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Abstract: Detecting volatile organic compounds (VOCs) is increasingly recognized as a pivotal tool
in non-invasive disease diagnostics. VOCs are metabolic byproducts, mostly found in human breath,
urine, feces, and sweat, whose profiles may shift significantly due to pathological conditions. This
paper presents a thorough review of the latest advancements in sensor technologies for VOC detection,
with a focus on their healthcare applications. It begins by introducing VOC detection principles,
followed by a review of the rapidly evolving technologies in this area. Special emphasis is given
to functionalized molecularly imprinted polymer-based biochemical sensors for detecting breath
biomarkers, owing to their exceptional selectivity. The discussion examines SWaP-C considerations
alongside the respective advantages and disadvantages of VOC sensing technologies. The paper also
tackles the principal challenges facing the field and concludes by outlining the current status and
proposing directions for future research.

Keywords: molecularly imprinted polymers; biosensor; non-invasive; nanomaterial; volatile organic
compound; biomarker; disease

1. Introduction

VOCs are gaseous species known to have high vapor pressure under normal room
conditions, causing them to evaporate easily [1]. These compounds are abundant in human
breath, skin, and bodily fluids, providing valuable chemical, physical, and biological
information crucial for non-invasive medical diagnostics [2,3]. Several methods have shown
that disease-related VOCs can be directly detected in body fluids [4]. Table 1 summarizes a
tentative chemical identification of VOCs associated with various non-infectious diseases,
while Table 2 summarizes VOCs related to infectious diseases. Among the physiological
sources of VOCs, exhaled breath is considered one of the least complex for analysis due to
its simpler gas matrix. The fundamental principle of exhaled breath analysis is that disease-
indicative metabolites circulate within the vascular system, and VOCs are consistently
released into the breath following alveolar exchange from the blood. Gas exchange occurs
in both the airways and the alveoli. Low-solubility VOCs primarily exchange in the alveoli,
whereas highly soluble VOCs, especially polar ones, mainly exchange in the airways. Those
with moderate solubility affect both regions. The profile of VOCs in the breath is influenced
by their blood concentration and the duration that these compounds remain in the lung
and airway tissues after inhalation and exhalation [4,5].

VOC sensing faces challenges, primarily because most VOCs are non-reactive and
occur at low concentrations, often close to or below the detection limits of conventional
analytical devices. Mass spectrometry (MS), a powerful tool in scientific and industrial re-
search, is effective for analyzing, quantifying, and identifying a wide range of compounds,
making it suitable for detecting VOCs. Typically paired with liquid or gas chromatog-
raphy (GC), MS can detect arrays of known and unknown chemicals. The conventional
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gas chromatography-mass spectrometry (GC-MS) approach, while robust and adaptable,
faces several challenges. These include preserving the integrity of samples at the time
of collection, where some compounds may degrade, be altered during storage, or not
be collected efficiently or selectively. Moreover, both sample preparation and analysis
are time-consuming and must be conducted off-line in a laboratory setting, which adds
complexity and cost to the process. This is particularly problematic when results are needed
in real-time and in a cost-effective manner. To address these limitations, a variety of other
sensors have been developed; however, many still fall short of the sensitivity, selectivity,
and reliability needed for analyzing complex VOC mixtures in real samples [6,7]. Advances
in sensor technology, particularly those incorporating nanomaterials, are pivotal to meeting
clinical standards. Nanomaterials offer several benefits due to their high surface-to-volume
ratios, which ensure high sensitivity and fast response times. The adjustable chemical
and physical properties of nanomaterials allow for increased specificity while combining
various nanomaterials can provide synergistic effects. Additionally, the compatibility of
nanomaterials with large-scale manufacturing processes facilitates the development of
portable, cost-effective devices [8-11]. The ideal VOC sensor would offer high sensitivity,
excellent selectivity, rapid response and recovery times, robust stability and reproducibility,
and the ability to operate at room temperature [12-15].

Table 1. Summary of main VOCs for non-infectious diseases.

Disease

Sample Concentration Concentration

VOC Biomarker Source (Normal) (Diseased)

Reference

Neurological Diseases

Alzheimer’s Disease

2,6,10,14-tetramethyl-hexadecane,
2,6-octadien-1-ol, 2-butyl-1-octanol,
2-ethylhexyl tetradecyl ester,
3-ethyl-2,2-dimethyl-pentane,

1,1-oxybis-octane, 1-chloro-nonadecane,
1-methyl-2-(1-methylethyl)-benzene,
1-methylpropyl-cyclooctane,
2,2,4,6,6-pentamethyl-heptane,
2,2-dimethylpropanoic acid,
2,3-dimethyl-heptane, 2,3,5-trimethyl-hexane,

2,4-dimethyl-1-heptene,
2,5,6-trimethyl-octane,

2,6,10-trimethyl-dodecane, Breath 0.2-0.8 ppb 1.0-2.5 ppb [16,17]

3,7-dimethyl-decane,

3,7-dimethyl-propanoate (E), 4-methyl-octane,
5-ethyl-2-methyl-octane, Butylated
HydroxyToluene, Dodecane, Formaldehyde,
Oxalic Acid, Propyl-Benzene, Styrene

Parkinson’s Disease

1-Methyl-3-(1-Methylethyl)-Benzene,

2,3-Dimethyl-Heptane,
2,3,5-Trimethyl-Hexane,

2,3,6,7-Tetramethyl-Octane,

3,7-Dimethyl-Decane, Breath 0.2-0.8 ppb 1.0-2.5 ppb [16,17]

5-Ethyl-2-Methyl-Octane, Butylated

Hydroxytoluene,

Decamethyl-Cyclopentasiloxane,
Ethylbenzene, Hexadecane, Styrene

Multiple
Sclerosis

5-Methyl-Undecane, Hexanal Breath 0.022-0.026 ppm 0.009-0.01 ppm [16,18]

Epilepsy

2-Acetyl-Pyrroline, 2-Acetylpyrrole,
2-Butanone, 2-Heptanone, 2-Pentanone,

2,3,5-Trithiahexane,

3,4-Dehydro-Exo-Brevicomin, Acetophenone, Feces, Saliva, Urine Not Reported Not Reported [19]
Dimethyl Trisulfide, Disulfide, Menthone,
Methanethiol, Methane, Nitro-,

Trimethylamine
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Table 1. Cont.

