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This review focuses on the emerging role of sensor array-based VOC analysis of exhaled breath,
particularly using electronic nose (e-nose) technology, for the early detection of lung cancer. Given
the critical importance of early diagnosis in improving lung cancer outcomes, this review
emphasizes studies that target Stage | and Stage Il lung cancer. Traditional diagnostic methods often
fall short in identifying lung cancer at its earliest, most treatable stages, leading to high mortality
rates. E-nose technology, inspired by the human olfactory system, offers a non-invasive, rapid, and
potentially cost-effective approach to detecting volatile organic compounds (VOCs) in exhaled
breath, which serve as biomarkers for lung cancer. Through a systematic review of the literature,
we initially identified 193 studies related to e-nose-based breath analysis for lung cancer detection.
After applying rigorous selection criteria, focusing specifically on studies involving early-stage
lung cancer and excluding those using alternative VOC analysis methods, 12 studies were deemed
eligible for inclusion. These studies demonstrate the significant potential of e-nose technology in
detecting subtle changes in VOC profiles associated with early-stage lung cancer. This review
synthesizes the current state of knowledge, highlights recent advancements, and discusses the
challenges and future directions of integrating e-nose technology into clinical practice for early lung
cancer detection. The findings underscore the promise of e-nose technology as a valuable tool in
the ongoing effort to reduce lung cancer mortality through earlier diagnosis.

Keywords: Lung cancer, volatile organic compounds, electronic nose, sensor array, breath
analysis.

1. Introduction

Lung cancer is a major challenge in global healthcare, heavily impacting individuals, families,
and healthcare systems worldwide. Despite advances in treatments and growing awareness of
risk factors, lung cancer remains a leading cause of death, largely due to late-stage diagnoses
[1-3]. The prognosis for lung cancer patients is often poor, with many cases not being detected
until the disease has progressed significantly [4,5]. Early detection is crucial for improving
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patient outcomes, but current diagnostic methods often fail to identify lung cancer in its early
stages. This gap highlights the need for more effective screening techniques and earlier
interventions, which could significantly reduce mortality rates and improve the quality of life
for those affected by lung cancer. As research continues, the focus remains on finding better
ways to detect lung cancer earlier and to provide more effective treatments for those diagnosed
[6-10].

The urgency to address the significant health problem posed by lung cancer has spurred the
development of innovative diagnostic technologies aimed at detecting the disease in its earliest
and most treatable stages. Among these emerging approaches, exhaled breath analysis using
electronic nose (e-nose) technology has gained considerable attention. This method offers a
non-invasive, rapid, and potentially cost-effective way to identify volatile organic compounds
(VOCs) that serve as potential biomarkers for lung cancer diagnosis [11,12]. Human breath is
a complex mixture containing thousands of volatile and semi-volatile compounds, which
reflect the metabolic processes occurring within the body. When these metabolic pathways are
disrupted, as in the case of pathological conditions like cancer, the composition of exhaled
breath changes. These alterations in VOC profiles can provide valuable insights into the
presence of lung cancer, even at an early stage. The e-nose technology leverages its sensitivity
and selectivity to detect these subtle changes in VOCs, allowing for the early identification of
lung cancer with remarkable accuracy [13-16]. By capturing and analyzing these volatile
compounds, e-nose devices can potentially distinguish between healthy individuals and those
with lung cancer, offering a promising tool for early detection. This technology not only holds
the potential to improve patient outcomes by enabling earlier diagnosis and treatment but also
presents a less invasive and more accessible option compared to traditional diagnostic
methods. As research in this area continues, e-nose technology could become a vital
component in the fight against lung cancer, contributing to better survival rates and reducing
the burden on healthcare systems [17, 18].

E-nose technology is inspired by the human sense of smell, which can detect a wide range of
odors with remarkable accuracy [19]. This technology mimics the intricate sensory mechanism
of our olfactory system by using an array of chemical gas sensors, each designed to respond
to specific volatile organic compounds present in exhaled breath. By utilizing pattern
recognition algorithms and multivariate analysis techniques, e-nose systems can identify
unique VOC signatures associated with different physiological and pathological states,
including lung cancer with the help of sensor arrays [20-25]. The structure of the sensor array
based breath analysis system is depicted in figure 1. The development of e-nose technology
has seen significant advancements from its initial conceptualization to its current potential for
clinical application. Early versions of electronic noses were primarily designed for basic odor
discrimination tasks, serving as proof-of-concept models in controlled laboratory
environments. These early devices demonstrated the possibility of distinguishing between
different smells but were limited in their practical applications [26,27].

