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Abstract

:

Early-stage, precise disease diagnosis and treatment has been a crucial topic of scientific discussion since time immemorial. When these factors are combined with experience and scientific knowledge, they can benefit not only the patient, but also, by extension, the entire health system. The development of rapidly growing novel technologies allows for accurate diagnosis and treatment of disease. Nanomedicine can contribute to exhaled breath analysis (EBA) for disease diagnosis, providing nanomaterials and improving sensing performance and detection sensitivity. Through EBA, gas-based nano-sensors might be applied for the detection of various essential diseases, since some of their metabolic products are detectable and measurable in the exhaled breath. The design and development of innovative nanomaterial-based sensor devices for the detection of specific biomarkers in breath samples has emerged as a promising research field for the non-invasive accurate diagnosis of several diseases. EBA would be an inexpensive and widely available commercial tool that could also be used as a disease self-test kit. Thus, it could guide patients to the proper specialty, bypassing those expensive tests, resulting, hence, in earlier diagnosis, treatment, and thus a better quality of life. In this review, some of the most prevalent types of sensors used in breath-sample analysis are presented in parallel with the common diseases that might be diagnosed through EBA, highlighting the impact of incorporating new technological achievements in the clinical routine.
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1. Introduction


Early, precise disease detection and design of the therapeutic scheme is a crucial topic with high scientific impact and has been over time. When these factors that are based on possibilities are considered by experienced scientists, the patients and the entire health system can benefit [1]. Due to the current rapid development of growing technologies, diagnosis and treatment might be easier. Owing to the growth of the population worldwide, the development of these fields has become even more important, and also leading to the creation of new areas, such as theranostics.



A great variety of sensor types have been developed over the years, having many biomedical applications. Various materials have been chosen to be used to modify the sensors’ properties, making them more effective. Accuracy, selectivity, sensitivity, and responsiveness are considered as parameters of paramount importance. In particular, functionality and performance are mainly related to the selected materials that might equip these sensors [2].



The accuracy of the diagnosis of multiple diseases currently requires a variety of clinical examinations, and of course expensive specialized equipment. In a primary care setting, when diseases are at their early stages and patients are asymptomatic or present non-specific symptoms, accurate diagnosis is not always possible given technical limitations [3]. Hence, the physician might, finally, approach the condition of the patient later than is optimal, which may eventually lead to the advanced-stage progression of the disease that makes a cure difficult. Therefore, many scientists focus their research on detecting diagnostic biomarkers and developing easy-to-use and portable devices that might provide a possible screening tool, and also a triaging system to risk stratify patients [4].



Taking into account the increased progress both in analytical techniques and nanotechnology, exhaled human breath analysis (EBA) has attracted great research and scientific interest, as it constitutes a non-invasive, real-time, and low-cost method for disease detection (e.g., for cancer, respiratory and kidney-related diseases, diabetes, and neurodegenerative diseases) and therapeutic and metabolic status monitoring [5]. This novel method is established primarily based on the analysis of the volatile organic compounds (VOCs) that are traced in the exhaled breath. This approach would potentially replace existing methods, such as blood test analysis, that are invasive and pain-inducing [6].



VOCs that are emitted through the exhaled breath are, actually, metabolites produced from different conditions and that are circulating through the vascular system. VOCs can be detected in the human breath via alveolar exchange [7]. Specifically, the process of breathing involves the transfer of the inhaled air to the lungs’ alveoli, enabling the diffusion of the excreted (through metabolic procedures) products into the inhaled air [8,9]. The inhaled air, containing all of the discharged products, is then rejected as exhaled air. Thus, the exhaled air contains all of the crucial information regarding the endogenous metabolic processes taking place [8].



According to existing research, exhaled human breath primarily consists of nitrogen (~78%), oxygen (16%), hydrogen (5%), carbon dioxide (4–5%), inert gases (0.9%), and as water vapor [9]. Additionally, it contains inorganic VOCs, such as carbon monoxide (CO), nitric oxide (NO), nitrous oxide (N2O), ammonia (NH3), hydrogen sulfide (H2S), and organic VOCs, such as acetone (C3H6O), ethanol (C2H6O), ethane (C2H6), isoprene (C5H8), methane (CH4), pentane (C5H12), etc. [10].



Currently, more than 3000 VOCs have been listed as being detected in human exhaled breath, and are associated with disease-specific metabolic pathways. It is estimated that many of these VOCs contribute to pattern creation, aiding in the diagnostic process. It is worth mentioning that apart from the air that is exhaled, VOCs can also be detected in the urine, sputum, blood, and skin. However, among the aforementioned clinical samples, breath is easier to handle [11,12,13].



Moreover, the eminence of VOCs as biomarkers for various diseases is also affirmed by the fact that VOCs present noticeable and prompt variations during pathological conditions, modifying the typical biochemistry of the body through a separate or a combination of some of the following processes: oxidative stress, carbohydrate metabolism, liver enzymes, as well as lipid metabolism [14]. Some of the produced VOCs, appearing in normal, as well as abnormal cells, comprise mixtures of various compositions, while the rest of the VOCs are entirely derived from abnormal cells. Finally, each disease is characterized by a unique VOC pattern, thus facilitating diagnostic and therapeutic processes [7].



Sensors equipped with nanomaterials can be an effective tool in breath analysis for early, accurate and non-invasive disease diagnosis [15]. Due to the small dimensions of nanomaterials, their specific surface area (SSA) increases significantly, and thus even smaller amounts of molecules can become detectable [16]. Therefore, state-of-the-art nanosensors for analyzing human breath have been developed by incorporating nanotechnology [17] (Figure 1).



Despite the fact that the technology and the materials that are commonly used in sensor development have been continuously improved, there are still challenges that are essential to overcome [18,19,20], and thus prospects remain high. This comprehensive review systematically summarizes the recent developments in nanomaterials-based (NM-based) devices, as well as some of the most innovative nano-sensors that have been developed to detect various diseases. Furthermore, advanced technological and scientific challenges and future research endeavors have been discussed in depth in this research field, focusing on the importance of EBA becoming an integral part of every medical point of care and potentially a low-cost commercial tool that is widely available, can also be used as a disease self-test kit, highlighting the general impact of the incorporation of new technological achievements in the clinical routine.




2. Nanomaterials and Gas-Based Nanosensors


The utilization of innovative nanomaterial-based sensors for the accurate detection of biomarkers in breath samples has proven to be a promising research field for the non-invasive, precise and early diagnosis of several diseases. Therefore, nanomaterials can improve sensing performance and detection sensitivity in selective, cross-reactive applications [21].



Various types of nano-sensors have been developed, such as gas-based nanosensors, colorimetric nanosensors, electrochemical sensors, chemiresistors, piezoelectric sensors, and electronic noses, and have the potential to detect VOCs and can be used in breath analysis, demonstrating a relatively high sensing ability and responsiveness [22,23].



2.1. Surface Enhanced Raman Scattering


Surface Enhanced Raman Scattering (SERS) is an optical sensing method with various applications. Nanotechnology plays a crucial role, improving the essential parameters of this technique. SERS would be used as a gas analytical technique that is specialized to a single or a group of VOCs based on the Surface Plasmon Resonance (SPR) properties. The device is constructed with a porous material of which gas can pass through. The gases can be collected from different areas of the body, mainly through breathing [24]. In the study of Yang et al. a detecting platform was illustrated to gather SERS signals of gas-phase particles by means of the improvement of a reasonable fluid that is dissolvable on the pinning-free substrate [25].



There are two major problems that have been reported with regard to all detection devices. The first is the difficulty in absorption on the surface of materials, and this is responsible for the low rates of detection due to the fact that gas molecules move with high velocities. Secondly, the Raman signals are undetectable in some gases due to their low concentration [26]. These problems can be overcome by modifying the morphology of the used nanomaterials or by combining nanoparticles of high affinity with the analyte molecules. This chemical modification may hopefully increase the retention time of the sample in the surface of the sensor and thus enhance the obtained Raman signals.



