application.

This research employs a vertical electrospinning device with polyvinyl chloride as a sensitive polymer membrane.

The present study provides a one-step elaboration of electrospun membrane nanofibrous mats and optimizes electrospinning parameters to make PVC-NFs with no beading mixed with NiPc.

According to our research, the best parameters for generating continuous non-beaded nanofibers were 15% PVC polymer, 1.5 mL/h flow rate, and 12 cm distance between needle and collector.

The researchers discovered that the applied voltage, flow rate, and polymer concentration in solution and the adhesion and stability of nanofiber deposition on the substrate surface significantly impact nanofiber morphology. It has a sizeable homogeneous zone of nanofiber collection.

The VOC sensor was made with PVC-NFs, which were electrospun nanofibers manufactured.

The sensor displayed good detecting capability during electrochemical testing of the constructed conductometric gas sensor for VOC detection. We hope to connect our sensor with 
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  The following three chapters provide the results and discussion of all the experiments for this dissertation. Practical approaches were devised to fabricate sensors that are selective for different types of VOC targets. In these chapters, each of the methodologies employed to generate other deposition techniques of chitosan biopolymer and their vapor sensing capability was discussed independently. The creation of a chitosan-based conductometric sensor for gas sensing applications is discussed in Chapter III. This chapter covers the synthesis, construction, and VOC sensing performance of a collection of functionalized chitosan sensors using interdigitated electrodes as the transducer. This technique aims to tune the selectivity of these sensors by varying the organic functionality on the sensitive membrane. The development of conductive nanohybrids, which are multicomponent systems in which two or more nanomaterials are integrated for the objective of synthesizing a novel nanomaterial with desirable multifunctionality, is discussed in Chapter IV. The development and vapor sensing applications of electropolymerization chitosan and nickel phthalocyanines-based hybrid sensors are shown in the totality of this chapter. The effect of humidity on the selectivity of the sensors was investigated in depth. The synthesis and vapor sensing characterization of electrospun polyvinyl chloride (PVC) nanofibers are the emphases of Chapter V. Our group's
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 5 Figure 5. Decarboxylation of ketone bodies

Figure 6 .

 6 Figure 6. Traditional techniques of analyzing VOCs Offline and Online

I

  II.11.5. Electrochemical sensors There are four main axes in electrochemical sensors: Amperometric sensors, Potentiometric sensors, Field Effect Transistor FETs, Conductometric sensors.

  but few are chemical, electrochemical, thermal evaporation, hydrothermal, and spin-coating techniques. Recently, polymer film deposition into metal nanocomposites has been considered the best technique for polymer-nanocomposites synthesis[START_REF] Smolin | Use of composite films based on poly(3,4-ethylenedioxythiophene) with inclusions of palladium nanoparticles in voltammetric sensors for hydrogen peroxide[END_REF]. Metal nanocomposites are produced on the surface or instead in bulk through the process of drop-casting or incorporation of pre-synthesized nanoparticles at the time of electrochemical deposition of conducting polymers. Electrochemical polymerization is interestingly achieved by applying one of the three techniques. These techniques comprise of the use of (a) a constant voltage (potentiostatic), (b) a variable current and voltage (potentiodynamic), and (c) a constant current (galvanostatic) to a solution of the polymer. The three electrode systems are needed to perform electropolymerization by applying the earlier techniques. The calomel or AgCl (KCl) electrode are the reference electrode, platinum is the counter electrode, and gold is the working electrode. The conducting polymer is deposited onto the working electrode. An anion is also used for charge neutrality, such as an acid (HA)[START_REF] Smolin | Use of composite films based on poly(3,4-ethylenedioxythiophene) with inclusions of palladium nanoparticles in voltammetric sensors for hydrogen peroxide[END_REF].II.15. Electrochemical Deposition Protocols for Conducting PolymersWorking electrodes are prepared using either of the two techniques: cyclic voltammetry (CV) and chronoamperometry (CA). The characterization of the electrodes was mostly done using cyclic voltammetry, as viewed from different articles. Cyclic voltammetry (CV) is an electrochemical technique that evolves in an electrochemical cell. CV has been done by cycling the potential of a working electrode and analyzing the resulting current. In contrast, Chronoamperometry, an electrochemical method where the working electrode's potential is constant and the resulting current from faradaic processes occurring at the electrode (produced by the applied potential), is observed as a function of time. The functional exchange between current response and time is measured after applying a constant potential to the electrochemical system's working electrode. As discussed later, these techniques are repeatedly used in gas sensors preparation and characterization. From literature, a group of researchers used composites films based on poly (3, 4-ethylene dioxythiophene) in the presence of palladium nanoparticles for the sensitive detection of hydrogen peroxide by employing the chronoamperometry technique as a mode of electrodeposition, the polymer deposition was done at a constant potential of 1 V. The deposition time was 60 -120 seconds[START_REF] Smolin | Use of composite films based on poly(3,4-ethylenedioxythiophene) with inclusions of palladium nanoparticles in voltammetric sensors for hydrogen peroxide[END_REF]. In another development, a gas sensor based on polyaniline doped with [3, 3'-Co(1,2-C2B9H11)2] -1 anion (PANI/COSANE) for the detection and quantification of acetone in human breath was prepared.Cyclic voltammetry technique was used under the following conditions: electrochemical polymerization was performed to prepare a sensitive layer of PANI/COSANE. Ten potential sweep cycles between 0.5 V and 2.0 V at a scan rate of 80 mV/s were applied. Electrochemical polymerization to prepare a sensitive layer of PANI/NITRATE onto the gold microelectrode