However, as sensor technology and computational algorithms have advanced, modern e-nose
platforms have evolved significantly. These techniques are also widely applied in various other
fields, including food and beverage quality analysis, agriculture for crop monitoring, and
chemical analysis, showcasing their versatility and broad utility [28-31]. They now exhibit
enhanced sensitivity, specificity, and portability, making them more suitable for integration
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into clinical diagnostic workflows. These improvements have transformed e-nose technology
from a laboratory curiosity into a promising tool for real-world applications. Today, e-nose
devices are capable of detecting subtle changes in VOC profiles, offering a non-invasive,
rapid, and potentially cost-effective method for diagnosing conditions like lung cancer. As
research continues, the integration of e-nose technology into clinical settings could
revolutionize early detection and diagnosis, leading to better patient outcomes and a significant
impact on global healthcare [32,33].

Human exhalation

Sensor aray Preprocessing circuit Data Analysis

Figure 1. Sensor array-based breath VOC analysis

The purpose of this review is to critically evaluate the emerging role of sensor array-based
VOC analysis, specifically using e-nose technology, in the early detection of lung cancer. By
focusing on studies targeting Stage | and Stage Il lung cancer, this review aims to highlight
the potential of e-nose technology as a non-invasive, rapid, and cost-effective diagnostic tool
that could significantly improve early detection rates and, consequently, patient outcomes.
Traditional diagnostic methods often fail to identify lung cancer at these early stages, where
treatment is most effective. Therefore, this review seeks to synthesize current research
findings, assess the effectiveness and reliability of e-nose technology in detecting early-stage
lung cancer, and identify the challenges and opportunities for its integration into clinical
practice. In this comprehensive review, we undertake an in-depth exploration of the role of e-
nose technology in revolutionizing lung cancer diagnosis. Specifically, we concentrate on the
potential of sensor array-based breath analysis techniques for early-stage lung cancer
screening, rather than covering all studies related to lung cancer detection through breath
analysis. By focusing on this critical aspect, we aim to synthesize the collective knowledge
and highlight recent advancements in e-nose technology as it pertains to early detection. This
review seeks to provide a thorough roadmap for researchers, clinicians, and industry
stakeholders, offering insights into the current state of the field, challenges, and future
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directions. Ultimately, our goal is to contribute to the ongoing efforts to improve early lung
cancer diagnosis and patient outcomes.

2. Materials and Methods

To comprehensively explore the e-nose-based exhaled breath analysis for early lung cancer
detection, a systematic search was conducted until December 2023 across multiple electronic
databases and scholarly sources. The search encompassed renowned databases such as
EMBASE, PubMed, Google Scholar, as well as general web searches via Google. Specific
keywords and phrases, including “electronic nose,” "lung cancer,” "breath analysis,"
"biomarkers," and related terms, were employed to identify relevant literature in the field. The
search strategy was meticulously crafted to ensure inclusivity while maintaining relevance to
the research focus. The keywords were strategically combined using Boolean operators to
enhance search precision and capture a broad spectrum of relevant publications. Synonyms
and related terms were also incorporated to account for variations in terminology across
different studies. Figure 2 provides a schematic representation of the method utilized for article

selection.
Selected studies
after screening= 19 1l

E Studies related to spectroscopic methods =101|

Number of identified
studies = 193

7 Excluded studies in
E:> screening by reading

the abstract = 174

Studies not having early stages = 73 ‘

| Excluded studies after | ,| Included
reading full text =7 [—v] studies= 12

I—o Not reporting performance parameters =4
L Duplicate Studies=3

Figure 2.Articles selection Process

The inclusion criteria were meticulously predefined to ensure the selection of studies that align
with the primary objective of detecting VOC biomarkers for early-stage lung cancer using e-
nose technology. To be included, studies had to explicitly report on e-nose-based breath
analysis methods that were specifically designed to identify VOC biomarkers associated with
early-stage lung cancer. This focus on early-stage detection is critical, given that timely
identification of lung cancer significantly improves treatment outcomes and survival rates.
Moreover, to maintain the rigor and reliability of the review, only studies published in English
and available as peer-reviewed articles were considered. This criterion was established to
ensure that the included research met a high standard of scientific credibility and could be
reliably compared and synthesized. Conversely, studies were excluded based on several
stringent criteria to avoid any potential biases or inconsistencies in the review. Firstly, studies
that failed to provide essential performance of at least accuracy, sensitivity, or specificity

Nanotechnology Perceptions Vol. 20 No. S8 (2024)



1039 Syam Kishor K S et al. Advances in Early Lung Cancer Detection...

metrics, were excluded, as these parameters are fundamental for evaluating the diagnostic
efficacy of e-nose-based detection methods. Without knowing any of these parameters, it
would be challenging to assess the true potential of e-nose technology in detecting early-stage
lung cancer. Additionally, studies that focused on diseases other than lung cancer were
excluded to maintain the specificity of the review’s objective. Similarly, studies that did not
specifically target early-stage lung cancer detection were omitted, as the focus of the review
is on the potential of e-nose technology in identifying cancer at the most treatable stages.
Lastly, any studies employing VOC analysis technigques unrelated to e-nose technology were
also excluded, as the review aims to provide a clear and focused analysis of e-nose applications
in this context. These comprehensive inclusion and exclusion criteria were designed to ensure
that the review encompasses only the most relevant and high-quality studies, providing a
robust analysis of the potential of e-nose technology in early lung cancer detection.