The detection of aldehydes is a characteristic example of lung cancer (LC) indicators. In particular, the development of cancer cells and their metabolism can lead to the production of a number of aldehydes that are exhaled and that are considered promising, especially in LC detection. Fuchs et al., after the measurement of aldehydes in the breath of cancer patients, healthy individuals, and smokers, indicated that certain aldehydes reflect angles of oxidative stress and tumor composition. As a result, certain aldehydes can be a biomarker for LC [27].



The difficulty of gases with regard to absorption on the surface of sensors, due to their relatively higher mobility, has already been mentioned. This problem can be easily solved when the commonly used gold nanoparticles (AuNPs) are coated with p-aminothiophenol, which is a Raman-active probe molecule that is selective to this substance (Figure 2) [24,28]. Moreover, in the study of Karakouz et al., the gas detecting capability of gold island based localized SPR (LSPR) transducers was investigated utilizing polymeric coatings as the dynamic interface. When gold island films are used for coatings of LSPR transducers, the final device appears vapor-dependent, and optical properties can be utilized for gas sensing [29]. Gas molecules are able to be entrapped on the cavities that are formed in proper nanomaterial morphologies, leading to the blockage of the gas flow (e.g., Ag-dendrimers detect aldehydes). When the analyte flows through the sensor, the strong interactions are continuously increasing on the remaining time of the gas [30]. These aggregates can cause electromagnetic enchantments and differentiate these molecules from the others of the sample, creating gaps in the spectrum.




2.2. Colorimetric Sensors


Colorimetric sensors are exploited in optical techniques, allowing cross-reactive detection, since they can identify multiple molecules simultaneously. The sensors of this type are generally reliable and easy-to-use. For this reason, they can also be developed as wearable devices [31]. The fundamentals of these sensors are based on the optical changes that are observed in colorants. A great variety of dyes can be used for the determination of multiple compounds depending on their special affinity with the analyte.



AuNPs and Au nanorods (AuNRs) are considered to be ideal sensitive materials for building colorimetric sensors in biological system detection. Huo et al. used AuNRs-modified metalloporphyrins for the detection of VOCs that are considered as biomarkers of LC. They indicated that these nanomaterials enhanced their performance with regard to protecting the sensor device from degradation and improving their stability [32].



Colorimetric sensors can be developed with AuNPs. Thus, plasmon resonance wavelength alterations are measured and screened. Intermolecular forces are responsible for the effectiveness of the sensor. Hence, an efficient sensor is typically characterized by strong forces [31]. Colorimetric sensors can be structured with several materials that are able to be bound to the gas analytes. Some crucial factors such as humidity can affect the final outcome, since these interactions are, in general, weak. As a consequence, the main sensor characteristics such as responsiveness, sensitivity, and the limits of detection are weakened [33]. Therefore, it is clear that the stabilization of a sensor requires strong intermolecular forces. It is important to develop sensors using nanomaterials that form stronger bonds with the VOCs than Van der Waals bonds do. In particular, using chemically responsive dyes such as porphyrin to create colorimetric arrays can lead to the development of a precise application with a low limit of detection (LOD) (in scale of parts per billion) (ppb) [31] that can be applied to LC detection.




2.3. Electrochemical Sensors


Electrochemical sensors are a specific sensor type that is mainly specialized for the aldehydes, CO, and NO that exist in human breath. Actually, the electrochemical sensors consist of two electrodes and an electrolyte solution, thus creating a closed circuit. The concentration of VOCs that are measured is proportional to the productive current. Analytes create their own system: the electrochemical cell being based on their selective electrodes. Electrodes made of Au/Ag nanoparticle-coated multi-walled carbon nanotubes (MWCNTs) have the potential to be used in a system which is selective in terms of gas traces that are characteristic to stomach cancer [34]. Since this sensor type operates with a closed circuit, multiple cells can be connected in series, with each of them being selective for a specific compound. The main advantage of this sensor type is its ability to form complex structures, allowing the simultaneous analysis of several different VOCs and a powerful disease diagnosis [35].



Moreover, metal-organic frameworks (MOFs) nanoparticles have gained a significant amount of attention with regard to the advancement of commercial sensors. A study of Homayoonnia et al. showed that the use of [Cu3(TMA)2(H2O)3]n in short (Cu-BTC) nanoparticles can create a sensor for VOCs detection. These NPs were examined as a dielectric layer of capacitive sensors for the location of different concentrations of acetone, methanol, ethanol, and isopropanol at the surrounding conditions. The outcome was the effective identification of these analytes with a high affectability at ppm concentration levels (among 250–1500 ppm). Diverse detecting behavior was observed towards methanol, isopropanol, ethanol, and acetone, showing that this sensor has great and sensible reaction times, great linearity, and a reversible reaction at different concentrations [36].



Generally, some parts of the devices and the analyzing gases form aggregations. This issue is associated with the sensor efficiency. Furthermore, among the measurements in a wide range of patients, a high fluctuation in the detected CO concentration has been reported, thus smoking has to be considered as a significant affecting factor [35]. In addition to the aforementioned issues, humidity is also a significant factor that should be taken into account. Specifically, when humidity is quite intense, it can affect the accuracy of the sample results [37]. Thus, sensors should be improved by utilizing inert materials, particularly in those parts through which the gas moves in. Fortunately, humidity is a parameter that can be easily restricted by frequent calibration [37].




2.4. Chemiresistors


Chemiresistors are another promising gas-based sensor type. Their simple design and the fact that they allow for easy and precise measurements are among their main characteristics. Generally, a semiconductor or metal sensing layer can connect the two sets of interdigitated electrodes. The sensor’s resistance changes when exposed to gas, but the potential between the two electrodes still remains constant. The quantification of the analytes can be achieved through the calculation of the resistance/current change [38]. Various nanomaterial-based sensing films are used, such as nanotubes (NTs), graphene, carbon nanotubes (CNTs), nanowires (NWs), metal oxide semiconductors (MOS), metallic nanoparticles (MNPs), and hybrid nanomaterials for the detection of several diseases. Two main categories are considered: MOS-based and carbon-based chemiresistors (Figure 3).



2.4.1. MOS-Based Chemiresistors


Owing to their low-cost and simple manufacture, portability, and high sensitivity to gases [39], among those gas sensing materials, MOS (e.g., In2O3, ZnO, SnO2) and particularly transition MOS (e.g., Cr2O3, WO3, NiO) are considered as ideal options for resistive gas sensors. MOS chemiresistors can detect oxidizing/reducing gases [31]. The high-temperature operation that is incompatible with wearable sensing technology in parallel with the lack of selectivity towards gases are considered to be the main drawbacks of these sensors. The development of MOS nanostructures or other sensitive materials could improve the selectivity of the MOS-based sensors. For instance, the combination of In2O3 with NiO-In2O3 gas sensors have an excellent response time [40]. Two-dimensional materials such as graphene can be combined with metal oxide producing gas-sensitive reactions at room temperature (RT) [39].




2.4.2. Carbon-Based Chemiresistors


Carbon-based nanomaterials (e.g., graphene, carbon nanotubes (CNTs)) have been studied for the development of gas-sensor-wearables [41,42], due to their physicochemical properties, RT-sensing ability, and also their compatibility with other nanomaterials for enhanced performance [41,42]. In particular, graphene and its derivatives, such as graphene oxide have been found to be great at detecting execution and are promising gas-sensitive materials. This is due to their amazing particular surface region (2620 m2/g), great thermal resistance (oxidation resistance 650 °C), and high carrier portability (2 × 105 cm2/Vos). Numerous oxygen-containing bunches on the surface of graphene and its subsidiaries give them a crucial gas adsorbing ability through the polar effect. When adsorbing gas, the ventured distinction is in resistance. Graphene can alter its electronic scattering and cause a resistivity contrast caused by distinguished gasses. An electron acceptor such as nitrogen dioxide, water, etc. and an electron benefactor such as ethanol or ammonia will appear with diverse responsiveness characteristics [37].