Figure 8 .

 8 Figure 8. Chitosan deposition mechanism

  blends with co-polymers discussed under the film structures and the electrical properties. The gas sensors in the discussion are primarily based on indium tin oxide electrodes, quartz crystal's microbalance, and interdigitated electrode transducers. However, these techniques seem to be essential by controlling the deposition conditions in a well-articulated manner, which involves the concentration of the solution, the applied current, number of cycles, possibly scan rate at the successive number of cycles for cyclic voltammetry. Electrochemical deposition can yield a highly reproducible film/membrane in thickness and homogeneity, as seen in the work of Singh et al, where they used CuPc/ Ppy/CTAB as sensitive material on gold electrode transducers[START_REF] Singh | Detection of chemical warfare agent Nitrogen Mustard-1 based on conducting polymer phthalocyanine nanorod modified electrode[END_REF]. Previous research reveals that phthalocyanines of metals mixed with an insulating polymer, the product of the blend hybrid material, have the potential of being more resistive for conductometric measurements. Even though other transduction means can also be applied. This work will discuss the different copolymers incorporated with Metallophthalocyanines, transducers, deposition techniques, and the various volatile organic compounds detected. Figure9below demonstrates how we carried out electrodeposition of chitosan biopolymer incorporated with NiPc on IDEs as the sensitive materials for VOCs conductometric detection, the result is presented in chapter 4.

Figure 9 .

 9 Figure 9. Chitosan-Nickel-phthalocyanine composites formation for gas sensing ability

III. 2

 2 Analytical and electrochemical measurements in a controlled environment III.2.1 Laboratory Instruments As illustrated in Figure 10, all electrochemical approaches for the functionalization of the gas sensor require an electrochemical faraday cell with three electrodes: a reference electrode (RE) Ag/AgCl, a platinum counter electrode (CE), and a gold working electrode (Working Electrode WE). Micro conductometric chips developed by CNM-CSIC in Barcelona have been used in the study. The silicon chip dimension was 7.3 x 4.1 mm. The devices occupied a designed finger of 60-μm width; the finger partitioning is like the finger width. The interdigitated electrode areas were described with a dimension diameter of 1.2 mm for the 4 rounded devices and 1.74x 0.9 mm for the middle rectangular electrode. Our research team elsewhere demonstrated the flowchart of the fabrication process[1].

Figure 10 .

 10 Figure 10. Photo of Potentiostat and the faraday electrochemical cell containing the reference, counter, and working interdigitated electrode

Figure 11 .

 11 Figure 11. In an electrolyte, the equivalent circuit of the 3-electrode circuit

  is beneficial for visualizing the redox characteristics of electroactive species in solution or chemical compounds on the electrode's surface.The research employed this approach to control the electrode's surface state and functionalize and characterize the deposited membrane[6]. The voltammogram of a gold microelectrode immersed in a solution of [Fe(CN)6] 3-/ [Fe(CN)6] 4-buffered with phosphate-buffered saline (pH = 7.6) is shown in the Figure 12.

Figure 12 .

 12 Figure 12. Voltammogram of a bare gold microelectrode with a solution of [Fe (CN) 6] 3-/[Fe (CN) 6] 4-buffered with PBS (pH = 7.4), sweep speed 50 mV / s

Figure 13 .

 13 Figure 13. Conductimetry Operating Principle (a) measurement of a dielectric space, (b) electrical circuit equivalent

Figure 14 .Figure 15 :

 1415 Figure 14. Electric field produced by applying a voltage to the sensor

Figure 15 .

 15 Figure 15. Structure of an interdigitated electrode

Figure 16 .

 16 Figure 16. The AFM principle of operation (a) Atomic Force Microscope (b) AFM Imaging Modes

Figure 17 .

 17 Figure 17. Michelson interferometer schematic and a view of the micro and nano biotechnology ISA LYON platform

Figure 18 .

 18 Figure 18. A schematic diagram of a scanning electron microscope (SEM) and a perspective of the MNBT Lab (ISA LYON) platform

Figure 19 .