Upon identification of relevant studies, their references were meticulously reviewed to identify
additional original works that met the inclusion criteria. This approach ensured a
comprehensive coverage of the existing literature and minimized the risk of overlooking
pertinent studies. Data extraction was conducted systematically from the selected studies,
encompassing various key elements essential for under-standing and evaluating the
methodologies employed. This included author names, publication year, country of origin,
sample size, details of breath sample collection methods, VOC detection techniques, data
analysis methodologies, and performance parameters such as accuracy, sensitivity, and
specificity. The collected data were synthesized and organized to facilitate a structured
analysis of the methodologies employed across different studies. This process involved
categorizing studies based on commonalities in their approach to breath sample collection,
VOC detection, and data analysis. Discrepancies or variations in methodologies were noted,
allowing for a critical evaluation of their potential impact on study outcomes and conclusions.
Overall, the methodology adopted in this review adhered to rigorous systematic principles to
ensure the comprehensive identification, selection, and analysis of relevant literature
pertaining to e-nose-based exhaled breath analysis for early lung cancer detection.

3. Results and Discussion

A systematic review of the literature on e-nose-based exhaled breath analysis for lung cancer
detection initially identified a total of 193 studies. Of these, 174 studies were excluded as
shown in Figure 1. The exclusions were primarily based on the use of other methods for VOC
analysis and the focus on later stages of the disease rather than early-stage detection. From the
remaining 19 studies, an additional 7 were eliminated due to the absence of crucial accuracy
parameters and the presence of duplicate studies. The focus was specifically on studies that
included a higher number of Stage I and Stage Il lung cancer cases, as early detection is critical
for improving patient outcomes. After a thorough and rigorous assessment, 12 studies were
ultimately deemed eligible for inclusion in this systematic review. These selected studies
provide valuable insights into the potential of e-nose technology for the early detection of lung
cancer, particularly in its initial stages. The selected studies exhibited varying sample sizes, e-
nose technologies employed, and performance metrics, providing a diverse array of insights
into the utility of e-nose technology for lung cancer diagnosis. Table 1 displays the major
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findings from the 12 reviewed papers.

Cyranose 320 e-nose, colorimetric sensors-based e-nose, and metal oxide gas sensors-based
e-nose are majorly utilized for sensor array-based VOC analysis in early lung cancer detection.
The Cyranose 320 is a portable e-nose device used for detecting and identifying VOCs in
various environments, including medical diagnostics. It operates by analyzing the chemical
signature of VOCs through a sensor array composed of polymer composite sensors [14, 34,
35]. These sensors respond to different chemical vapors, producing a unique pattern or
"smellprint” that can be used to differentiate between samples. In medical applications, the
Cyranose 320 has been particularly valuable in analyzing exhaled breath for early disease
detection, such as lung cancer, due to its ability to detect subtle changes in VOC profiles
associated with different health conditions. Colorimetric sensor-based e-noses utilize color-
changing chemical indicators to detect and analyze VOCs in various samples, including
exhaled breath. These sensors consist of chemically responsive dyes that undergo visible color
changes when exposed to specific VOCs [7, 36]. The array of colorimetric sensors creates a
distinct pattern or "color fingerprint" that can be captured and analyzed using imaging
techniques. The color changes in the sensors correspond to the presence and concentration of
specific VOCs in the breath, enabling the identification of disease-specific patterns. This
method is favored for its simplicity, cost-effectiveness, and the ability to provide rapid results
without the need for complex instrumentation. SpiroNose is a sophisticated e-nose device
designed for respiratory diagnostics, specifically tailored for the detection and monitoring of
respiratory diseases through exhaled breath analysis [37-39]. Unlike traditional e-nose devices,
SpiroNose integrates spirometry, a standard lung function test with VOC detection, allowing
for a comprehensive assessment of a patient’s respiratory health. The device works by
capturing the exhaled breath and analyzing the VOCs present, which are indicative of
metabolic processes within the body. By combining spirometry with VOC analysis, SpiroNose
offers a more complete picture of lung function and potential disease states.