Single-walled carbon nanotubes (SWCNTs)-based sensors have demonstrated a better response compared to MWCNTs [42]. CNT sensing can be derived through the adsorption of gas molecules onto the CNT surface, through van der Waals attraction, leading to significant alterations in electrical conductivity [43]. The reduced chemical selectivity is among the major limitations that is met in the applications of CNTs-based sensors [14]. The selectivity and sensitivity can be improved when chemical modification of CNTs using MNPs, polymers and metal oxides is conducted [38]. SWCNTs that are coated with Au NPs which can enhance the sensitivity [44].





2.5. Piezoelectric Sensors


Voltage is created when mechanical stress is applied on to the surface of the sensitive layer of piezoelectric materials [45]. Quartz crystal microbalance (QCM) is a representative category of this sensor type.



Quartz Crystal Microbalance Sensors


QCM-balance is a commonly used piezoelectric sensor that is used for gas detection [42]. The absorption of targets on the surface of the crystal, upon sensor exposure to a breath sample, can cause significant changes in mass and resonant frequency [46]. Various sensing materials such as MOS, metalloporphyrins, polymers, and nanomaterials can functionalize the quartz crystal resonator [47,48]. Creating coatings on these sensors by using chemical layers that are sensitive to acetone, such as ZnO, WO3, SnO2, and In2O3, can enhance their sensitivity [42]. If rhodium is added to the hollow WO3 spheres, it can improve the selectivity for acetone, decreasing the impact of humidity [49]. The ability of a QCM sensor to monitor the target analytes in real time [42], in addition to its high sensitivity and low power operation [48], are among those characteristics that make them very useful.



Ahmed et al., in 2019, developed a sensor device with polymer-coated piezoelectric micro-cantilevers for the determination of VOCs. They portrayed a sensor gadget with a cluster of eight polymer-coated piezoelectric micro-cantilevers and an electronic thunderous recurrence readout, outlined for the investigation of VOCs. Three of these polymers were capable of distinguishing between VOCs [50]. Although this study showed that a low-cost micro-cantilever sensor is able to identify VOCs, extra experimental efforts need to be undertaken in order to overcome the limitations, such as the lack of selectivity. In future studies, Ahmed et al. propose an improved gas conveyance setup where VOCs are tested in water, since the breath is humid, with regard to the analysis of VOCs, in order to monitor the impact of stickiness on VOC separation. By using synthetic air rather than N₂ CO₂ can break up the humidity [50].





2.6. Electronic Noses


When it is unclear as to what kind of VOCs are present, or when there is a wide range of existing compounds, is better to try a semi-selective sensing approach by using an e-nose system. Electronic noses (e-noses) have been developed allowing for the accurate measurement of VOCs by combining diverse materials with several non-selective gas sensors in a single array, and thus exploiting pattern-recognition algorithms [46]. These technologies are based on different fundamentals and use different sensing materials and array composition [51]. The e-nose sensor can mimic the human nose, identifying gases based on their chemical composition [46]. To improve performance, different functionalizations should be used [52].



An e-nose system can typically employ a sensor array to detect various gases, but the traditional MOS sensors used in these arrays consume high amounts of power and are not flexible in adjusting their sensitivity and selectivity. QCM sensors, on the other hand, offer advantages such as low power consumption, real-time detection, and the easy modification of their sensing surfaces to tune their sensitivity and selectivity. QCM sensors can be coated with different materials, both inorganic and organic, but polymers are particularly popular due to their versatility in adjusting their chemical and physical properties [53]. In addition, research has shown that the integration of electrospun nanofibers as active materials in QCM-based gas sensors is effective [54].



Piezoelectric and chemiresistive sensors are typically used in cross-reactive devices and sensor arrays. Several nanomaterials such as graphene, CNTs, MNPs, MOS, metal monolayer-capped nanoparticles (MCNPs), as well as polymers have been used as components of e-noses. If these nanomaterials are modified or combined with others, this leads to the development of hybrid materials, broadening the range of their applications [46], improving their cross-selectivity and sensitivity [48], and allowing for accurate pattern detection. The size of the nanomaterials makes them well-suited for medical breath testing, as they closely match the dimensions of typical breath VOCs [55]. By combining nanobased sensors with artificial neural network analysis, enhanced diagnosis accuracy can be achieved [56].



MOS-based chemiresistors (e-noses) possess high accuracy and specificity in the detection of LC and other diseases, at RT [48]. The main types of e-noses are the SpiroNose [57], aeoNose [58], and DiagNose [59], and are presented in Figure 3. Furthermore, chemiresistor-based MCNPs are considered as very promising for the detection of VOCs. Pt or Au MCNP deposition using the layer-by-layer technique can reduce the humidity effect [60]. Due to their ability to function at RT, in addition to their excellent sensitivity and selectivity, polymers are employed in commercially available e-noses [47]. E-noses that were constructed using eight QCM coated with metalloporphyrins succeeded in effectively identifying 94% of LC cases [47].




2.7. Surface Modification of Sensors


Different nanomaterials with unique sensing properties, such as MOS, CNTs, graphene-based materials, and polymers, are used as sensing materials. For example, MOS sensors loaded with catalysts have been utilized for detecting diabetes. Additionally, metal ion composites with metal MOS-based sensors have shown the ability to selectively detect VOCs associated with lung cancer. A gold nanoparticle-based sensor array can also be considered as a technique for detecting cancer VOCs from the breath. This category of nanomaterials can be customized with different materials to detect specific gases with high accuracy [61].



Monolayer-capped gold nanoparticle (monolayer-capped GNP) sensors are a cost-effective solution with several advantages, including the extremely precise detection of VOCs (as low as sub-ppb), a broad detection range, compatibility with normal room conditions, and resistance to background molecules such as humidity. These benefits stem from the ability to tailor the physical-chemical properties of the monolayer-capped GNPs to meet specific sensing requirements. By adjusting the organic ligand or the shape of the GNPs, and incorporating advanced software algorithms, many confounding factors (such as gender, age, ethnicity, and smoking habits) have been effectively eliminated [62].



The modification of CNT sensors results in enhanced performance. By adding different materials, such as conductive polymers or metal nanoparticles, sensors become more sensitive and selective than regular CNT sensors. Functionalized CNTs are a great option for creating compact gas sensors and arrays with a high sensing capability [63].



Organic functionalization is a useful method for detecting different types of VOCs by providing unique adsorption sites [55].





3. Nanosensors for Disease Diagnosis through Exhaled Breath Monitoring


3.1. Diabetes and Diagnosis Using Nanosensors


Diabetes constitutes a group of severe, chronic metabolic disorders, related to increased blood glucose levels, leading to enhanced rates of premature morbidity. Despite the fact that quality of life is increasing, diabetes has not yet shown a downward trend. On the contrary, it continuously burdens health systems worldwide [64]. Diabetes is often diagnosed when irreparable organ damage has already occurred due to prolonged hyperglycemia. Thus, diabetes comprises one of the highest public health challenges worldwide [64], along with cancer and chronic respiratory and cardiovascular diseases, leading to approximately five million deaths annually in developed countries, mainly from cardiovascular disease (50%) and kidney failure (10–20%). Diabetes is also responsible for blindness, lower limb amputations, and severe complications of viral infections, such as COVID-19 [65]. Its main types are: (a) insulin dependent or juvenile diabetes (T1DM—Type 1 Diabetes Mellitus); (b) non-insulin dependent (T2DM—Type 2 Diabetes Mellitus); and (c) gestational diabetes [66]. Additionally, more infrequent types are also detected as a result of other causes, also including diseases of the exocrine pancreas, a genetic defect of β-cell function or insulin action, endocrinopathies, and drug or chemical-induced diabetes [67].