 19 Figure 19. A schematic diagram of a thermogravimetric instrument and a view of the MNBT Lab (ISA Lyon) platform (TA Instruments series Q50)

Figure 20 .

 20 Figure 20. The components of the VOC detection platform

Figure 22 .

 22 Figure 22. (a) An example of a lock-in measurement. (b) Lock-in amplification schematic working modeThe Lock-in Amplifier therefore measures two types of variables, one proportional to cosθ and the other proportional to sinθ according to the following equations:

Figure 23 .

 23 Figure 23. Lock-In configuration from LabVIEW applying differential measurement

Figure 24 .

 24 Figure 24. Configuration of lock-in differential measurements

Figure 25 .

 25 Figure 25. Phases of the Headspace Vial

1 at delivery and about 5 x 10 6

 6 Ωcm -1 in the cells. All preparation of solutions is carried out in a fume hood under a nitrogen atmosphere to prevent contamination. 1M mother solution of KCl solution was prepared by weighing 7.459 g of KCl pellets and poured into 100 mL flask then topped to the lower meniscus of the 100 mL flask. Other concentrations were obtained by dilution of a factor 10. Other concentrations for each measurement was obtained through double dilution formulation.The KCl measurements were done using the Lock-in Amplifier at a different frequency (2 kHz, 10 kHz, 50 kHz, and 100 kHz) to find out at which frequency the chip is responding to the conductivity of the KCl solution even at low concentrations. It took 1 minute for every KCl solution measurement. A measurement is represented in Figure26.

Figure 26 .

 26 Figure 26. Kinetics of KCl detection at different frequencies

Figure 27 .

 27 Figure 27. Calibration plot of conductance against KCl concentrations at different frequencies

• 49 .

 49 714 mL of ultrapure water • 0.5 g of chitosan • Homogenization with magnetic stirring until complete dissolution • Adjustment of the pH to 5 by adding 1M sodaThe voltage provided by AC was varied as the second stage in optimizing the electrodeposition protocol. A preliminary CV of the produced chitosan solution was performed with a potential ranging from -0.8 V to 0.8 V and a scanning speed of 100 mV / s. The curve obtained is shown in Figure28.

Figure 28 .

 28 Figure 28. Cyclic voltammetry of a 1% chitosan solution

Figure 29 .

 29 Figure 29. Chronoamperogram in a 1% chitosan solution at -1.4 V

Figure 30 .

 30 Figure 30. Voltammogram of an electrode before and after electrodeposition of chitosan

  ).I III.7.2. Electrospinning process PVC/NiPc mixture was prepared by dissolving 4.12 g of PVC powder in 15 mL of DMF/THF mixture (volume ratio of 1/1), at a temperature of 50°C and under a stirring speed of 500 rpm, a clear solution of the polymer was obtained after 3 h mixing. To eliminate air bubbles and stabilize the solution, it was kept at room temperature for 1 h. In parallel, a suspension of NiPc was prepared by dissolving blueish NiPc 1mg/mL in THF for overnight stirring. The solution of PVC polymer and the NiPc suspension were mixed in a volume ratio of 4:1 respectively for further electrospinning processes. Vertical regime of electrospinning setup was used (fig.31). After preparation, PVC polymer/NiPc solution was loaded into a 5 mL disposable plastic syringe fitted with a Spray Base pump system and pumped with different flow rates 0.1-1mL/hr. Distance between orifice of the needle and stainless-steel flat plate collector was kept constant 15cm. Size of the blunt stainless needle was 22 gauge. Applied Voltage was in range of 7.0-18kV. Deposition time of the PVC/NiPc nanofibers for all samples was around 1min. Electrospinning process was done under normal condition (T=298 K, Pressure= 1 atm and relative humidity 40% to 50%).

Figure 31 .

 31 Figure 31. Electrospinning setup (1) Syringe mounted in syringe pump. (2) Tube. (3) High voltage power supply. (4) Flat plate collector. (5) CCD Camera. (6) Blunt needle with capillary tube (emitter). (7) Illumination (laser). (8) XYZ belt driven stage controller

Figure 32 .

 32 Figure 32. Cylindrical cell for VOC measurement

Figure 33 .

 33 Figure 33. Views of LCU (a) LCU front view (b) LCU operation schematic

Figure 34 .

 34 Figure 34. The components of the detection platform

Figure 36 .

 36 Figure 36. A chitosan sensor's response mechanism (a) oxygen molecule absorption, (b) oxygen species production, (c) water molecule exposure, electron release (reproduced from Ref 27)

Figure 37 .

 37 Figure 37. Signal resulting from the internal reference (IDE=reference and Chitosan on IDE=working)

Figure 38 .