Sample Concentration Concentration

Disease VOC Biomarker Source (Normal) (Diseased)

Reference

Malignant Diseases

1-(1-Ethoxyethoxy)-pentane,
1,1-Diethoxy-3-methylbutane, 1-Butanol,
1-Ethyl-2-methylbenzene, 1-Hexadecylindane,
1-Propanol, 1,2,4-Trimethylbenzene,
1,4-Pentadiene, 2,2-Dimethyl-hexanal,
2,2,6-Trimethyloctane, 2,3,3-Trimethylpentane,
2,3,5-Trimethylhexane, 2,4-Decadien-1-ol,
2,4-Dimethyl-1-heptene, 2,4-Dimethylheptane,
2,4-Dimethylundecane, 2,5-Dimethyl-furan,
2-Butanol, 2-Butanone, 2-Ethyl-1-hexanol,
2-Ethyldodecanal, 2-Ethyldodecanol, 2-Heptanone,
2-Hydroxyacetaldehyde, 2-Methyl-1-decanol,
2-Methyl-2-butenal, 2-Methylbutanal,
2-Methylbutane, 2-Methylfuran, 2-Methylheptane,
2-Methylpentane, 2-Methylpropanal, 2-Pentanone,
2-Phenyl-2-Butanone, 3,4-Dimethylheptane,
3,7-Dimethyl-decane, 3-Heptanone,
3-Hydroxy-2-butanone, 3-Methyl-3-Hexanol,
3-Methylbutanal, 3-Octanone, 4-Heptanone,
4-Methyloctane, Acetaldehyde, Acetone, Acetic
acid, Acetonitrile, Amphetamine, Benzaldehyde,
Lung Benzene, Butanal, Butane, Butanoic acid, Butyl Breath, Blood,
Cancer acetate, Cyclohexane, Cyclohexanol, Urine
Cyclohexanone, Decanal, Dodecane, Dimethyl
sulfide (dimethyl sulphide), Dimethy] trisulfide,
Dimethylsilanediol, Eicosenamide, Ethanol, Ethyl
acetate, Ethylbenzene, Formaldehyde,
Heptadecane, Heptanal, Heptane (n-heptane),
Hexanal, Hexane, Hydrogen cyanide, Hydrazine,
Interleukin-6, Isobutane, Isoprene, Linear and
branched hydrocarbons C8-C24, Methyl acetate,
Methyl vinyl ketone, Methylcyclopentane,
Methacrylaldehyde, Methane, Methanol (methyl
alcohol), Methanethiol, Naphthalene, Octanal,
o-Xylene, Pentanal, Pentane (n-pentane),
Pentamethyl heptane, Pentene, Phenol, p-Cresol,
p-Xylene, Propanal, Propane, Propanol, Propene,
Propionaldehyde, Propylbenzene (n-propyl
benzene), Styrene, Thymol, Thiophene,
Tetradecane, Tetrahydrofuran, Toluene
(methylbenzene), trans-2-Hexenal,
trans-2-Heptenal, trans-2-Nonenal,
Trimethylamine, Trimethylbenzene, Undecane,
3,4-dehydro-exo-brevicomin

<35 ppb Not Reported [16,17,20-29]

1-(Methylthio)-Propane, 1-Butanol, 1-Decene,
1-Heptene, 1-Nonene, 1-Octene, 2-Butanone,
2-Ethyl-1-Hexanol, 2-Nonene, 2-Pentanone,
2,6-Dimethyl-Octane, Acetaldehyde, Acetone,
Acetone Dimer, Acetoin, Amylene Hydrate,
Ammonia, Acrylonitrile, Benzaldehyde, Benzene, Bile, Blood, Breath,
Butoxymethylbenzene, Carbon Disulfide, Urine
Dimethyl Sulfide, Ethane, Ethanol, Formaldehyde,
Hydrogen Sulfide, Isoprene, Isopropyl Alcohol,
n-Hexane, Nitro-, Nonanal, Pentane,
Pentylbenzene, Sulfur Dioxide, Tetradecane,
Toluene, Triethylamine, Trimethylamine (TMA)

Pancreatic Cancer 1-5 ppb >5 ppb [30-38]

1,2,3-Trimethylbenzene, 1,3-Dioxolan-2-One,
1,3-Dioxolane-2-Methanol, 1,3-Propanediol,
1-Hexanol, 2-Butoxy-Ethanol, 2-Ethyl-1-Hexanol,
2-Methylhexane, 2-Methylpentane, 2-Pentyl
Acetate, 2-Propanol, 2-Propenenitrile,
3-Methyl-2-Pentanone, 3-Methylhexane,
3-Methylpentane, 4-Ethyl Guaiacol,
4,5-Dimethyl-Nonane, 4-Methyl-3-Hexanone,
Gastric Acetic Acid, Aceticamide, Acetone, Butanal,
Cancer Butanoic Acid, Decanal, Decene, Dodecane,
Dimethyl Disulphide, Ethanol, Ethylene, Furfural,
Heptanal, Hexadecane, Hexanal, Hexanol,
Isoprene, Menthol, Methyl Phenol,
Methylisobutylketone, Naphthalene, Nonanal,
Octanal, Pentanal, Pentanoic Acid, Phenol, Phenyl
Acetate, Phenylacetic Acid, p-Cresol, Pivalic Acid,
Propanal, Styrene, Tetradecane, Thiophene,
Tolualdehyde, m-Xylene

Breath 1-116 ppb >200 ppb [20,39-42]
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Table 1. Cont.