Most studies have predominantly utilized metal oxide gas sensor-based electronic noses for
detecting and analyzing volatile organic compounds in various applications, particularly in
medical diagnostics [4, 5, 8, 11, 13, 16, 19]. Metal oxide gas sensor-based e-noses are devices
that utilize metal oxide semiconductors (MQOS) to detect and analyze VVOCs in the air. These
sensors operate by measuring the changes in electrical resistance that occur when VOC
molecules interact with the surface of the metal oxide material, such as tin oxide (SnO:). When
VOCs come into contact with the sensor, they either donate or accept electrons, altering the
conductivity of the metal oxide layer, which is then measured and interpreted as a specific
chemical response. Metal oxide gas sensors are widely used in e-nose technology due to their
high sensitivity, fast response times, and ability to detect a broad range of VOCs at low
concentrations. In medical applications, these sensors are valuable for analyzing exhaled
breath to detect diseases such as lung cancer, where specific VOCs serve as biomarkers. The
patterns of resistance changes across an array of metal oxide sensors create a unique
"smellprint” that can be used to differentiate between healthy individuals and those with
specific diseases. These e-noses are particularly advantageous in applications requiring robust,
portable, and relatively inexpensive sensing solutions, making them suitable for both clinical
and research settings focused on non-invasive diagnostics.

Among the included studies, Mazzone et al. conducted a study involving 229 subjects utilizing
Nanotechnology Perceptions Vol. 20 No. S8 (2024)
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colorimetric sensors based e-nose technology, achieving an accuracy of 81%, sensitivity of
70%, and specificity of 86% [7]. Similarly, Chen et al. reported on a study involving 235
subjects, employing metal oxide, hot wire, and electrochemical gas sensors based e-nose,
achieving remarkable accuracy (94%), sensitivity (96%), and specificity (91%) [11]. Li et al.
contributed two studies to the review, one involving 52 subjects with an accuracy, sensitivity,
and specificity of 92% each, and another involving 268 subjects with an accuracy of 86% [13].
Chang et al. examined the utility of metal oxide gas sensors in a study comprising 85 subjects,
achieving an accuracy of 75%, sensitivity of 79%, and specificity of 72% [4]. Gasparri et al.
focused on QMB sensors based e-nose technology in a study involving 146 subjects, achieving
a sensitivity of 81% and specificity of 91% [24]. Tirzite et al. investigated Cyranose 320 e-
nose in a study comprising 335 subjects, achieving an accuracy of 87%, sensitivity of 87%,
and specificity of 90% [34].

Table 1. Studies with e-nose based early-stage lung cancer detection

> 2 2 ol

229 81.1 70 86 Colorimetric sensors based e-nose 7
Metal oxide, Hot wire, and

235 93.59 95.6 91.09 Electrochemical gas sensors based e- 11
nose
Metal  oxide, Hot wire, and

52 91.59 91.58 91.72 Electrochemical gas sensors based e- 13
nose

85 75 79 72 Metal oxide gas sensors 4
Metal  oxide, Hot wire, and

268 86.42 87.85 82.31 Electrochemical gas sensors based e- 16
nose

146 Not reported 81 91 QMB sensors based eNose 24
Metal  oxide, Hot  wire, and

87 94.25 97.83 90.24 Electrochemical gas sensors based e- 33
nose

335 87.3 87.3 71.2 Cyranose 320 34

191 84.65 88 81.3 Cyranose 320 14

682 87 86 89 SpiroNose 37

261 91.67 88.89 93.75 Metal oxide gas sensors based e-nose 40

137 94.16 96.34 90.91 Metal oxide gas sensors based e-nose 41

Notably, Liu et al. reported particularly promising results in their study involving 87 subjects,
where metal oxide, hot wire, and electrochemical gas sensors based e-nose technology yielded
impressive accuracy (94%), sensitivity (97%), and specificity (71%) [33]. These findings
underscore the potential of e-nose technology in facilitating accurate and reliable early
detection of lung cancer, thereby offering opportunities for timely intervention and improved
patient outcomes. The observed variations in performance metrics across studies can be
attributed to several factors, including differences in sample populations, e-nose technologies
utilized, breath sample collection protocols, and data analysis methodologies. Furthermore,
the heterogeneity in study designs and diagnostic criteria may have contributed to disparities
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in reported accuracy, sensitivity, and specificity values.

From the 12 studies in this review reveals a consistent and promising trend in the application
of e-nose technology for the early detection of lung cancer. In these studies, the reported
accuracy, sensitivity, and specificity rates exceed 85%, underscoring the reliability and
effectiveness of e-nose devices in identifying early-stage lung cancer through VOC analysis.
Figure 3 shows the maximum accuracy, sensitivity, and specificity for different e-nose
technologies. This high level of diagnostic performance suggests that e-nose technology is
capable of distinguishing between healthy individuals and those with early-stage lung cancer
with a considerable degree of precision. The consistency of these results across multiple
studies highlights the potential of e-nose technology as a valuable diagnostic tool that could
complement or even enhance existing lung cancer screening methods. These findings reinforce
the importance of further research and clinical trials to validate e-nose technology and explore
its integration into routine clinical practice, with the goal of improving early detection rates
and ultimately reducing lung cancer mortality.