 38 Figure 38. Acetone detection connecting multiple electrodes

Figure 39 .

 39 Figure 39. Gas cell for low flow rates

Figure 40 .Figure 41 .

 4041 Figure 40. Diagram of the instant injection system

  5 min. The elution of water created by the LCU with a 100% RH is represented by the mass spectrum corresponding to the peak of 8.2 minutes (Figure 42, 43).

Figure 42 .Figure 43 .

 4243 Figure 42. Chromatogram of the wet gas (RH 100%) generated by the LCU

Figure 45 .

 45 Figure 45. Gas dilutor validation for methane

I IV. 2 . 2 .

 22 Fabrication and Cleaning of Encapsulated Interdigitated MicroelectrodesInterdigitated gold microelectrode chip was fabricated using silicon technology including physical vapor deposition technique and photolithography, as described in Figure46. The fabrication procedures were carried out in CNM-CSIC, Barcelona, Spain. The size of the silicon chip was 7300 × 4000 μm. Finger width was 60 μm.

Figure 46 .

 46 Figure 46. Different steps for the fabrication of interdigitated gold microelectrodes

Figure 47 .

 47 Figure 47. Chemical structures of Chitosan (A) and Nickel phthalo-cyanine (B)

  Surface modification was achieved by the introduction of sensitive nanomaterials such as nickel phthalocyanine. A current of 20 μA was observed, because of the proton reduction, and the current decreases since chitosan film were formed on the IDEs. The working chip was then dipped in a 1 mg/mL of NiPc in THF solution for 20 min before baking in the furnace in the same conditions as the reference sensor.

Figure 48 .

 48 Figure 48. Chronoamperometric measurement monitoring of electro-deposition of chitosan

  (a) bare electrode on-chip, (b) electrodeposited chitosan on-chip and (c) electrodeposited chitosan doped with NiPc on-chip An increase in carbon was noticed after deposition of chitosan, Si and Au largely decreased and Na is visible due to NaOH for pH adjustment of chitosan solution. Significant detection of nitrogen is difficult, due to low composition in chitosan molecule, oxygen from chitosan compound was detected by EDS analysis. Nickel and carbon increment were observed when analyzing Au-chitosan doped NiPc.

Figure 50 .

 50 Figure 50. TGA analysis to determine the thermal degradation properties of low molecular weight chitosan doped with NiPc

  95, and 1.13-11.25 (%v/v) of acetone, ethanol, and methanol respectively. Measurements in the headspace of different methanol/water solutions are given in Figure 51b. Measurements in the headspace of different acetone/water solutions and ethanol/water solutions are given respectively in Figure S21A and S21B, in Appendix. It can be seen clearly that the conductance of the sensor increases with an increase in the concentration of methanol in the liquid phase. To check the repeatability of the sensor, three measurements were carried out.

Figure 51 .

 51 Figure 51. Conductometric detection of several VOCs (methanol, acetone, chloroform, and water) (a) Detection of gas-phase concentration for pure liquid phase of methanol, acetone, chloroform, ethanol, water (b) Detection of gas-phase concentration for different methanol/water solutions NiPc/chitosan sensor, using a lock-in amplifier

Figure 52 .

 52 Figure 52. Calibration curve of the gas-phase concentrations of acetone, ethanol, and methanol

Figure 54 .

 54 Figure 54. Detection of gas-phase concentrations for different meth-anol/water solutions and commercial rubbing alcohol, with the chitosan/NiPc sensor

Figure 55 .

 55 Figure 55. Electrospinning setup (1) polymer solution, (2) syringe, (3) needle, (4) Blunt needle with capillary tube (emitter), (5) polymer stretching, (6) Flat plate collector, (7) nanofiber (laser).

Figure 56 .

 56 Figure 56. SEM scans and diameter distribution histograms of fibrous mats (A) PVC nanofibers (B) PVC-NiPc nanofibers electrospun at 1.5 mL/h, 17.4 kV

Figure 46 .

 46 Figure 46. Sensor operated at optimum conditions (T = 293K, Pressure = 1 atm). The analytical measurement of methanol begins by accounting for the essential sensor parameters, which are response and recovery time of the device, as shown in appendix Figure S35. The response time is 13 s and the recovery time is 25 s.

Figure 57 .

 57 Figure 57. Differential measurements for VOC detection

Figure 48 .

 48 Figure 48.

Figure 59 .

 59 Figure 59. Calibration curves of the gaseous phase of VOCs sensitivities by electrospun PVC nanofiber incorporated NiPc using a lock-in amplifier (T = 293K, Pressure = 1 atm)

S 35 . 36 .