Disease VOC Biomarker Sample
Source

Concentration
(Normal)

Concentration
(Diseased)

Reference

1-Butanol, 1-Decen-3-One, 1-Heptene,
1-Methyl-4-2-Methylpropyl-Benzene,
1,1,4,5,6-Pentamethyl-2,3-Dihydro-1H-Indene,
1,3-Bis-(1,1-Dimethylethyl)-Benzene, 2-Butanone,
2-Ethenylfuran, 2-Ethyl-1-Hexanol,
2-Methyl-5-(Methylthio)Furan, 2-Methylbutanal,
2-Methylbutanoic Acid, 2-Methylfuran,
2,2-Dimethyl-Decane, 2,2-Dimethyl-Propanoic Acid,
2,3-Dichloro-Benzeneamine, 2,4-Dimethylfuran,
2,5-Dimethylfuran, 2,6-Dimethyl-7-Octen-2-Ol,
3-Heptanone, 3-Hexanone, 3-Methyl-2-Pentanone,
Head and Neck 3-Methylbutanal, 3-Methylfuran,

Cancer 4-Ethyl-1,3-Benzenediol, 4-Heptanone,
4,6-Dimethyl-Dodecane, 4-Methyl-2-Heptanone,
4-Tolualdehyde, Acetic Acid, Acetone, Benzaldehyde,
Benzyl Alcohol, Benzyl Chloride, Camphor,
Decamethylcyclopentasiloxane, Dodecane, Dimethyl
Disulphide, Dimethyl Trisulfide, Ethylbenzene, Furan,
Hydrogen Cyanide, Hexanal, Hexanone, Isoprene,
Linalool, Limone, Methyl Ethyl Ketone, Methyl
Methacrylate, 2-Methylthiophene, Nonanal, Octanal,
p-Cresol, p-Xylene, Phenol, Propanal, Styrene,
Tetrahydrolinalool, Terpinolen, Thiophene,
Trans-Calamenene, Toluene

Breath, Urine

>1 pbb

<1 pbb

[16,43-45]

1,1,3,3-Tetramethylurea, 2-Butanone, 2-Butyloctanol,
2-Cyclohexen-1-One, 2-Dodecanone,
2-Ethyl-1-Hexanol, 2-Butoxy-ethanol, 2-Heptanone,
2-Methylbutanoic Acid,
2-Methyl-1,2-Bis(Trimethylsiloxy)-Propane,
2-Methyl-1-Propenylbenzene, 2-Methylfuran,
2-Nonanone, 2-Pentanone, 2-Pentylfuran,
2,2-Dimethylbutane, 2,2-Dimethyl Decane,
2,3-Dimethylhexane, 2,4-Dimethylbenzaldehyde,
2,5-Dimethylfuran, 2,6-Dimethyl-2,4,6-Octatriene,
3,3-Dimethyl Pentane, 3,4-Dimethyl-2,4,6-Octatriene,
3,4-Dimethyl-2-Hexanone, 3-Hexanone,
3-Methyl-2-Heptanone, 3-Methyl-3-Buten-1-Ol,
3-Methyl-3-Butenol, 3-Methylpyridine,
3-Methoxy-1,2-Propanediol, 4-Ethyl-1,3-Benzenediol,
4-Hydroxybutanoic Acid, 4-Methyl-2-Heptanone,
5-Butylnonane, 5-Methyl-3-Hexanol, Alkanes, Allyl
Isothiocyanate, Ammonium Thiocyanate, Acetic Acid,
Acetaldehyde, Acetone, Acetophenone, Benzaldehyde,
Benzenecarboxylic Acid, Benzoic Acid, Benzophenone,
Benzocyclobutene, Benzyl Alcohol, Butyl Acetate,
Cadalene, Carbon Disulphide, Cyclohexanol,
Cyclohexanecarboxylic Acid, Cyclohexanone,
Cyclooctylmethanol, Cyclopentane, Cyclopentanone,
D-Limonene, Decanoic Acid, Dodecane, Dimethyl
Disulfide, Dimethyl Trisulfide, Dimethylacetamide,
Ethanol, Ethyl Acetate, Ethyl Benzene, Ethyl Ether,
Ethyl Propanoate, Ethylene Carbonate, Furan,
Furfural, Guaiacol, Heptanoic Acid, Hexadecane,
Hexanal, Hexanoic Acid, Hexamethyldisilane,
Isobutyric Acid, Isoprene, Isoterpinolene, L-Alanine,
L-Isoleucine, L-Proline, Limonene, Menthomenthol,
Menthol, Methanol, Methanethiol, Methyl Acetate,
Methyl Chloride, Methyl Salicylate, Methylacrylic
Acid, Naphthalene, Nonanal, Octanoic Acid, Pentane,
Pentanoic Acid, Phellandranal, Phenol, Polycyclic
Aromatic Hydrocarbons, Prehnitene, Propanal,
Propanoic Acid, Pyrrolidine, Styrene, Tetradecane,
Tetrahydrolinalool, Tetramethylsilicane, Toluene,
Trans-2-Butene Oxide, Trimethyl Trisulfide,
1,2-Propanediol, 1,2,4-Trimethylbenzene,
1,3-Dimethylbenzene, 1,4-Cineole,
1,4-Dimethoxy-2,3-Butanediol, 1,5-Cyclohexadiene,
1-Hexadecanol, 1-Octanol, 1-Propanol,
2,2-Dimethylbutane, 2,3,4-Trimethylheptane,
2,3,6-Trimethyloctane, 2-Ethenylfuran,
2-Methoxythiophene, 3-Ethylcyclopentanone,
3-Methyl-2-Pentanone, 3-Methylfuran,
3-Methylthiophene, 4,6-Dimethyl-Dodecane,
4-Methyl-2-Hexanone, 6-Methyl-5-Hepten-2-One,
«-Pinene, x-Terpinolene.