100 s Accuracy o 6%

N Sensitivity
mmm Specificity ggog 87% 87%

81%
80

60

Percentage (%)

40

20

Colorimetric Cyranocse 320 MOS MOS+Hot wire+Electrochemical
E-nose Technology

Figure 2. Maximum accuracy, sensitivity, and specificity for different e-noses from studies

The comparison of four different electronic nose technologies such as Colorimetric sensors-
based e-nose, Cyranose 320, MOS based e-nose, and MOS combined with Hot Wire and
Electrochemical sensors-based e-nose—reveals significant differences in their diagnostic
performance for early lung cancer detection. The Colorimetric sensors-based e-nose, with a
maximum accuracy of 81%, sensitivity of 70%, and specificity of 86%, demonstrates moderate
effectiveness, particularly in distinguishing true negatives. Cyranose 320 performs better
overall, achieving a maximum accuracy and sensitivity of 87%, though its specificity is lower
at 71%, indicating a higher rate of false positives. The MOS-based e-nose stands out with the
highest accuracy of 94%, a near-perfect sensitivity of 96%, and a high specificity of 91%,
making it the most reliable technology for correctly identifying both true positives and
negatives. Similarly, the combination of MOS, Hot Wire, and Electrochemical sensors-based
e-nose also achieves a maximum accuracy of 94%, with the highest sensitivity at 97% and a
strong specificity of 90%. These findings suggest that while all the technologies have potential
in lung cancer detection, the MOS-based and the combined MOS, Hot Wire, and
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Electrochemical sensors-based e-noses are particularly promising for clinical application due
to their superior accuracy, sensitivity, and specificity. Their ability to detect early-stage lung
cancer with high precision makes them valuable tools in improving early diagnosis and patient
outcomes.

Despite the promising results reported by several studies, it is essential to acknowledge the
limitations and challenges associated with e-nose-based breath analysis for lung cancer
detection [42-45]. These include the need for standardized protocols, validation in larger and
more diverse patient cohorts, and addressing confounding factors that may influence VOC
profiles, such as smoking history, comorbidities, and environmental exposures [46, 47].
Furthermore, future research efforts should focus on elucidating the biological basis of VOC
biomarkers associated with lung cancer pathogenesis, refining e-nose technologies to enhance
sensitivity and specificity, and establishing robust diagnostic algorithms for clinical
implementation. Collaborative initiatives involving multidisciplinary teams comprising
clinicians, engineers, and data scientists are essential to drive innovation and translation of e-
nose technology into routine clinical practice [48,49].

In our study, we looked at how well e-nose technology could help find lung cancer early. We
found that it shows promise in this area. First, we found that using e-nose technology to
analyze breath samples could help detect lung cancer in its early stages. This is important
because screening cancer early makes it easier to treat. E-nose technology works by detecting
certain chemicals in breath that could be linked to lung cancer. Our study adds to the growing
evidence that e-nose could be a valuable tool in diagnosing lung cancer early. Our findings are
in line with previous research that has shown the potential of e-nose technology in detecting
various diseases, including lung cancer. This suggests that e-nose could be a versatile tool in
healthcare, helping doctors diagnose different illnesses quickly and accurately.

However, our study also revealed some challenges and limitations with using e-nose
technology for lung cancer detection. For example, we found that the accuracy of e-nose varies
between different studies. Some studies showed very high accuracy rates, while others were
less accurate. This could be due to differences in the types of e-nose sensors used, how breath
samples were collected, or other factors. Another challenge is that e-nose technology is still
relatively new, and more research is needed to fully understand its capabilities and limitations.
Additionally, more research is needed to determine the best way to use e-nose technology in
clinical practice, such as how often to use it and who should be tested. Despite these
challenges, our study high-lights the potential of e-nose technology in improving lung cancer
diagnosis. If further research confirms our findings, e-nose could become a valuable tool for
doctors in the fight against lung cancer. It could help identify patients who need further testing
or treatment, leading to better outcomes for patients.