 3536 Determination of the response time (tRes) and of the recovery time tRec on the real-time analysis of the conductometric signal of sensor for methanol gas phase concentration of 11.25 v/v% (T = 293 K, Pressure = 1 atm) Different types of electrospun polymer nanofiber-based gas sensors
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	Chapter I
	Basic Overview and Design of the Thesis

  For people with headaches, tiredness, nausea, impaired vision, convulsion, and even blindness, tumors, and cancer, survival is dependent especially on early diagnosis for patients and The dissertation's content can be summarized in a few words. The next chapter focuses on synthesizing bibliographic data after a broad introduction to provide the content of the thesis in this current chapter I. The background of various types of malignancy is presented in Chapter II. An overview of cancer-related deaths worldwide is offered to demonstrate how carcinoma has become a significant health issue for humanity. Following that, the inadequacies of present cancer diagnostic procedures are discussed, and the necessity of breath analysis is acknowledged as a noninvasive tool for cancer prediction. The potential of biomarker analysis using an electronic nose with conductometric VOC sensors over other traditional exhaled breath analysis methods is also discussed. Finally, different polymer materials

researchers are working round the clock to create technologies that can identify biomarkers related to the diseases quickly.

Breath analysis has emerged as a non-invasive method for predicting lung cancer diagnosis, as lung cancer patients' breath extracts have been discovered to contain increased quantities of various volatile organic compounds (VOCs). Until breath testing becomes a clinical reality, a rapid, reliable, cost-effective, and portable technique developed before early diagnosis will be achieved.

These conditions can be possible with polymer-based gas sensor arrays, providing a solid platform for identifying disease-related VOC fingerprints in exhaled breath. In terms of sensitivity and selectivity, sensor researchers, including our team, have already demonstrated that conductive polymer nanocomposites outperform virgin nanomaterials such as polypyrrole (PPy) polythiophene (PTh), polyaniline (PANI), polyether, and biopolymer chitosan. The main objective of this thesis is to speed up the development of chitosan biopolymer nanocomposite, as well as PVC electrospun nanofibers, for the development of vapor sensors with h igh sensitivity and tunable selectivity towards specifically targeted VOC biomarkers. Finally, to construct a system that will integrate and validate the obtained data by coupling our micro sensor with GC-MS, LCU and, Lock-in amplifier to measure VOC at low concentrations.

I I.3. The manuscript's design

employed as the base of VOC sensors have received much attention. A comprehensive review of the literature on the various methodologies for structuring conductive networks and functionalizing polymer and metallo-phthalocyanines is also discussed.

Table 1 .

 1 Cancer Screening

	Cancer	Screening	Screening Frequency
	Breast	Breast self-exam chemical test exam mammogram ultrasonography resonance imaging	40-50 years	Every years	12
	Skin/Mucosa Pap test Human pappillomavirus (HPV)	21 years	21-29 years
	Prostate	Prostate specific antigen (PSA) Digital rectal exam	50 years	14 years	
			55 years		
	Lung	Baseline low dose computed tomography (CT) scan	withs risk (smoking factors	Yearly	
			history)		
	Colorectal	Guaiac-based fecal occult blood test (gFOBT) fecal immunochemical test stool DNA test CT colonography Double-contrast barium enema sigmoidaoscopy colonoscopy	50 years	Depending on the test 10 years and yearly respectively

Table 2 .

 2 Lung cancer signs and symptoms

	Comments

Table 3 .

 3 Advantages and disadvantages of commonly used biopsy procedures for lung cancer

		Advantages	Disadvantages
	FSB	High diagnostic yield for central and endobronchial lesion	Low diagnostic yield for non-endobronchial lesion and peripheral lesion
		Acquisition of real time ultrasound	
	EBUS-TBNA	images. Accessibility to central lung lesion and some L/N (located in mediastinal, paratracheal, subcarinal,	Limitation in evaluation peripheral lung lesion and other L/N
		hilar, and interlobar area)	
		Acquisition of real time ultrasound	
	EBUS-GS	images. Improved accessibility for more peripheral lesion. Collection of	Requirements of Professional training expensiveness
		cells and some lung tissue	
		Acquisition of reconstructed and virtual	
	Navigation bronchoscopy	map to target. Improved accessibility to more peripheral lesion. Collection of	Requirements of navigation programs
		cells and some lung tissue	
	CT-NAB	High diagnostic yield for peripheral lung lesion (diameter above 2 cm)	Need patients' cooperation (keep posture and holding breath)
		High diagnostic yield using core-biopsy	Need patients' cooperation (keep
	GUN biopsy	needles. Collection of relatively sufficient lung tissue	posture and holding breath). Relatively prevalent complication. Pneumothorax
			and pulmonary hemorrhage
	I II.5. Cancer biomarker detection	
	Lung cancer detection at an initial stage can help to reduce mortality rates and save lives [40].
	Biomarkers have shifted attention to a new era of cancer diagnosis at an early stage [41]. Any
	material or activity that may be objectively identified and assessed as an indicator for a normal

Table 4 .