Breast

Cancer Urine

Breath, Cell Lines,

4-10 ppm

8-50 ppm

[16,20,29,39,46—
48]
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Table 1. Cont.

Disease VOC Biomarker Sample
Source

Concentration
(Normal)

Concentration
(Diseased)

Reference

1,1,44-Tetramethyl-2,5-Dimetylene-
Cyclohexane,
1,2-Dihydro-1,1,6-Trimethyl-Naphthalene,
1,2-Pentadiene, 1-Octanol,
1,3-Dimethylbenzene, 1,4-Dimethylbenzene,
1,3-Bis(1-Methylethenyl) Benzene, 2-Amido-5-
Isopropyl-8-Methyl-1-Azulenecarbonitrile,
2-Ethylhexanol,
2-Methyl-3-Phenyl-2-Propenal,
2,2-Dimethyldecane, 2,7-Dimethylquinoline,
3-Ethylpentane,
3-Hydroxy-2,4,4-Trimethylpentyl
2-Methylpropanoate, 3-Methylpentane,
4-Ethyl-1-Octyn-3-Ol, 4-Methyl-2-Pentanone,
4-Methylphenol, 4-Methyloctane,
6,10-Dimethyl-5,9-Undecadien-2-One,
Colon 6-t-Butyl-2,2,9,9-Tetramethyl-3,5-Decadien-7- Breath, Blood,
Cancer Yne, Feces, Urine
6-t-Butyl-2,2,9,9-Tetramethyl-3,5-Decadien-7-
Yne, Acetic Acid, Acetaldehyde, Acetone,
Acetyloxime-Pyridine Carboxaldehyde,
Allylisothiocyanate, Ammonia, Anisole,
Benzoic Acid, Benzaldehyde, Butanol,
Butanoic Acid, Butyl Hydroxy Toluene,
Butylated Hydroxytoluene, Carbon Disulfide,
Cyclohexane, Cyclohexanone,
Cyclooctylmethanol, Dodecane, Dodecanoic
Acid, Ethanol, Ethyl Acetate, Ethylbenzene,
Ethylhexanol, Ethylaniline, Hexana, Heptanal,
Hydrogen Sulphide, Indole, Methylbenzene,
Methylcyclopentane, Methylcyclohexane,
Nonanal, Octanoic Acid, Pentanoic Acid,
Phenol, p-Cymene, Propanal, Propanol,
Tetradecane, Tridecane.

Not Reported

Not Reported

[16,20,48,49]

1-(2,4-Dimethylphenyl)-3-(Tetrahydrofuryl-
2)Propane, 2-Acetylpyridine, 2-Butanone,
2-Eethylhexanol, 2-Hexanone, 2-Pentanone,
2,2-Dimethyl Decane,
2,5-Dimethylbenzaldehyde, 3-Carene,
3,5-Dimethylbenzaldehyde, 3-Methylphenol
(m-Cresol), Acetaldehyde, Aldehydes,
Prostate Cancer Estradiol, Furan, Hexanal, Indole, Breath, Urine
Isoterpinolene, Linalool, Methyl Butyrate,
Phenol, Phenylacetaldehyde,
Phenylpropionaldehyde, Pentanal, Propyl
Propionate, Theaspirane, Terpinen-4-ol,
Toluene, p-Xylene, 2,6-Dimethyl-7-Octen-2-Ol,
2-Amino-5-Isopropyl-8-Methyl-1-
Azulenecarbonitrile.

Not Reported

Not Reported

[16,20,50-52]

1-Octen-3-0], 1,4-Pentadiene, Acetic Acid,
Acetone, Allyl Methyl Sulfide, Camphene,
. Cyclopentane, Dimethyl Sulfide, Ethanol,
Liver Cancer Hexanal, Methane-Sulfonyl Chloride, Breath, Blood
Methylene Chloride, Octane, Phenol,
2-Pentanone, 2,3-Di-Hydro-Benzofuran

0.5-1.5 ppb

1.0-4.5 ppb

[16,17,53]

Acetaldehyde, Acetone, Acetic Acid, Ethanol,
Gastro-Esophageal Ethyl Phenol, Formaldehyde, Hexanoic Acid, Breath, Urine
Cancer Hydrogen Cyanide, Hydrogen Sulfide, ’
Methanol, Methyl Phenol, Phenol, Propanol.

1-28 ppbv

>28 ppbv

[25,42,54]

2,4-Dimethylheptane, Benzene, 4-Methyl
Leukemia decane, Chloroform, 3,7-Dimethyl dodecane, Cell Lines, Urine
Hexanol, Cyclohexanol, Hexadecane, ’
p-Cresol, Dimethyl Disulphide

Low Levels

2x to 3x higher

[50,55,56]
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Table 1. Cont.