T1DM is caused by the inferior production of insulin in the pancreas due to autoimmune β-cell destruction [65]. It accounts for about 10% of the diabetes diagnosed types [68]. Predominant factors causing its emergence include the environment (including viruses, bacteria and pollutants), nutrition, and genetic factors [65]. At an advanced stage of T1DM, patients exhibit severe insulinopenia as insulin production almost ceases, and this causes hyperglycemia [66]. Exogenous insulin therapy is thus necessary in order to maintain a basic level of insulin, prevent complications due to disease, and maintain life [66]. In the case of T2DM, the cause lies in peripheral insulin resistance, corresponding to inadequacies in the cellular response to insulin [66]. T2DM is the predominant type, accounting for almost 80–85% of total diabetes cases [69]. The increased frequency of T2DM is primarily due to a sedentary lifestyle, obesity, and a genetic predisposition [70], while it is also related to hypertension and dyslipidaemia [65]. In order to accomplish good metabolic control and delay T2DM, a combination of lifestyle alterations, such as dietary intake and exercise, and finally pharmacological (injectable and/or oral drugs) treatment, is necessary for improving not only insulin production but also its function [71,72]. As for the third type of diabetes, it is defined as any level of glucose intolerance, starting in or being initially detected during pregnancy [66]. It is usually diagnosed in the second or third trimester of a pregnancy due to high blood glucose levels [73] in cases where pancreatic function in women is not sufficient to monitor the diabetogenic environment during pregnancy [74].



Diagnosis constitutes the initial critical part of diabetes control and handling. So far, a diabetes diagnosis is conducted through conventional methods, such as the analysis of fasting plasma glucose (FPG) levels, or the oral glucose tolerance test (OGTT), as well as hemoglobin A1c (HbA1c) levels [75,76]. Nevertheless, these methods are found to be painful by the majority of patients because of the injection during the blood withdrawal. Next to the fact that these methods are uncomfortable and lead to patients’ therapy neglect, periodic measurements may not detect large variations in the glucose level happening between points of measurement. Furthermore, the measured value presents alterations owing to various factors, including the time of testing age and the extant physiological condition. These methods are also not appropriate for the continuous monitoring of diabetic patients due to the exhausting process, long time to diagnosis, increased amount of venous blood withdrawal, as well as whole blood processing [77]. Most importantly, potentially harmful diabetes symptoms, such as hyperglycemia, are clinically noticed after disease progression, thus prohibiting early interference. It is important to find cheaper, quicker, and more widely available diagnostic tools in order to avoid the severity of these complications.



In order to confront, as well as overcome, the aforementioned complications, different types of nanotechnologies, based on exhaled breath analysis and various biomarkers, have been developed recently for the enabling of the earlier and non-invasive detection of diabetes. The specific biomarkers traced in the exhaled breath are used to indicate a variety of diseases [78].



Acetone comprises the most commonly accepted diabetes biomarker that is found in the breath and that is not importantly affected by the mouth flora [79]. Acetone was initially delineated as a diabetes’ breath biomarker by Petters in 1857 [6]. Figure 4 summarizes the historic order of the measure of acetone.



Glucose constitutes the primal energy source in the human body, and is absorbed into the cells with the assistance of insulin. In the case of T1DM and T2DM, the human body does not possess the ability to produce energy from glucose; in contrast, energy production is accomplished through the body’s fat decomposition [80]. Ketogenesis constitutes one of these pathways, as well as the source of all ketone bodies, including acetone, in the human body. The acetone concentration in the breath becomes enhanced as the severity of diabetes escalates. Patients with diabetes also tend to present enhanced aldehyde levels in both blood and breath samples [81]. Moreover, diabetes may develop due to metabolic as well as genetic disorders during the synthesis and metabolism of aldehydes, such as methylglyoxal, glyoxal, semialdehydes, formaldehyde, etc. [82]. According to other studies, exhaled isoprene, isopropanol, pentanal, carbon monoxide, methyl nitrate, and dimethyl sulfide levels were found to be increased in T1DM patients [83], while T2DM patients were found to have elevated levels of ethylene, carbon monoxide, isopropanol, ammonia, toluene, 2,6,8-trimethyldecane, 2,3,4-trimethylhexane, and tridecane in exhaled breath samples [84].



Nanotechnology and Nanobiosensors for Diabetes Diagnosis


Nanotechnology has opened up new frontiers and perspectives for the development of unique, innovative sensors for the exhaled breath analysis for the detection of diabetes. Metal-based nanosensors (MOXs) have been thoroughly studied, detecting VOCs, and especially acetone, through EBA, due to several advantages, such as their compact size, facile production, low cost, as well as simple measurement using electronics [78].



SnO2 has gained the greatest and most extensive attention among all MOXs, owing to its enhanced sensitivity, selectivity, and stability, as well as its rapid response and recovery times. SnO2 constitutes an n-type semiconductor characterized by a decreasing resistance under the influence of a reducing gas. It is worth mentioning that the relatively increased optimum temperatures comprise one of the principal limitations of SnO2-based sensor devices for biomedical applications [78]. As a result, in order for the limitations to be vanquished, several dopants, such as Pt [85], Au [86], Pd [87], CNTs [88], and graphene oxide (GO) are often added to SnO2. Several studies focused on the development of SnO2-based sensors, and some of the most representative ones are summarized in Table 1.



Zinc oxide (ZnO) constitutes one of the most promising MOXs used for applications related to gas sensing. ZnO has been widely utilized since the 1960s, and for this reason the gas sensing mechanism is well established. Nevertheless, novel types of zinc oxide doped and/or decorated nanostructures have been increasingly studied for acetone detection at extremely low concentrations [92]. Table 2 presents a representative study focusing on ZnO sensors and their properties against acetone detection for diabetes diagnosis.



Tungsten oxide (WO3) is considered as a typical n-type material for gas-sensing that has also attracted considerable attention for the possible detection of various gases, acetone being among them. The WO3-based acetone sensors WO3-Cr2O3, Si:WO3 are suitable for acetone detection, since they rapidly respond to short breath pulses [100]. Some characteristic studies that are devoted to the investigation of WO3-based acetone sensors are presented in Table 3.



Graphene comprises a two-dimensional carbon nanomaterial characterized by an increased aspect ratio and a specific surface area, as well as supreme electronic properties that have garnered significant attention since its discovery. Both graphene and its derivatives, such as graphene oxide (GO) and reduced graphene oxide (rGO), have demonstrated an adequate sensing performance towards acetone gas. Some representative studies are presented in Table 4.



Indium oxide (In2O3) is broadly used in microelectronics, including gas sensors. However, the sensing performance of these gas sensors relies on their fabrication approach, which ascertains the phase composition, the atomic structure’s formation, as well as indium’s electronic states within the sensor material. The main results obtained from studies focusing on In2O3-based sensors are presented in Table 5.



Except for the vastly utilized MOXs, various other materials have been examined and/or used as sensing materials towards acetone gas. In 2021, Das et al. [132], developed a highly sensitive and stable cobalt chromite (CoCr2O4) thick film designed to serve as a trace acetone sensor, characterized by rapid response/recovery times and therefore to be used as a diabetes detector used for exhaled human breath. Jiang et al. [133] reported the fabrication of a stabilized zirconia (YSZ)-based acetone sensor combined with a Cd2SnO4 sensing electrode in order to be tested for its potential to act as a pre-diagnostic tool for diabetes. The as-synthesized sensor could successfully detect acetone in very low concentrations (0.05−200 ppm) at 600 °C, while it was characterized by exceptional repeatability, selectivity, and stability, making it a reliable candidate for real-life applications. In 2022, Verna et al. [134], synthesized a perovskite BaSnO3-based acetone sensor for detecting very low acetone concentration in human breath through a sol–gel method. The sensor indicated the most increased sensing response for 50 ppm of acetone at 80 °C, and also demonstrated an exceptional linearity between blood glucose levels and the response. Parmar et al. (2022) [135], used a polymer-modified sensor array, consisting of three sensors, in order to detect acetone concentrations ranging from 5 to 400 ppm. Moreover, data derived from the acetone sensor combined with individuals’ breath samples were exploited in order to distinguish individuals with no diabetes history, diabetic patients, and high metabolic rate individuals (e.g., people with more than average physical activity). The team emphasized that the as-developed sensor array, in addition to the use of a neural network, would be able to detect diabetes cases at an accuracy greater than 90%. Lastly, Zhang et al. [136], examined a SmFeO3-based sensor, developed via a sol–gel approach, to be utilized as a detector of acetone gas in exhaled human breath. The sensor indicated excellent responses towards acetone within the concentration range 0.1–1 ppm, while its selectivity and relative humidity adaptability was exceptional.