The major findings from this systematic review underscore the potential of e-nose-based
breath analysis as a promising approach for early detection of lung cancer. While significant
progress has been made, further research is warranted to address existing challenges and
realize the full clinical utility of e-nose technology in revolutionizing lung cancer diagnosis
and management.
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4, Conclusion

In conclusion, the utilization of e-nose technology for exhaled breath analysis holds promising
potential in the early detection of lung cancer by identifying volatile organic compounds as
biomarkers. The comprehensive review conducted underscores the significance of this
innovative approach, as evidenced by the diverse array of studies demonstrating varying levels
of accuracy, sensitivity, and specificity. Despite encountering some limitations and challenges,
such as the need for standardized protocol and validation in larger patient cohorts, the
collective findings accentuate the importance of continued research and development in this
field. Moving forward, it is imperative to address these challenges and refine e-nose
technology to realize its full diagnostic capabilities in lung cancer detection. Collaboration
among multidisciplinary teams, including clinicians, engineers, data scientists, and industry
stakeholders, is crucial for driving innovation and translating research findings into clinical
practice. By advancing e-nose technology and overcoming existing limitations, we can
significantly contribute to improved patient outcomes and healthcare practices in the realm of
lung cancer diagnosis. The potential of e-nose technology extends beyond early detection to
facilitate personalized treatment strategies and ultimately reduce the burden of lung cancer on
individuals and society. Therefore, continued investment in research and development efforts
is paramount to realizing the transformative impact of e-nose technology in revolutionizing
lung cancer diagnosis and management.

References

1. Schabath, M. B., & Cote, M. L. (2019). Cancer progress and priorities: lung cancer. Cancer
epidemiology, biomarkers & prevention, 28(10), 1563-1579.

2. Kumari, K., Nagamani, H. S., Sumanth, S., Manjunatha, D., & Rastogi, P. (2024). Role of
Computed Tomography Imaging for the Diagnosis and Classification of Lung Cancer using
Machine Learning. Nanotechnology Perceptions, 905-916.

3. Deshpand, R., Chandra, M., & Rauthan, A. (2022). Evolving trends in lung cancer:
epidemiology, diagnosis, and management. Indian Journal of Cancer, 59(Suppl 1), S90-S105.

4, Chang, J.E., Lee, D. S., Ban, S. W., Oh, J., Jung, M. Y., Kim, S. H., & Jheon, S. (2018). Analysis
of volatile organic compounds in exhaled breath for lung cancer diagnosis using a sensor system.
Sensors and actuators B: chemical, 255, 800-807.

5. Binson, V. A., Subramoniam, M., Sunny, Y., & Mathew, L. (2021). Prediction of pulmonary
diseases with electronic nose using SVM and XGBoost. IEEE Sensors Journal, 21(18), 20886-
20895.

6. Gashimova, E. M., Temerdashev, A. Z., Perunov, D. V., Porkhanov, V. A., Polyakov, I. S., &
Dmitrieva, E. V. (2023). Selectivity of Exhaled Breath Biomarkers of Lung Cancer in Relation
to Cancer of Other Localizations. International Journal of Molecular Sciences, 24(17), 13350.

7. Mazzone, P. J., Wang, X. F., Xu, Y., Mekhail, T., Beukemann, M. C., Na, J., & Sasidhar, M.
(2012). Exhaled breath analysis with a colorimetric sensor array for the identification and
characterization of lung cancer. Journal of Thoracic Oncology, 7(1), 137-142.

8. Binson, V. A., Subramoniam, M., & Mathew, L. (2024). Prediction of lung cancer with a sensor
array based e-nose system using machine learning methods. Microsystem Technologies, 1-14.

9. Kao, M. H., Chiu, S. W., Lee, M. R., Sun, M., & Tang, K. T. (2023, July). Deep neural network
of E-nose sensor for lung cancer classification. In 2023 IEEE BioSensors Conference
(BioSensors) (pp. 1-4). IEEE.

Nanotechnology Perceptions Vol. 20 No. S8 (2024)



1045 Syam Kishor K S et al. Advances in Early Lung Cancer Detection...

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Binson, V. A., & Thomas, S. (2024, March). Unveiling the Smell of Health: E-Nose-Based
Volatile Organic Compound Analysis of Exhaled Breath in Early Lung Cancer Detection. In
Proceedings (Vol. 100, No. 1, p. 23). MDPI.

Chen, K., Liu, L., Nie, B., Lu, B., Fu, L., He, Z., & Liu, H. (2021). Recognizing lung cancer and
stages using a self-developed electronic nose system. Computers in Biology and Medicine, 131,
104294,

Binson, V. A., Thomas, S., Subramoniam, M., Arun, J., Naveen, S., & Madhu, S. (2024). A
Review of Machine Learning Algorithms for Biomedical Applications. Annals of Biomedical
Engineering, 52(5), 1159-1183.

Li, W., Jia, Z., Xie, D., Chen, K., Cui, J., & Liu, H. (2020). Recognizing lung cancer using a
homemade e-nose: A comprehensive study. Computers in biology and medicine, 120, 103706.
McWilliams, A., Beigi, P., Srinidhi, A., Lam, S., & MacAulay, C. E. (2015). Sex and smoking
status effects on the early detection of early lung cancer in high-risk smokers using an electronic
nose. IEEE Transactions on Biomedical Engineering, 62(8), 2044-2054.