Disease

Sample

VOC Biomarker
Source

Concentration
(Normal)

Concentration
(Diseased)

Reference

Renal Cell Carcinoma

2-Oxopropanal, (1Z)-1-Propen-1-ylbenzene
(a-methylstyrene), 2,5,8-Trimethyl-1,2,3,4-
tetrahydronaphthalen-1-ol,
[(35,8R,95,10R,135,145)-10,13-Dimethyl-17-
oxo-1,2,3,4,7,89,11,
12,14,15,16-
dodecahydrocyclopenta[a]phenanthren-3-yl]

hydrogen sulphate (DHEA-S), 2-Oxopropanal

(Pyruvaldehyde), 2-Methylpropan-2-ol,
2-Ethoxy-2-methylpropane,
2-Methylpropan-1-ol (Isobutanol),
2-Methylbutan-2-ol, Pentane-2-one,
2,2,5,5-Tetramethyltetrahydrofuran,
1-Methyl-1,4-cyclohexadiene,
4-Methylheptan-2-one, Phenol,
2-Pentylfurant,
3,7,7-Trimethylcyclohept-3-ene (2-Carene),
2,2-Dimethylpropionic acid butyl ester,

6-Methyl-5-hepten-2-ol, Urine
1-Methyl-4-(1-methylethenyl)-cyclohexene
(Limonene), 1,2,3,4-Tetrahydro-1,5,7-
trimethylnaphthalenet,
1-(2-Methylphenyl)-2-propen-1-one,
1,1,6-Trimethyl-1,2-dihydronaphthalene
(TDN), 2-Methoxy-4-prop-2-enylphenol
(Eugenol),
(E)-1-(2,3,6-Trimethylphenyl)buta-1,3-diene,
1,1,5,6-Tetramethyl-1,2-dihydronaphthalene,
2,5,8-Trimethyl-1,2,3,4-tetrahydronaphthalen-
1-ol,

[(2E 4E 6E,8E)-3,7-dimethyl9-(2,6,6-
trimethylcyclohexen-1-yl)nona-2,4,6,8-
tetraenyl] acetate (Retinol acetate),
[(3S,8R,95,10R,13S5,14S)-10,13-Dimethyl-17-
ox01,2,3,4,7,8,9,11,12,14,15,16-
dodecahydrocyclopenta[a] phenanthren-3-yl]
hydrogen sulphate (DHEA-S)

Not Reported

Not Reported

[57]

Metabolic Diseases

Diabetes

Acetone, Isoprene, Isopropanol, Ethanol,

Methyl nitrate Breath

0.85-1.8 ppm

0.39-0.8 ppm

[16,17,20,25]

Hyperglycemia

Ethylbenzene, Methyl Nitrate, Xylene Breath

Not Reported

Not Reported

[16]

Phenylketonuria

Phenylacetic acid Sweat, Urine, Skin

Not Reported

Not Reported

[16]

Methionine
Malabsorption
Syndrome

«-hydroxybutyric acid Breath, Skin

Not Reported

Not Reported

[16]

Hypermethioninemia

Dimethyl Sulfide Breath, Urine

Not Reported

Not Reported

[16]

Trimethylaminuria

Trimethylamine Breath, Sweat

Not Reported

Not Reported

[16]

Other Diseases

Asthma

2-Hexanone, 3,6-Dimethyldecane,
8-Isoprostane, Ammonia, Decane, Ethane,
H202, Hexane, Nonal, Nonane, Pentane,
Propanol, Tetradecane

Breath

8-16 ppm

10-30 ppm

[16,20,25,46]

Chronic Obstructive
Pulmonary Disease

2-Acetylpyridine, 2-Butyloctanol,
2-Dimethyl-heptane, 2-Ethylmethyldecane,
2-Methylbutanoic Acid, 2-Pentanone,

2,4 4-Trimethylpentene, 2,4-Dimethylheptane,
2,6-Dimethyloctane, 3,4-Ethylmethylhexane,
3-Hexanone, 3-Methylcyclopentanone,
4-Heptanone, 4-Methyl-Octane,
4,7-Dimethyl-undecane, Acetaldehyde,
Alkanes, Aldehydes, An Unidentified
Cl16-Hydrocarbon, Butanal, Butane,
Butylatedhydroxytoluene, Cyclohexane,
Cyclohexanone, CO, Decane, Dimethyl
Disulphide, A-Dodecalactone, Ethane, H202,
Heptanal, Heptane, Hexadecane,
Hexylethylphosphonofluoridate, Indole,
Isoprene, Isopropanol, Limonene,
Methylisobutyrate, Methylpropylsulphide,
Nonanal, Nonanoic Acid, Nitro Tyrosine,
Octane, Pentane, Propanal, Propanoic Acid,
Tetradecane, Vinylpyrazine

Breath

Low or negligible

Elevated
levels

[16,20,46,58]
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Table 1. Cont.

Disease

Sample

VOC Biomarker
Source

Concentration
(Normal)

Concentration
(Diseased)

Reference

Halitosis

Allyl Isothiocyanate, Allyl Mercaptan, Allyl
Thiocyanate, Ammonia, Carbon Disulfide,
Dimethyl Amine, Dimethyl Pentasulfide, Dimethyl
Sulfide, Ethyl Propyl Sulfide, Hydrogen Sulfide,
Methyl Mercaptan, Methyl Thiolacetate, N-Butyric
Acid, Propyl Mercaptan, Skatole, Trimethyl Amine,
S-Methyl Pentanethioate

Breath, Saliva

250 ppb

400 ppb

[16,59]