 4 Breath VOC biomarkers for cancer

	Cancer	Detected VOC	VOC biomarkers	Ref
		Alcohols	methanol, ethanol, isopropanol,1-	
			propanol	

Table 5 .

 5 Major VOCs and range of concentrations for healthy persons

	S/N	VOCs from exhaled breath	Concentrations range
	1	Formaldehyde	ppmv-ppbv
	2	Acetaldehyde	ppbv
	3	Pentanal, Hexanal	ppbv-pptv
	4	Acetone	ppmv-ppbv
	5	Ethyl Acetate	ppbv
	6	Furan, 2,5-Dimethyl	ppbv
	7	Furan, -2 Ethyl	ppbv
	8	Isoprene	ppbv-pptv
	9	Ethane, Pentane	ppbv-pptv
	10	Ethanol	ppmv-pptv
	11	2-Propanol	ppmv-pptv
	12	Benzene, P-Xylene, Toluene	ppbv
	13	Nitric Oxide (NOx)	ppbv
	14	Carbon disulfide	ppbv
	15		

Table 6 .

 6 Exhaled air biomarkers, related disorders, and measured concentrations

	S/N Volatile Organic Compounds	Related Disease	Concentrations
	1	Acetone ((CH3)2CO)	Diabetes	
			Heart failure	
			Lung cancer	0-1 ppm
	2	Acetaldehyde (CH3CHO)	Lung cancer	
			Alcoholism	
			Liver disease	0-1 ppm
	3	Ammonia (NH3)	Kidney disease	0-1 ppm
	4	Benzene (C6H6)	Breast cancer	
			Lung cancer	0-10 ppb
	5	Hydrogen (H2)	digestion disorder	-
	6	Ethane (C2H6)	Breast cancer	
			Oxidative stress	
			Vitamin E deficiency	0-10 ppb
	7	Ethanol (C2H5OH)	Hepatitis obesity	0-1 ppm
	8	Isoprene (C5H8)	Hypercholesterolemia	50-200 ppb
	9	Methane (CH4)	Intestinal problems	2-10 ppm
	10 Nitrogen Oxide (Nox)	Asthma	
			Pulmonary Disease	
			Lung cancer	
			Rhinitis	10-50 ppb
	11 Carbon monoxide (CO)	Cystic fibrosis	
			Oxidative stress	
			Pulmonary inflammation	0-1 ppm
	12 Pentane C5H12	Breast cancer	
			Oxidative stress	
			Lung disease	
			Asthma	
			Schizophrenia	
			Myocardial infarction	0-10 ppb
	13	Carbonyl sulfide	Liver disease	0-10 ppb

Table 7 .

 7 Different deposition techniques of sensitive materials on transducers

	I II.16. Chitosan-based sensitive layer

Due to its capacity to form films, chitosan is a biocompatible polymer commonly employed in creating gas sensors. This polymer has mostly been used in the literature as a biomolecule immobilization matrix

[START_REF] Croisier | Chitosan-based biomaterials for tissue engineering[END_REF]

. It appears to be a viable material for developing room-temperature

Table 8 .

 8 Various techniques adopted for metallo-phthalocyanines incorporated polymer deposition for VOCs detection on standard transducer IDEs

	S/N	Transducers	Sensitive layer		Deposition technic	Target analyte	LOD	Reference
	1	ITO Electrode	S-CoPc, CuTsPc and PVP, PEG, PAA-AM,	Hybrid films solvent casting	Ammonia	0,7	[149]
				and PANI		(layer by layer)		ppm
	2	QCM Tranducers	Axially substituted TiOPcs from the	Coating Deposition from	VOCs	5 ppm	[150]
				reaction of 2,2,3,3-tetraflouropropyloxy	solution		
				phthalonitriles with Ti(IV) n-butane			
	3	QCM Tranducers	NiPc based vic-dioximes functionalized	Coating Deposition from	VOCs	100	[151]
				with hexafluoroisopropanol	solution		ppm
	4	IDEs		CNTs@PANI/TcPcCo		Coating Deposition from	Ammonia	5 ppm	[152]
						solution		
	5	IDEs		Copper	t-4-(2,4-di-t-amyl-	Coating Deposition from	NO2	1 ppm	[153]
				phenylsulphonyl)phthalocyanines	solution		
	6	QCM Tranducers	R Flouroalkyloxy Substituted NiTsPc and	Coating Deposition from	VOCs	2 ppm	[154]
				ZnTsPc		solution		
	7	QCM and SAW	Fluorinated and non-fluorinated alkyl and	Spray coating techniques	DMMP	0,6	[155]
		Transducers	aryloxy substituents of NiTsPc and ZnTsPc			ppm
	8	ITO Electrode	CuTsPc/Alq3 thin film with Toluene surface	Spin Coating	NO2	NO	[141]
				treatment				
	9	ID Gold Electrode	PANI/NiTsPc		Electrochemical deposition	Ammonia	5 ppm	[156]
	10	Glass	substrate	Triazine of Co(II) and Zn (II) Pc	Spin coating	CO2	500	[157]
		fitted with IGE					ppm
	11	Interdigital		Polysiloxane/CuPc		Drop coating deposition	Methanol	5 ppm	[158]
		tranducer						

Acknowledgments

to pure acetone, a 50 percent acetone-water combination, and a gas containing water vapor solely. Figure 35 depicts the outcome of this investigation.