Chatterjee, S., Castro, M., & Feller, J. F. (2013). An e-nose made of carbon nanotube based
quantum resistive sensors for the detection of eighteen polar/nonpolar VOC biomarkers of lung
cancer. Journal of Materials Chemistry B, 1(36), 4563-4575.

Li, W., Liu, H., Xie, D., He, Z., & Pi, X. (2017). Lung cancer screening based on type-different
sensor arrays. Scientific reports, 7(1), 1969.

Stella, G. M., Lettieri, S., Piloni, D., Ferrarotti, I., Perrotta, F., Corsico, A. G., & Bortolotto, C.
(2023). Smart Sensors and Microtechnologies in the Precision Medicine Approach against Lung
Cancer. Pharmaceuticals, 16(7), 1042.

Wilson, A. D. (2018). Applications of electronic-nose technologies for noninvasive early
detection of plant, animal and human diseases. Chemosensors, 6(4), 45.

Binson, V. A., Thomas, S., Ragesh, G. K., & Kumar, A. (2021, September). Non-invasive
diagnosis of COPD with E-nose using XGBoost algorithm. In 2021 2nd International Conference
on Advances in Computing, Communication, Embedded and Secure Systems (ACCESS) (pp.
297-301). IEEE.

Jalal, A. H., Alam, F., Roychoudhury, S., Umasankar, Y., Pala, N., & Bhansali, S. (2018).
Prospects and challenges of volatile organic compound sensors in human healthcare. Acs
Sensors, 3(7), 1246-1263.

Peled, N., Fuchs, V., Kestenbaum, E. H., Oscar, E., & Bitran, R. (2021). An update on the use
of exhaled breath analysis for the early detection of lung cancer. Lung Cancer: Targets and
Therapy, 81-92.

Li, Z., Shu, J., Yang, B., Zhang, Z., Huang, J., & Chen, Y. (2020). Emerging non invasive
detection methodologies for lung cancer. Oncology Letters, 19(5), 3389-3399.

Hashoul, D., & Haick, H. (2019). Sensors for detecting pulmonary diseases from exhaled breath.
European Respiratory Review, 28(152).

Gasparri, R., Santonico, M., Valentini, C., Sedda, G., Borri, A., Petrella, F., & Spaggiari, L.
(2016). Volatile signature for the early diagnosis of lung cancer. Journal of breath research,
10(1), 016007.

Scarlata, S., Finamore, P., Meszaros, M., Dragonieri, S., & Bikov, A. (2020). The role of
electronic noses in phenotyping patients with chronic obstructive pulmonary disease. Biosensors,
10(11), 171.

Binson, V. A., & Thomas, S. (2023). The Development of a Mobile E-Nose System for Real-
Time Beef Quality Monitoring and Spoilage Detection. Engineering Proceedings, 56(1), 256.
Binson, V. A., Subramoniam, M., & Mathew, L. (2021). Discrimination of COPD and lung
cancer from controls through breath analysis using a self-developed e-nose. Journal of Breath
Research, 15(4), 046003.

Binson, V. A., George, M. M., Sibichan, M. A, Raj, M., & Prasad, K. (2023, January). Freshness

Nanotechnology Perceptions Vol. 20 No. S8 (2024)



Advances in Early Lung Cancer Detection... Syam Kishor K S et al. 1046

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

evaluation of beef using MOS based E-Nose. In 2023 International Conference on Intelligent
Data Communication Technologies and Internet of Things (IDCIoT) (pp. 792-797). IEEE.
Muioz-Castells, R., Modesti, M., Moreno-Garcia, J., Rodriguez-Moreno, M., Catini, A.,
Capuano, R., ... & Moreno, J. (2024). Differentiation through E-nose and GC-FID data modeling
of rosé sparkling wines elaborated via traditional and Charmat methods. Journal of the Science
of Food and Agriculture.

Wilson, A. D. (2012). Review of electronic-nose technologies and algorithms to detect hazardous
chemicals in the environment. Procedia Technology, 1, 453-463.

VA, B., & Thomas, S. (2024, May). Integrated Sensor System for Real-Time Monitoring and
Detection of Fish Quality and Spoilage. In Proceedings (Vol. 104, No. 1, p. 26). MDPI.

Binson, V. A., Akbar, R., Thankachan, N., & Thomas, S. (2022). Design and construction of a
portable e-nose system for human exhaled breath VOC analysis. Materials Today: Proceedings,
58, 422-4217.

Liu, B., Yu, H., Zeng, X., Zhang, D., Gong, J., Tian, L., & Liu, R. (2021). Lung cancer detection
via breath by electronic nose enhanced with a sparse group feature selection approach. Sensors
and Actuators B: Chemical, 339, 129896.