Inflammatory
Bowel Disease

Acetic Acid, Acetaldehyde, Acetone, Acetonitrile,
Acrylonitrile, Ammonia, Butanal, Butane, Butanol,
Butyric Acid, Carbon Disulfide, Cyclopentane,
Cumene, Decanal, Ethyl Cyanoformate, Ethyl
Phenol, Ethane, Ethanol, Hexanoic Acid, Hexanal,
Hexadecanal, Isoprene, Methyl Cyclopentene,
Methyl Ethyl Ketone, Methyl Nitrate, Methyl
Phenol, Methyl Sulfide, Nonanal, Octanal, Octane,
Pentadecene, Pentanal, Pentane, Pentanoic Acid,
Pentanol, Phenol, Propanoic Acid, Propane,

Propanol, Propene, Propyl Ester, Pyridine, Breath
1-Butoxy-2-Propanol, 1-Decene, 1-Heptene,
1-Nonene, 1-Octene, 2,2,4-Trimethylhexane,
2,2,4-Trimethylpentane, 2,4-Dimethylpentane,
3-Methyl-1-Butanol, 3-Methyl-1-Butyl Ester,
3-Methylhexane, Dimethyl Disulfide, Dimethyl
Sulfide, Dimethylpyridine, Ethylene, Heptadecane,
Hydrogen Cyanide, Hydrogen Sulfide, Limonene,
Methanimine, 1-Hydroxy-2-Propanone, Methanol,
Nitrous Acid, Toluene, Triethyl Amine, Trimethyl
Amine, Trimethylpentane, Undecanal

Not Reported

Not Reported

[16,48]

Heart failure

NO Breath

Not Reported

Not Reported

[16]

Hepatic
encephalopathy

3-methylbutanol; Limonene; Methyl Mercaptan Blood, Breath

Not Reported

Not Reported

[16]

Liver failure

Acetic Acid, Acetaldehyde, Ammonia, Ethane,
Ethanol, Limonene, Methanol, Methylmercaptan,
Pentane, Propionic Acid, Trimethylamine,
Dimethyl Sulfide, Carbonyl Sulfide

Breath

2-836 ppb

>1000 ppb

[16,41,60]

Chronic Renal
Failure/Uremia

1,8-Cineol, 2-Butanone, 2-Ethyl-1-Hexanol,
2-Methyl Pentane, 2-Methylpropyl Methyl Ketone,
2,4-Dimethyl-Heptane, 2,2,6-Trimethyl-Octane,
3-Carene, 3-Heptanone, Acetaldehyde, Acetone,
Acetic Acid Ethyl Ester, Acetophenone, Azulene,
Cyclohexanone, Decane, Dihydro-2(3H)-Furanone,
Dimethylamine, Dimethyl Selenide, Ethyl
Cyclohexane, Ethylene Oxide, Heptane, Isoprene,
m-Xylene, Myrcene, n-Nonane, Octadecane,
Octanal, o-Xylene, Pentadecane, Phenol Alcohol,
p-Xylene, Sulfur Dioxide, Trichloroethene,
Trimethylamine, y-Terpinene

Breath

250 ppb

400 ppb

[16,17,61]

Schizophrenia

1-Hexanol, Carbon Disulfide, Ethane,

N-Butylamine, Pentane Breath

5-140 ppb

Decreased
Levels

[16,46,62]

Cystic fibrosis

Hydrogen Cyanide, Methyl Thiocyanate Breath

0-12 ppb

Not Reported

[25,46,63]

Table 2. Summary of main VOC for infectious diseases.

Disease

Concentration

Biomarker (Normal)

Concentration
(Diseased)

Sample
Source

Reference

COVID-19

2-Butanone, 2,2-Dimethyloctane,

2,2 4-Trimethylheptane, 2-Pentyl Furan,
3,6-Methylundecane, Acetaldehyde, Acetone,
Benzaldehyde, Butane, Butene, Butyraldehyde,
Camphene, Carbon Dioxide, Decane, Decene,
Dimethyldecane, Dodecane, Ethan-1-ol, Ethanol,
Ethyl Butanoate, Heptanal, Iodobenzene, Isoprene,
Isopropanol, Methylcyclopentane, Methyldecane,
Methylpent-2-Enal, Nonanal, Nitrogen Monoxide,
Nitrogen Oxide, Octanal, Propanol, Propionic
Acid, SARS-CoV-2 RBD Spike Protein, Tridecane,
and Trimethyloctane

0.45 to 2.34 ppbv

3 to 10 ppbv

Breath

[64-71]
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Table 2. Cont.

Disease

Biomarker

Concentration
(Normal)

Concentration
(Diseased)

Sample
Source

Reference

Influenza

1-Butyl-2-Ethylcyclopentane, 1-Docosene,
1-Decanal, 1-Hexadecene, 1-Octadecene,
1-Tetradecene, 1-Phenoxypropan-2-Ol,
1,2,6,6-Tetramethyl-1,3-Cyclohexadiene,
2-Butanamine, 2-Deoxyecdysone 22-Phosphate,
3-Methyl-Butane, 3-Methyl-Pentane,
4-Quinolinecarboxaldehyde, 4-Tetradecene,
5-(1-Methylpropyl)-Nonane, 6-Dodecene,
6-Methyl-4E-Decene, 7-Hexadecene, 7-Octadecene,
9-Eicosene, 9-Hexadecenoic Acid, Acetaldehyde,
Acetone, Alpha-Pinene, Benzoic Acid, Benzoic
Acid Alkane Ester I, Benzoic Acid Alkane Ester II,
Decanal, Dimethyl-2-Propylcyclohexane,
Dodecanal, Dodecyl Nonyl Ether, Ethyl
4-Ethoxybenzoate, Hexanal, Heptane,
Homotyrosine, L-Tyrosine Methyl Ester, Linalyl
Propionate, Lubiminol, Octadecanoic Acid,
Octanal, Propanol, N-Propyl Acetate, Tetradecanal,
Tridecadienoic Acid, Tridecynoic Acid,
Trimethyl Octene