3.2. Nanobiosensors for Cancer Diagnosis


3.2.1. Diagnosis of Lung Cancer


Lung cancer (LC) is among the most common cancers that is responsible for millions of deaths worldwide. It is a type of cancer whereby, due to its symptoms (or the general absence of them) diagnosis occurs at later stages, with treatment being a challenge. As a result, a fast and accurate diagnostic method is required. The common diagnostic tools include a chest X-ray, low dose computed tomography (CT), analysis through sputum cytology, bronchoscopy, and other biopsies of nodules or on a suspicious mass of the tissue [137]. However, apart from their paramount importance, some drawbacks of these techniques make them challenging for systematic use. Furthermore, specialized personnel are required to perform them. In addition, some biosignatures associated with tissue functions are detected in parallel with the aforementioned methods to ensure the diagnostic result (protein markers VEGF, CD59, etc.), genetic markers (RASSF1A, K-ras mutant, p53 mutant, etc.) [138], but occasional unreliable results contribute to difficulties in LC diagnosis. Thus, alternative diagnostic methods are highly suggested, and EBA is a very promising choice. Among the main advantages of EBA for LC diagnosis are the following: (a) the simplicity of the breath specimen; (b) the specimen collection process; (c) the low-cost production; (d) the portability of the EBA sensors; and (e) the fact that it is a noninvasive method.



VOCs exhaled from patients suffering from different types of cancer disease are often similar. Fortunately, in some cases, specific gases are detected, allowing for the diagnosis of each cancer type. In particular, specialized metabolic processes which appeared in LC cases released unique products that might be considered as strong indicators for accurate LC diagnosis [139]. Among the metabolic products, the volatile compounds or the molecules that are insoluble to blood can escape through breathing and can be exploited as biomarkers [139]. Aldehydes, aromatic derivatives, hydrocarbons, and alcohols are the most common compounds in LC cases. In particular, aldehydes arising from the metabolic process of their corresponding alcohols are supported from ADH and ALDH enzymes and are considered as markers of carcinogenesis. Hexanal and acetaldehyde are associated with oxidative stress and DNA damage, respectively. Benzene, toluene, and 2,5-dimethylfuran are related to smoking, and are found as the components of tobacco in LC patients. The significant fluctuation in alcohol concentrations is observed in LC cases. Lung cancer cells typically produce 2-ethyl-1-hexanol [140]. Some of the most characteristic markers of LC are presented in Table 6.




3.2.2. Nanobiosensors for Lung Cancer Diagnosis


There are plenty of sensors for LC detection. The sensors that show higher accuracy and sensitivity are mentioned below [45]. To begin with, sensors should be multifunctional, consisting of separate arrays. Each of them should be designed in order to be selective with a specific group of exhaled compounds. The identification of biosignatures or patterns requires the simultaneous detection of various VOCs. Thus, their structure is quite complex given the necessary calculation of different vectors combining the arrays leading to the final result, but their impact is significant [145].



Nanomaterials play an important role in these types of sensors as their use in the development of nanosensors can further improve the diagnostic field of EBA [138]. In particular, due to the unique properties of nanoparticles, they can improve the sensing performance in terms of the accuracy, sensitivity, limit of detection, and selectivity. Several studies that applied combinations of arrays and analytes indicated very promising results with regard to their reliability. The study of Binson et al. was characteristic. They used a detection device consisting of five sensors (TGS 822, TGS 826, TGS 2600, TGS 2610, and TGS 2620) [146]. Specifically, TGS 2600 could detect ethanol, methane, isobutane, and CO (1–100 ppm), while TGS 2610 was able to detect ethanol, propane, methane, and isobutane (300–10,000 ppm). TGS 2620 targeted CO, ethanol, isobutane, and methane (50–5000 ppm), while TGS 822 could detect acetone, benzene, ethanol, and methane (50–5000 ppm), and TGS 826 detected ethanol, ammonia, isobutane, and hydrogen (30–300 ppm) [146]. This e-nose system provided a sampling frequency of 8 Hz, a sampling time of 120 s, a sample injection flow rate of 60 mL/s, a sensor array chamber capacity of 80 mL, and is presented in Figure 5. Among 32 LC patients, 38 of them suffering from chronic obstructive pulmonary disease (COPD), and 72 healthy individuals, this device differentiated LC patients form healthy ones with 91.3%, 84.4%, and 94.4% accuracy, sensitivity, and specificity, respectively [146].



Dong-Min Kim et al. developed an amperometric sensor based on a dendrimer/AuNP-modified glassy carbon electrode (GSE). AuNPs located in a middle layer between the electrode and dendrimer contributed to the maximum conductivity for the successful detection of two important protein markers, Annexin II and MUC5AC, for the early diagnosis of LC. Thus, this device indirectly provided the LC diagnosis [34]. In addition, CNTs and quantum dots can indirectly contribute to the diagnostic outcome.



Mazzone et al. created an exhaled breath LC biosignature, applying a colorimetric sensor array equipped with chemically reactive colorants. They indicated that the diagnosis accuracy (81.1%) increases when there are evaluated specific histologies considering the clinical risk factors [139]. Furthermore, a modified silicon nanowire field effect transistor (SiNW FET) that showed high accuracy for the detection of LC and discrimination through low- and high-grade cancers was developed [147].



Metalloporphyrins have shown 81% sensitivity and approximately 100% specificity for LC detection through thorough investigation [48,148]. Even though the accuracy, sensitivity, and specificity were high (>85%), the tested sample was small. Thus, further studies should be conducted to verify these findings. Furthermore, metalloporfyrins, porfyrin derivatives, and NaFluo were examined, indicating good sensitivity. NaFluO was proven to be the most promising of these for commercial use [48,148]. Some characteristic results, obtained by several studies focusing on LC diagnosis through EBA, are shown in Table 7.




3.2.3. Nanobiosensors for Use in Head and Neck Cancer Diagnosis


Head and Neck cancer (HNC) is the eighth most frequent malignancy worldwide. HNC is a frequent cause of mortality. In particular, squamous cell carcinoma comprises more than 90% of all HNCs. It typically arises in the mucosa lining of the oral cavity, oropharynx, nasopharynx, hypopharynx, sinonasal tract, and larynx (Figure 6) [154].



Due to its complexity and the interference with functions such as breathing, eating and speech, a squamous cell carcinoma diagnosis requires a thorough clinical examination with the addition of Computed Tomography/Magnetic Resonance Imaging (CT/MRI) and biopsies [154]. The probability of detecting tumors of the upper aerodigestive tract through breath analysis is high, since their associated VOCs produced from different metabolic cell pathways, particularly at an early stage, can be detected [155]. According to Gruber et al. various chemical groups are significantly distinguished between head and neck squamous cell carcinoma (HNSCC) patients and healthy individuals, such as nitriles (e.g., 2-propanenitrile, etc.), alcohols (e.g., ethanol, etc.), and alkanes (e.g., undecane, etc.) [156].



According to Dharmawardana et al., there are effective therapies for mucosal HNSCC at an early-stage with limited morbidity, while a poor prognosis is more common in later-stages [4]. It is almost impossible to diagnose early-stage HNSCC over macroscopic clinical signs until patients experience more severe symptoms, and thus they are not referred to a specialist for further evaluation. For this reason, an innovative breath test was applied in that study and was able to detect HNSCC with 80% sensitivity and 86% specificity. This protocol might assist in the detection of HNSCC, as an additional tool, but further research is needed to improve its diagnostic accuracy for early stages [4].



Leunis et al. distinguished HNSCC patients from those without malignancies, using an e-nose, with 90% sensitivity and 80% specificity [157]. Thus, the e-nose might be a potential diagnostic tool for HNSCC. A polymer-based e-nose (Cyranose 320) was used by Anzivino et al. in a group of 45 subjects (15 with HNC, 15 with allergic rhinitis, and 15 controls), and was able to discriminate (93.3% sensitivity and 86.6% specificity) the breath samples of patients with HNC from controls and from those with allergic rhinitis [158].