Tirzite, M., Bukovskis, M., Strazda, G., Jurka, N., & Taivans, I. (2017). Detection of lung cancer
in exhaled breath with an electronic nose using support vector machine analysis. Journal of
breath research, 11(3), 036009.

Thriumani, R., Zakaria, A., Jeffree, A. I., Hishamuddin, N. A., Omar, M. I., Adom, A. H., &
Hashim, Y. Z. H. Y. (2014, November). A preliminary study on in-vitro lung cancer detection
using E-nose technology. In 2014 IEEE International Conference on Control System, Computing
and Engineering (ICCSCE 2014) (pp. 601-605). IEEE.

Lagopati, N., Valamvanos, T. F., Proutsou, V., Karachalios, K., Pippa, N., Gatou, M. A., &
Efstathopoulos, E. (2023). The role of nano-sensors in breath analysis for early and non-invasive
disease diagnosis. Chemosensors, 11(6), 317.

Vassilenko, V., Moura, P. C., & Raposo, M. (2023). Diagnosis of Carcinogenic Pathologies
through Breath Biomarkers: Present and Future Trends. Biomedicines, 11(11), 3029.

Buma, A. I., Muller, M., de Vries, R., Sterk, P. J., van der Noort, V., Wolf-Lansdorf, M., ... &
van den Heuvel, M. M. (2021). eNose analysis for early immunotherapy response monitoring in
non-small cell lung cancer. Lung Cancer, 160, 36-43.

de Vries, R., Farzan, N., Fabius, T., De Jongh, F. H., Jak, P. M., Haarman, E. G., & Sterk, P. J.
(2023). Prospective detection of early lung cancer in patients with COPD in regular care by
electronic nose analysis of exhaled breath. Chest, 164(5), 1315-1324.

VA, B., Mathew, P., Thomas, S., & Mathew, L. (2024). Detection of lung cancer and stages via
breath analysis using a self-made electronic nose device. Expert Review of Molecular
Diagnostics, 24(4), 341-353.

Binson, V. A., Thomas, S., Philip, P. C., Thomas, A., & Pillai, P. (2023, November). Detection
of early lung cancer cases in patients with COPD using eNose technology: a promising non-
invasive approach. In 2023 IEEE International Conference on Recent Advances in Systems
Science and Engineering (RASSE) (pp. 1-4). IEEE.

Kononov, A., Korotetsky, B., Jahatspanian, I., Gubal, A., Vasiliev, A., Arsenjev, A., & Ganeev,
A. (2019). Online breath analysis using metal oxide semiconductor sensors (electronic nose) for
diagnosis of lung cancer. Journal of breath research, 14(1), 016004.

Raspagliesi, F., Bogani, G., Benedetti, S., Grassi, S., Ferla, S., & Buratti, S. (2020). Detection of
ovarian cancer through exhaled breath by electronic nose: a prospective study. Cancers, 12(9),
2408.

Binson, V. A., & Subramoniam, M. (2021). Design and development of an e-nose system for the
diagnosis of pulmonary diseases. Acta of Bioengineering and Biomechanics, 23(1).

Guntner, A. T., Abegg, S., Konigstein, K., Gerber, P. A., Schmidt-Trucksass, A., & Pratsinis, S.

Nanotechnology Perceptions Vol. 20 No. S8 (2024)



1047 Syam Kishor K S et al. Advances in Early Lung Cancer Detection...

46.

47.

48.

49,

E. (2019). Breath sensors for health monitoring. ACS sensors, 4(2), 268-280.

VA, B., Subramoniam, M., & Mathew, L. (2021). Noninvasive detection of COPD and Lung
Cancer through breath analysis using MOS Sensor array based e-nose. Expert review of
molecular diagnostics, 21(11), 1223-1233.°

Capelli, L., Taverna, G., Bellini, A., Eusebio, L., Buffi, N., Lazzeri, M., ... & Sironi, S. (2016).
Application and uses of electronic noses for clinical diagnosis on urine samples: A review.
Sensors, 16(10), 1708.

Reeves, N., Phillips, S., Hughes, A., Maddocks, S., Bates, M., Torkington, J., & Cornish, J.
(2022). Volatile organic compounds in the early diagnosis of non-healing surgical wounds: a
systematic review. World journal of surgery, 46(7), 1669-1677.

Wang, Q., Fang, Y., Tan, S., Li, Z., Zheng, R., Ren, Y., ... & Huang, X. (2024). Diagnostic
performance of volatile organic compounds analysis and electronic noses for detecting colorectal
cancer: a systematic review and meta-analysis. Frontiers in Oncology, 14.

Nanotechnology Perceptions Vol. 20 No. S8 (2024)