1-100 ppb

>500 ppb

Breath, Cell
Culture

[72-75]

Tuberculosis

1-Methyl-Naphthalene, 1,2,3-Trimethylbenzene,
1,4-Dimethyl-Cyclohexane, 1-Nitroadamantane,
1-Propynylbenzene, 2-Ethylhexyl Isobutyl Sulfite,
2-Pinene, 2,2,3-Trimethylhexane,
2,2,4,6,6-Pentamethylheptane,
2,3,6-Trimethylheptane, 2,3,6-Trimethylnapthalene,
2,5-Dimethyldecane, 3-Heptanone, 3-Pentanol,
3-Hydroxy-3-Methylbutanoic Acid,
4-Ethyl-2,2,6,6-Tetramethylheptane,
4-Methyl-1-Decene, 4-Tert-Amyl Phenol, Azulene,
Benzophenone, Butyl Acetate, Cyclohexane,
Cymol, Ethyl Butyrate, Heptanal, Indane,
Isopropyl Acetate, Naphthalene, O-Xylene,
beta-Phellandrene

Low or negligible

2to 5 ppbv

Breath, Cell Culture,
Urine

[76,77]

Chronic hepatitis

1-Decene, 1-Heptene, 1-Nonene, 1-Octene,
2-Propanol, Acetaldehyde, Acetone, Acrylonitrile,
Ammonia, Benzene, Carbon Disulfide, Dimethyl
Sulfide, Ethane, Ethanol, Hydrogen Sulfide,
Isoprene, Pentane, Triethyl Amine, Trimethyl
Amine, 3-Methylhexane

0.45 to 1.2 ppbv

1.08 to 2.08 ppbv

Breath

[75,78,79]

Sinusitis,
pneumonia

1-Vinylaziridine, 2-Aminoacetophenone,
2-Methylbutyric Acid, 2-Nonanone, 2-Propanol,
Acacetamide, Acetaldehyde, Acetone, Acetoin,
Acetic Acid, Benzoic Acid, Benzyl Alcohol,
Benzophenone, Butan-1-ol, Butyrolactone,
Caprolactam, Dimethylsulfide, Dimethylsulfone,
Furfuryl Alcohol, Hydroxyacetone, Indole,
Isobutyric Acid, Isovaleric Acid, Methyl
Thiocyanate, Nitrogen Oxide, p-Cresol,
p-Ethylphenol, Phenol, Propanoic Acid,
3-Hydroxy-2-Butanone, 3-Methyl-1-Butanol,
3-Methylpyrrole, Pyrrole, 1-Undecene

0.5 to 1.5 ppbv

1 to 10 ppbv

Sinus
Mucus

[80,81]

Bronchitis,
pneumonia

Butraldehyde, octyle acetate, tridecanol,
dodecanal, butanoic acid,
N-acetyl-S-(4-hydroxy-2-butenyl)-l-cysteine,
N-acetyl-S-(2-carbamoylethyl)-I-cysteine,
N-acetyl-S-(2-cyanoethyl)-I-cysteine,
N-acetyl-S-(N-methylcarbamoyl)-l-cysteine,
N-acetyl-S-(benzyl)-l-cysteine,
N-acetyl-S-(3-hydroxypropyl-1-methyl)-l-cysteine,
Benzene, 1,4-Dichlorobenzene, Ethylbenzene,
o-Xylene, Styrene, Trichloroethene, Toluene,
p-Xylene

0.5to 1 ppbv

1 to 2 ppbv

Blood, Urine

[82,83]

The ultimate goal of research in this field is to develop non-invasive, cost-effective
diagnostic methods that can replace traditional invasive, complex, and time-consuming
approaches. These new methods aim to enable early detection of both infectious and
non-infectious diseases, as well as continuous health monitoring, especially in resource-
limited areas where traditional methods are not feasible. Beyond healthcare, VOC detection
technologies have potential applications in environmental and industrial monitoring, where
they could be used to detect pollutants or hazardous substances.
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This review focuses on innovative analytical methods that go beyond traditional off-
line sample collection and laboratory analysis, with a particular emphasis on on-site and in
situ techniques, as shown in Scheme 1. It provides an overview of these methods, high-
lighting significant advancements and their primary functions. Although there are various
ways to categorize VOC characterization, this review is organized around the different
analytical approaches used for detection. To aid ongoing research, in this review we present
a comprehensive summary of biomarkers associated with a range of diseases, based on
studies from the past decade involving various biofluids. We also include tables outlining
the tentative chemical profiles of VOCs linked to both infectious and non-infectious dis-
eases, identified through spectrometry techniques. These tables offer valuable reference
materials for researchers working to bridge the gap between laboratory-based discoveries
and practical diagnostic applications.

Neurological | Malignant

| “i \ Leukemia

Parkinson’s disease Lung Cancer

Alzheimer’s disease "
Electrochemical Breast Cancer

Multiple sclerosis (22221
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SAW

bowel disease

Diabetes

Influenza Infectious

Covid-19
Cholera

Bronchitis

Hepatitis

Sinusitis

Tuberculosis

Scheme 1. [llustration of VOC-based sensors for disease diagnosis.