In a feasibility study, Van de Goor et al., using an e-nose (aeoNose), were able to discriminate between 40 patients (20 follow-up HNSCC with no evidence of disease and 20 follow-up patients with confirmed locoregional recurrent HNSCC or second/third primary HNSCC, with a sensitivity of 85% and a specificity of 80%. The diagnostic accuracy of this study shows the possibility of using e-nose nanodevices for diagnosing recurrent or primary HNSCC after treatment, and the authors believe that this approach will assist with standard practice to accurately detect follow-up patients with HNSCC and distinguish them from those without malignant disease [159].



Based on the design of a Nanoscale Artificial Nose (NA-Nose) from Tisch and Haick [154], Hakim et al. [160] used a tailor-made NA-NOSE that was based on an array of cross-reactive gas sensors consisting of spherical gold nanoparticles that can differentiate between different odors, forming an artificial olfactory system. The sensitivity with regard to confounding factors (e.g., age, gender, environment, smoking habits) was minimal [160]. This device was able to distinguish between HNC and healthy controls (30 out of 36 samples), HNC and lung cancer patients (40 out of 42 samples), and LC and healthy controls (40 out of 46 samples) [160]. Even though the results proved to be unambiguous, the authors stated that a larger double-blind study was needed to validate this method of diagnosis [160].



Additionally, in a proof-of-concept study, van Hooren et al. (2016), using an e-nose, were able to differentiate the breath samples of 87 patients (53 with HNSCC and 34 with lung carcinoma) with a sensitivity of 85% and a specificity of 84%. Even though the results were promising, the authors agreed that a larger study group in a blinded study was needed to determine if an e-nose may be used as an additional diagnostic tool in the future [161].



A locoregional recurrence of up to 50% is frequently reported, with most of them appearing within the first 2 years after treatment. After initially diagnosing HNSCC, there is a 20% chance of developing a second primary SSC within 5 years. The diagnosis of locoregional recurrence is challenging, especially when the anatomy and the physiology of the region has been severely altered through oncological treatment. As a result, the accuracy of endoscopic procedures and biopsies is negatively influenced. Thus, the improvement of diagnostic methods for patients previously treated with HNSCC, second primary HNSCC, or suspected recurrence is of the uttermost importance [159].



Thus, EBA seems to be efficient in HNC diagnosis, and is expected to be optimized in the near future in order for it to be used as an additional diagnostic tool.





3.3. Nanobiosensors for the Diagnosis of Neurodegenerative Diseases


The significant progress in biomedicine inevitably leads to the increased lifespan of the human population, and this fact results in the augmented prevalence of neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and multiple sclerosis (MS) [11,55].



3.3.1. Diagnosis of Alzheimer’s Disease and Parkinson’s Disease


The pathophysiological processes that lead to Alzheimer’s disease (AD) typically begin long before any observable symptoms of cognitive impairment appear [63].



AD leads to dementia as a result of neuron damage/destruction, thus resulting in a decline in language, memory, and other cognitive abilities. There is no cure for AD, and thus early disease detection is very important for the management of symptoms and for the improvement of the quality of patient’s life [12].



Bach et al. used the Cyranose 320 and ion mobility spectrometry to differentiate AD, PD and healthy controls with a sensitivity of 76.2% and a specificity of 45.8% [48,162]. Cyranose 320 is an e-nose that contains 32 carbon black chemiresistors coated with different polymeric films [48]. By using ion mobility spectrometry (IMS), differences in five VOCs were detected. The researchers used a decision tree approach with four variables to accurately differentiate patients with AD from healthy controls (94% accuracy). The disadvantage of this approach is that the individual chemicals can’t distinguish between AD and PD or healthy controls, but only a combination of chemicals in a specific sequence can be used to make a prediction [12].



Tisch et al. demonstrated the feasibility of nanomaterial-based sensors as a diagnostic tool for neurodegenerative diseases. They used an array of 20 organically functionalized SWCNTs and monolayer-capped gold NPs (MCNPs) sensors and gas chromatography (GC)-mass spectroscopy (MS) (GC-MS) and discriminated between AD, PD, and healthy controls with an accuracy of up to 85%. The cross-reactive absorption sites provided by the organic functionalities allowed for the broad detection of breath VOCs. This was due to the varied chemical composition of the gold NPs ligands and organic overlayers on the CNTs, resulting in unique responses. The impact of the organic functionality was greater than any variations between devices, making the breath prints a result of the organic functionality’s influence [55].



Lau et al. developed an array of MOS nanosensors mounted on an SnO2 thin film, coated with Au, Cr or Wo, and they combined these sensors in two different ways. Exhaled breath samples were analyzed using the GC-MS and sensor systems, and the results showed that the chemical components contained in the patient groups were very different from those of healthy people [163]. The combination that had more sensors (8 MOS sensors) showed improved distribution patterns and a better discriminant ability [48].



An array of three electrochemical sensors was utilized in another study to assess the viability of the sensor array idea as a diagnostic biomarker test for AD. This method used sensors to identify three chemical compounds associated with AD. The sensors were made of graphene and a conductive polymer which has a high sensitivity and selectivity, respectively. The sensors work by binding to target molecules and forming imprinted cavities that are specific to the target molecule. To enhance the sensors’ performance, a chemical called Prussian blue was added to the graphene. Each sensor was specific to one chemical [62].



Tiele et al. used GC-MS and achieved a 60% sensitivity and 84% specificity in differentiation between mild cognitive impairment (MCI) and AD. In addition, the research detected six VOCs (1-butanol, 2-butanone, acetone, heptanal, 2-propanol and hexanal) that could serve as potential markers for the distinction between MCI and AD [12,48].



The diagnosis of diverse Parkinsonian disorders is associated with a high probability of misdiagnosis and a variety of factors that can cause confusion, especially in the early stages. Nakhleh et al. used both MCNP and SWCNT-based nanosensor arrays in their research. The goal of the study was to accurately distinguish between idiopathic PD (iPD) and other Parkinsonian syndromes (non-iPD) and healthy people [55,164]. The nanosensor array showed a high level of accuracy in distinguishing between iPD and non-iPD parkinsonism, with an accuracy rate of 81%. Furthermore, a second classifier was able to differentiate between non-iPD patients and healthy individuals with 78% accuracy [62]. One advantage of using the nanomaterial-based gas sensor array in this study is its immunity to common confounding factors such as smoking, age, gender, or treatments [164]. This means that the results obtained from the breath analysis using the nanosensor array are not influenced by other external factors and treatments, leading to more accurate and reliable results. This is a significant benefit in the field of Parkinson’s disease diagnosis and research, as it provides a more accurate picture of the disease status of patients.



The breath patterns detected using a combination of nanomaterial-based sensors could serve as a future diagnostic tool for Alzheimer’s and Parkinson’s diseases. These breath prints are expected to be a cost-effective, fast, and reliable way of diagnosing these diseases [55]. However, these promising findings need to be validated by larger studies, and more participants are needed to determine whether the method is clinically useful [162,164].




3.3.2. Multiple Sclerosis Diagnosis


MS is a chronic neurological disease of the central nervous system (CNS) that affects adults aged 20–40 years old [13]. CNS controls our conscious and unconscious functioning; thus, CNS is responsible for the movement and the responses to sensations (e.g., touch, sight, hearing, etc.) through signaling that moves through nerve fibers. Normal nerve fibers are covered with a myelin sheath that accelerates the electrical pulses. Multiple sclerosis is a condition whereby multiple areas throughout the brain and spinal cord are scarred as a result of the attempts of nerve fibers to auto-heal their damage after inflammation [165]. The inflammation damages the insulating myelin sheath cover, and this damage is called de-myelination (Figure 7).



The confirmation of multifocal lesions, the onset of the patient’s symptoms, and the supported evidence through MRI and lumbar puncture (which is expensive and quite uncomfortable for the patients) generally lead to an accurate diagnosis [13].



Ionescu et al. used a simple and portable sensing technology and were able to discriminate MS patients’ and healthy individuals’ exhaled breath samples with 85.3% sensitivity, 70.6% specificity, and 80.4% accuracy [166]. The diagnostic accuracy was comparable to currently available invasive methods [11]. The device had a cross-reactive array of SWCNT bilayers coated with a cap layer of four different polycyclic aromatic hydrocarbons. By using SWCNT random networks, conductivity variations can be avoided. This sensor array is capable of detecting some VOCs, such as hexanal and 5-methyl-undecane in the breath samples of patients [166]. The aforementioned technology can identify if a patient would respond well to immunotherapy [166] and distinguish between the different subtypes of MS, including remitted MS or relapsed MS, with high accuracy [56].