Figure 35. Conductometric headspace acetone detection

The principle of reaction of chitosan with acetone or other VOCs has not yet been well defined in the literature. The response of a sensitive layer of chitosan is dependent on the presence of water molecules and oxygen species near the chitosan particles [26]. This theory is illustrated in the mechanism of absorption of oxygen species from the surface of chitosan (Figure 36).

The sensor response of five different VOCs was tested initially, as shown in Figure 47A. The sensor response towards methanol is much higher than for ethanol, acetone, and water, with no response when exposed to chloroform. The sensing mechanism should be related to the rearrangement of the electrical dipole in the bulk thin film due to the interaction of phthalocyanine and analytes (alcohols and acetone), in other words, the interaction generates

a LCU and a GC-MS in the future to create an efficient gas sensor for biomedical, industrial, and environmental applications. This will allow detection at low concentrations.

The sensors produced will provide clinicians in charge of patients with real-time data on the concentration of conditions biomarkers. Furthermore, they will make the patient's care easier because the created sensors will be quick, simple to use, and reusable. As a result, these sensors will enable the early detection of disease syndrome or, if appropriate, the clinical monitoring of patients' vital data and screening laced beverages. As a result, a more comprehensive examination of the sensory response to various VOC combinations is on the horizon for future research in this field. Furthermore, the findings of this thesis point to the following phase, which is the confrontation of e-noses with real-world objects. VOC biomarkers in a patient's breath can be used to make an early diagnosis of cancer and other related VOC biomarkers of various diseases.

Appendix

Chips used in this study [1] The silicon wafer (<100 > orientation p-type wafer) is first wet oxidized, resulting in an 800 nm thick silicon oxide layer. "Physical Vapor Deposition" is then used to deposit metal layers (PVD). The deposit's thickness was 200 nm for the gold layer and 150 nm for the platinum layer. The thicknesses are sufficient to assure the metal layer's adherence. Thin titanium and nickel auxiliary layers were also deposited over silicon oxide before improving the compliance of the higher layers (50 nm for gold and 15 nm for platinum). Finally, a 400 nm thick silicon oxide/silicon nitride passivation layer is deposited via plasm-enhanced chemical vapor deposition (PECVD).

Following the validation of the microelectrode design, a layout is created using modeling software and executed on a substrate in a clean environment. The CNM, Barcelona in Spain, oversaw manufacturing the microelectrodes.

S 1. Encapsulated micro conductometric chips

The obtained chips were cleaned using the schematic protocols as shown in the figure below.

S 2. Chips cleaning

To be sure that, the chip is well cleaned, we use an optical microscope device to view the cleanliness of the chips, as demonstrated in the figure below.

S 3. Optical microscope for viewing chips

KCl Analysis

Upon getting satisfied that the chips are cleaned, we went ahead to sort out the conductivity working efficiency of the interdigitated electrodes using KCl titration experiment with lock-in amplifier as depicted in the coming figure.

S 4. Conductivity measurements of KCl solution using interdigitated electrodes

Chitosan used in this study

Chitosan is a polysaccharide made from chitin, the world's second most prevalent polysaccharide after cellulose. Several outstanding features of chitosan provided unique prospects for the development of biomedical applications. The presence of amino groups in the chitosan structure may be protonated, giving solubility in dilute acidic aqueous solutions. In this study, we used many varieties of chitosan before settling on lower molecular weight, as shown in the figure below, because it gives us the most remarkable results. S 5. Medium molecular weight chitosan is the sensitive membrane for gas sensors All the chitosan used in this study were purchased from Sigma Aldrich without further modification.

Preparation of Chitosan solution

The chemical composition of the chitosan solution was: 1% (v/v) of acetic acid, 1% (w/v) of chitosan; (medium molecular weight). The pH was adjusted at 6.5 by carefully adding a drop of 1M NaOH after 24 hours of agitation at a 550-rpm magnetic stirrer (Figure S6). The chitosan solution was used for electrodeposition of the membrane. An electrospinning machine was used to carry out the process of nanofiber fabrication, the electrospun fiber was sprayed on interdigitated electrodes. The tested parameters for electrospinning process are presented in Table S23 S 24. Optical microscope image from bare chip, chip covered with electrospun with PVC nanofiber, and chip covered with electrospun with PVC nanofiber incorporated with NiPc

SEM and EDS Analysis

The SEM samples were sputter-coated with gold to prevent charging during SEM imaging.