Ettema et al., using an e-nose device named aeoNoseTM, distinguished MS patients not using medication from healthy individuals with a sensitivity of 93%, a specificity of 74%, and an overall accuracy of 80% [13]. The aeoNoseTM is a commercial MOS-based chemiresistive e-nose [48] that consists of three different, non-specific, micro-hotplate, metal-oxide sensors. When the sensors are exposed to exhaled gas, a redox reaction occurs, resulting in a change in conductivity. By quantifying these changes, the breath print can be obtained [13,58]. Even though these nano-based techniques have high accuracy, no universally recognized breath biomarkers can be used to diagnose MS. In addition, further clinical tests are required [13,56].



Hence, the role of EBA in neurodegenerative disease diagnosis was proven to be significant. This means that the clinical routine should exploit the achievements of nanotechnology for an accurate and fast diagnosis.






4. Conclusions and Future Perspectives


Nanomedicine is a promising scientific field that can dominate in accurate disease diagnosis based on exhaled breath analysis. In biomedicine, the possible application of an individualized therapeutic scheme that is generally able to characterize the diseases at a molecular level has recently become an area of increasing interest. In this framework, the diagnosis of VOC-related diseases exploiting breath analysis by selective and cross-reactive sensors provides an inexpensive, noninvasive, and reliable diagnostic alternative. There remain unknown aspects in this scientific field, but the development of sensors based on biomarkers is a very promising approach. It was already mentioned that some of the desirable characteristics of gas sensors are their fast response, specificity, high sensitivity, compact size, low cost, low power operation at RT, and decreased humidity effect. With regard to the improvement of the absorption of gas molecules, allowing their detection is feasible through the morphology modification of materials. In addition, the selection of a combination of materials that are able to make strong bonds with the analytes might optimize the colorimetric sensors for LC diagnosis, with high specificity and sensitivity, even if the target molecule concentration is low. For this reason, composite, hybrid, and multifunctional materials can be used (e.g., conducting polymers (polypyrrole, polythiophene), molecularly imprinted polymers (in addition to the 3D printing process), in parallel with metal oxides and carbon-based materials. Chemical doping, coating, coupling and morphology modification can improve the sensor response in low concentrations [167]. Advanced data processing and signal amplification as well as data mining are currently applied to the optimized design of very sensitive sensors in low doses of molecules and VOCs [168]. To improve the accuracy and efficiency of medical nano-sensor diagnosis and treatment, artificial intelligence and machine learning algorithms have made significant progress [169]. By training the device signals of the tested sample groups, artificial intelligence, through discriminant factor analysis (DFA), promises a very high accuracy (90–95%) [170].



Nanomaterial-based sensor devices have already been studied for early disease diagnosis and the differential diagnosis of several neurodegenerative diseases, such as AD, PD and MS, diabetes, and also various types of cancer disease. The early-stage and precise diagnosis is of crucial importance for the management of the systematic symptoms and the improvement of the quality of life of patients. Hence, nano-sensors can provide a rapid diagnosis, saving millions of dollars for health systems, while reducing the need for expensive imaging tests using conventional modalities.



It is well established that through breathonomics, such as biomarker discovery, volatolomics (specific VOCs detection), and validation applying conventional diagnostic methods, the development of rapid tests for disease diagnosis might be achievable, aiding clinicians in identifying some specific infections and diseases. Furthermore, this approach enables earlier medical interventions, and thus leads to a healthier society with reduced mortality rates. There are challenges that still need to be overcome, particularly in the pattern recognition of breath biomarkers that are used in disease diagnosis. In the field of breathonomics and volatolomics, artificial intelligence might contribute by predicting new biomarkers and target molecules and by clarifying the significance of each factor in disease diagnosis [170].



Regarding nanomedicine applications, the design and development of breath sensors with high sensitivity and tunable selectivity is among the desired future perspectives. The “nano” approach can permit approachable, cheaper, smaller, and perhaps wearable devices. Although some optimized breath analysis protocols have been already realized, double-blind studies are needed before these tests can be widely used in the clinical routine.
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Figure 1. Representation of the process of breath analysis through nanosensors. 
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Figure 2. Aggregation of AuNPs modified with several substrates and the corresponding digital fingerprints. 
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Figure 3. The main categories of chemiresistors and the three common MOS-based e-noses for LC and the detection of other diseases. 
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Figure 4. Acetone measurement through the years (Based on [78]). 






Figure 4. Acetone measurement through the years (Based on [78]).



[image: Chemosensors 11 00317 g004]







[image: Chemosensors 11 00317 g005 550] 





Figure 5. The schematical representation of an e-nose, consisting of five sensors focusing on the detection of various VOCs. 
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Figure 6. Regions of Head and Neck Cancers (HNC). 
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Figure 7. Normal and damaged myelin due to multiple sclerosis. 
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Table 1. SnO2-based sensors and their performance in acetone setection for diabetes diagnosis.
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	Material Used for the Development of SnO2-Based Sensors
	Results
	Ref





	Ca2+/Au co-doped SnO2 nanofibers
	Enhanced sensing performance against acetone at 180 °C
	[86]



	Thick film sensors consisting of Pd loaded Sm-doped SnO2
	Increased response equal to 81% towards 25 ppm acetone concentration at 200 °C.

Fast response/recovery

Excellent selectivity, stability, and reproducibility
	[87]



	MWCNTs/SnO2 nanocomposites
	Significantly enhanced response towards acetone (0.5–5 ppm)
	[88]



	SnO2 nanofibers/rGO nanosheets
	High sensitivity towards acetone

Limit of detection: 100 ppb acetone at 350 °C
	[89]



	Flower-like pristine SnO2 and NiO/SnO2 hierarchical nanostructures
	Very good acetone sensing performance at 300 °C
	[90]



	Pd-Au bimetallic nanoparticles decorated SnO2 nanosheets
	Temperature-dependent dual selectivity for detecting both formaldehyde (110 °C) and acetone (250 °C).

Increased response, recovery time, and great selectivity under their optimum operating temperature.

The ability to detect ultra-low concentrations of acetone in high RH (relative humidity) environments (94%).
	[91]
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Table 2. ZnO-based sensors and their performance in diabetes diagnosis.
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	Material Used for the Development of ZnO-Based Sensors
	Results
	Ref





	Novel hierarchical ZnO nanoparticles
	Increased gas sensing performance, sensitivity, and response towards acetone
	[93]



	Au-modified flower-like hierarchical ZnO nanostructures
	Significantly increased response to acetone in comparison to bare nano-ZnO or non-modified flower-like hierarchical ZnO nanostructures.

Limit of detection: 0.5 ppb
	[94]



	ZnO-CuO hybrid composites
	Successful acetone detection at 310 °C.

Improved response, good resolution under low concentrations.

Limit of detection: 100 ppb
	[95]



	ZnO thin-films
	High response and selectivity towards acetone. Limit of detection: 2 ppm at room temperature.
	[96]



	novel double-shelled ZnO hollow microspheres
	High-performance sensing materials towards acetone.

Increased sensitivity, response/recovery time, stability, and selectivity towards acetone.

Limit of detection: 0.5 ppm
	[97]



	Pt decorated Al-doped ZnO nanoparticles
	Superior sensing performance under exposure to 10 ppm acetone (450 °C).
	[98]



	Al, Cu and Co doped ZnO nanoparticles
	Al-doped ZnO nanoparticles presented the most increased response during the exposure to acetone (1 ppm at 500 °C).

Limit of detection: 0.01 ppm at 90% humidity.
	[99]










[image: Table] 





Table 3. WO3-based sensors and their properties in diabetes diagnosis through EBA.
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	Material Used for the Development of WO3-Based Sensors
	Results
	Ref





	C-doped WO3 poly-crystalline sensor
	Enhanced response, rapid recovery at an acetone concentration range 0.2–5 ppm at 300 °C.

Adequate long-term stability.

Capability of discerning healthy persons (<0.9 ppm) and diabetic patients (>1.8 ppm), at 95% relative humidity.
	[101]



	Gd-doped WO3/RGO nanostructures
	Enhanced response (54) towards 50 ppm acetone at 350 °C.
	[102]



	monoclinic WO3
	Limit of detection: 7.5 ppb
	[103]



	PtCu/WO3·H2O hollow spheres
	Enhanced sensitivity, efficient selectivity rapid response/recovery speeds,

ultra-low detection limit (0.01 ppm), and good stability.
	[104]



	3D inverse opal (3DIO) WO3/Au
	Increased response and selectivity towards acetone.

Limit of detection: 100 ppb.
	[105]



	PdO@WO3 core-shell
	Enhanced response (equal to 40) towards 50 ppm acetone.
	[106]



	Sb2O3/WO3 yolk-shell
	High sensitivity, increased selectivity towards acetone, stability up to 2 months.

Enhanced response (equal to 50) towards 100 ppm acetone.
	[107]



	Nb-doped ferroelectric ε-WO₃ spheres
	Enhnanced acetone’s surface reaction due to ferroelectricity.

Rapid response time.

Ultra-low limit of detection: 8.9 ppb
	[108]



	2D WO3 nanosheets
	Increased response (14.7–50 ppm of acetone)

Extremely low limit of detection (ppb level).

Adequate selectivity towards other VOCs

Rapid response/recovery rates (6/9 s to 0.17 ppm of acetone)

Good repeatability (100 cycles)

Long-term stability (14 days)
	[109]



	Pd@WO3 nanostructures
	Low-cost, reliability, repeatability.

Remarkable acetone response at 20–1000 ppm, at room temperature.

Enhanced selectivity, good stability.
	[110]



	Pt-decorated NiWO4/WO3 nanotubes
	Supreme response at 375 °C towards acetone sensing.

Excellent stability and selectivity
	[111]



	Ru-Pd/WO3
	Selectivity, increased stability, rapid response/recovery times,.

Ultra-high sensitivity (~99.80%) at 10 ppm acetone.
	[112]



	Fe-doped reduced graphene oxide (rGO) decorated WO3
	Excellent selectivity, adequate reproducibility and stability.

Limit of detection: 1 ppm
	[113]



	Various morphologies of WO3 (spheres, nanorods, flowers and sea urchins)
	The sea urchin morphology was the best choice.

Supreme stability and sensitivity.

Selective and rapid response to acetone concentrations 2–5000 ppm at 200 °C.
	[114]



	0.5% PtO-WO3 nanofibers
	Excellent sensing performance at 260 °C.

Acceptable stability and selectivity towards the acetone biomarker.
	[115]
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Table 4. Graphene-based sensors and their performance in diabetes diagnosis.
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	Material Used for the Development of Graphene-Based Sensors
	Results
	Ref





	rGO-Se nanocomposite
	Advanced response towards 100 ppm of acetone at 135 °C.

Fast response/recovery times and good reproducibility.
	[116]



	ternary FeCo2O4/graphene hybrid nanocomposite
	Increased sensitivity towards acetone gas.
	[117]



	reduced graphene oxide (rGO) and rGO-rosebengal (RB) composites
	rGO-RB composite indicated the most enhanced response.

(1.6% to 3.2% for 1000 and 2000 ppm of acetone, respectively) at room temperature
	[118]



	decorated graphene with Ag2S nanoparticles
	Sufficiently enhanced response.

Selectivity and sensitivity towards acetone.
	[119]



	Ag nanoparticles modified Fe3O4/rGO composites
	Excellent selectivity to acetone.
	[120]



	AuNPs decorated vertical graphene nanosheet composites
	Acetone detection at 140 ppm at room temperature.

Rapid response time (300 s).

Adequate recovery time (152 s).
	[121]
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Table 5. In2O3-based sensors and their potential in diabetes diagnosis.
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	Material Used for the Development of In2O3-Based Sensors
	Results
	Ref





	Fe2O3-functionalized In2O3 nanowires
	Responses ranging from 298 to 960% to acetone concentrations 10–500 ppm at 200 °C.
	[122]



	sub-spherical Pt-In2O3 nanoparticles
	Exceptionally low detection limit (10 ppb)
	[123]



	SnO2/Au-doped In2O3 core-shell nanofibers
	High response (at 300 °C)

Rapid response and acceptable selectivity towards acetone gas.
	[124]



	α-Fe2O3-In2O3 heterostructure nanocomposites
	Ideal operating at 300 °C,

Enhanced response (37) at acetone concentration 20 ppm compared to bare material (about seven times greater).
	[125]



	Pd sensitized mesoporous In2O3 nanocomposites (1.0, 1.5 and 2.0 mol% Pd-loading amount)
	Noticeable sensitivity, selectivity, MS, and response for acetone gas (50 ppm) of the 1.5 mol% Pd-loaded In2O3.
	[126]



	1D porous Pt-doped In2O3 nanofiber structures
	Increased sensing response towards acetone Limit of detection: 10 ppb at 180 °C. Fast response/recovery time.

Enhanced selectivity towards acetone. Adequate reversibility and time stability (50 days).
	[127]



	In2O3/MWCNT
	Increased sensing performance.

Limit of detection: 10 ppm at 300 °C.
	[128]



	In2O3 nanowires
	Increased response (37.9) at 100 ppm of acetone at 200 °C.

Fast response/recovery time.
	[129]



	In2O3/ZrO2 composite
	Good response for 100 ppm of acetone.

Concise response time (1 s) at 260 °C.
	[130]



	a flower-like WO3-In2O3 hollow heterostructure
	Advanced sensing performance towards acetone.
	[131]
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Table 6. Volatile Compounds in LC.
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	VOC
	Production Mechanism
	Ref





	Saturated Hydrocarbon (aldehyde, ethane, pentane, etc.)
	Lipid peroxidation of lipids of the cellular membrane, due to oxidative stress
	[141]



	Oxygen-containing (acetone, etc.)
	Lipolysis or lipid peroxidation
	[141]



	Unsaturated hydrocarbon (isoprene, etc.)
	Cholesterol synthesis pathways
	[142]



	Nitrogen-containing (ammonia, etc.)
	Liver impairment and Uremia
	[143]



	Sulfur-containing (dimethylsulfide, etc.)
	Incomplete methionine metabolism
	[144]
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Table 7. Representative studies focusing on gas sensing for LC diagnosis, using nanosensors.
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	Nanomaterial
	Analytes
	Sensor Type
	Biological System
	Controls
	Limit of Detection and Response Time
	Validation
	Ref





	Organic-moleculefunctionalized AuNPs
	42 LC

biomarkers
	chemiresistor
	40 individuals
	56 individuals
	2–10 ppb for

Acetaldehyde

Response Time: not provided
	Gas chromatography–mass spectrometry (GC-MS)
	[149]



	CNT/hexa-perihexabenzocoronene bilayers
	octane decane
	chemiresistor
	not provided
	not provided
	15 ppb for octane

Response Time: 30 s
	GC-MS
	[150]



	AuNPs
	55 VOC biomarkers emitted by NSCLCs (non-small cell LC)
	resistance change
	cell

lines: Calu3, H1650,

H4006, H1435,

H820, H1975,

A549
	growth

medium

without cells in

duplicate
	10 ppb of trimethylbenzene

Response time: 10 s
	GC-MS
	[151]



	Graphene functionalized with Aptameric GFET
	Cytokine IL-6
	electrochemical
	not provided
	not provided
	2.78 pg/mL

Response time: not provided
	not provided
	[152]



	AuNPs
	IL-2, IL-4, IL-6, IL-10, IFN-γ, and TNF-α
	Localized Surface Plasmon Resonance
	not provided
	not provided
	11.43 (TNF-α), 6.46 (IFN-γ), 20.56 (IL-2), 4.60 (IL-4), 11.29 (IL-6), 10.97 pg/mL (IL-10)
	ELISA
	[153]
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