Image processing software Image (NIH) and microscopic observations of the SEM image were used to measure the diameter of the electrospun nanofibers from the SEM micrographs.

Nanofibers morphologies were determined, as demonstrated in Figure S25.

S 25. SEM image of bare chip, chip covered with electrospun with PVC nanofiber, and chip covered with electrospun with PVC nanofiber incorporated with NiPc

The atomic composition of the nanofiber was also confirmed using EDS elemental analysis, as demonstrated in the Figure S26, S27, S28 and Table S29 

FTIR Analysis

PVC membrane for assessing the chemical bonds and compositions of nanofiber, the quantification of the FTIR peak areas was carried out with Software (Nicolet-Thermo Fisher, UK) after a proper normalization procedure.

Before detecting the analytes, we can use this FT-IR approach to acquire the membrane's distinctive peaks. The CH2 asymmetric stretching vibration mode displays peaks at 2970.5 cm - 1 and 2925.9 cm -1 in the FTIR spectra of PVC nanofibers, while the C-H aliphatic bending bond has a height of 1434 cm -1 . C-H near Cl has a peak of 1257 cm -1 , with C-C bonds at 1000-1100 cm -1 and C-Cl bonds at 900-980 cm -1 . The spectrum of electrospun PVC nanofiber was shown in the diagram below, which corresponds to the characterization done by Pandey. Nickel phthalocyanine bands were found according to the FT-IR results of electrospun PVC nanofiber mixed with NiPc depicted in (Figure S31) and also proves the finding made by Modibane and his team when characterizing NiPc using FT-IR analysis. Peaks at 1541.0, 1476.1, 1343.9, 1296.2, 1172.3, and 1129.6 cm -1 , as well as PVC-related bands that were highlighted above, were all visible after carrying out FTIR analysis of PVC-NiPc [3].

S 31. FT-IR overlap spectra from pure NiPc (green curve), pure PVC fiber (blue curve) and PVC-NiPc fiber (red curve)

TGA Analysis

The thermal properties of the samples were analyzed by thermogravimetric analysis (TGA).

The studies were performed using TA instruments (Q50 Series). Scans were made from 20°C

to 800°C with a heating rate of 10°C/min to 1000°C, under an N2 flux at 90 mL/min, to prevent thermo-oxidative processes. The first derivative of the weight loss profile (DTGA) was drawn to identify the prominent degradation peaks of the systems. TGA data were also used to evaluate the actual weight composition of the blend samples, based on thermal decomposition and final residue (at 700 °C) of pure PVC powder and electrospun nanofibers of the PVC.

The thermogravimetric analysis (TGA) curves of PVC fiber and NiPc are shown in Figure S32 (A and B). The thermogravimetric study conducted on ambient air conditions, discovered that the TGA curves for the PVC nanofiber mats and NiPc dye are comparable, with three distinct stages of thermal loss. The first mass loss between ambient temperature to 180°C corresponds to a loss of water and/or solvent. The second step of PVC thermal decomposition begins at about 180-200°C, followed by the third stage at 385°C and finally at 650°C. PVC nanofibers degrade similarly as PVC powder when exposed to heat. As a result, the products' thermal stability is roughly 180-200°C. The fibrous mats fabricated from PVC dissolved in THF is more rigid than fibrous mats made with DMF or made by mixing solvents. The rapid evaporation of THF resulted in high crystalline fibrous mats with a solid exothermal peak around 380 o C. On the other hand, DMF evaporated, lowering the fibrous mats melting temperature. THF and DMF mixed solvents improved fibrous mats characteristics [2]. Figure S32C shows how the weight of the PVC-NiPc fibrous mats decreases as the system's temperature rises. The DTG curve depicts the sample's multistep mass decrease. The percentage weight loss is about 9.2% in the 23-180 °C region (the first step), which is most likely due to water desorption from the system's surface. In the temperature ranges of 180 to 385 and 560-982°C, respectively, a second and third steps form as the temperature rises. As the temperature rises, PVC may be lost, allowing the parent phthalocyanine core to combine with nearby molecules due to the zigzag curve obtained while is likely to be oxidation reaction of nickel. The weight loss proceeded until 560°C, when the significant deterioration point was reached. Furthermore, TGA and DTG studies demonstrate that PVC-NiPc presents a good thermal stability, with the predominant point of disintegration occurring between 385 and 560 °C. This behavior suggests that it could be used in applications requiring greater thermal stability.