2. Screening Methods for VOC Analysis

A variety of gas sensors and sensor arrays are employed for detecting volatile organic
compounds (VOCs). When assessing the efficacy of VOC gas sensors and their respec-
tive sensing methodologies, it is vital to consider several indicators that determine their
performance. Key metrics include sensitivity—the sensor’s ability to detect the lowest
concentration of gases; selectivity—the sensor’s ability to identify specific gases within a
gas mixture; reversibility—whether the sensor can return to its baseline state after detecting
gases; as well as response time, energy consumption, and fabrication costs. These metrics
not only define the sensor’s functionality but also influence its design and application,
ensuring that the sensors are not only effective but also economical and durable. The
discussion and comparison of these factors will be elaborated in Section 4. Furthermore, for
a gas sensor to be suitable for commercial use, it must demonstrate consistent performance
over time. Factors contributing to a sensor’s instability include design imperfections, phase
shifts in materials, and external environmental impacts. To mitigate these issues, strategies
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involve selecting materials that are both chemically and thermally stable and implementing
advanced technological processes during the sensor’s surface pre-treatment.

The upcoming discussion will provide an in-depth analysis of the sensitivity and
selectivity of various VOC sensing methods, underscoring their crucial roles in the precise
detection and characterization of volatile organic compounds.

2.1. Methods Based on Variation of Electrical Properties
2.1.1. Electrochemical Sensors

Electrochemical sensors detect volatile organic compounds (VOCs) by reducing or
oxidizing them through redox reactions at the working electrode interface within an elec-
trochemical cell, which may contain a solid, liquid, or gaseous electrolyte or ionic con-
ductor. The operation of these sensors hinges on the electrochemical reactions at the
electrodes, where the transfer of charge and subsequent flow of current directly correlate
with the concentration of VOCs. These sensors are versatile in their operational modes,
offering amperometry-based detection, which measures the flow of redox current, and
potentiometry-based detection, which assesses potential differences. Additionally, they can
perform cyclic voltammetry, a technique that provides unique oxidation or reduction peaks
for each VOC, enabling highly selective and precise detection. Innovations in electrochemi-
cal sensor (ECS) materials have significantly enhanced sensor performance and broadened
their applications. ECS materials are specially designed to detect and measure specific
chemical substances by facilitating electrochemical reactions that produce measurable
electrical signals. For instance, Silverster noted the advantages of using ionic liquids as
electrolytes, highlighting their wide potential range and ability to extend sensor lifespan
under dry conditions and aiding in device miniaturization [84]. Miha et al. explored the
use of polypyrroles as a sensor material, discussing the impact of doping, surface modifica-
tions, and side-chain selection on sensor efficiency [85]. Kumar et al. discussed the use of
metal-organic frameworks in ECSs, detailing strategies like doping and functionalization
to optimize detection capabilities [86]. These sensors are celebrated for their selectivity,
accuracy, and reliability in detecting VOCs in various environments, from industrial set-
tings to healthcare. Their ability to perform functions like amperometry, potentiometry,
and cyclic voltammetry. Moreover, their versatility extends to applications in air quality
monitoring, food safety, and even wearable health devices that monitor biomarkers in
bodily fluids like sweat, showcasing their broad utility and the continued advancement in
electrochemical sensing technology [87]. The endless selection of sensor geometry, configu-
rations, and electrode materials renders these sensors applicable to many environments
while maintaining broadband detection. These sensors have numerous advantages: low
detection limit, low power consumption, rapid response times, simple fabrication, and
low cost [88]. However, their main limitations are their limited shelf life and low baseline
stability, leading to degraded performance over time [89].

Ardisana et al. [90] developed a lactate biosensor using a screen-printed carbon elec-
trode modified with lactate oxidase and a nanocomposite of carbon nanofibers functional-
ized with platinum. This biosensor exhibited a linear detection range of 25-1500 uM and
was successfully applied to lactate measurement in sweat samples. Despite its strong perfor-
mance, the authors concluded that sweat lactate is not a reliable indicator for determining
the lactate threshold.

In a more recent study, Kim et al. [91] introduced a non-invasive mouthguard biosensor,
modified with Prussian blue and lactate oxidase, for continuous monitoring of salivary
lactate. While this mouthguard biosensor demonstrated significant potential as a wearable
device for real-time fitness monitoring, the authors did not establish a correlation between
salivary and blood lactate concentrations before or after physical activity.

Lv et al. designed an electrochemical sensor based on zirconia nanofibers for methyl
parathion detection which showed lower levels of detection, acceptable recovery, and
good stability. Their fabrication process can be seen in Figure 1. While the results are
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promising, the stability of these sensors needs to be further improved to achieve long-term
usability [92].

In summary, electrochemical sensors offer key advantages such as high sensitivity, low
power consumption, room temperature operation, and rapid, real-time detection, making
them ideal for portable monitoring. However, they have limitations in sensitivity and
selectivity, with limited baseline stability and cross-sensitivity to other gases. Additionally,
a shorter life and higher maintenance requirements can impact long-term usability. Despite
these drawbacks, they remain effective for fast, cost-efficient monitoring applications where
very high selectivity is not critical.
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Figure 1. Fabrication of PEDOT/YSZ@rGO/SS electrode [92]. Reprinted from [92], Copyright (2022),
with permission from Elsevier.

2.1.2. Chemiresistors

Chemiresistors, which first gained attention in the 1960s for their potential in VOC
sensing, utilize thin films of electrically conductive polymers that are sensitive to the
presence of volatile organic compounds (VOCs) in the vapor phase. These films undergo
volumetric expansion in response to VOC exposure, a process quantitatively measured
through variations in electrical resistance. This swelling effect is reversible, enabling the
device to return to its baseline state once the VOCs are no longer present, thus allowing for
repeated use without the need to replace any components [93]. Arrays of these miniature,
low-energy devices have demonstrated efficacy in detecting multiple chemical contami-
nants. Notably, chemiresistors are devoid of moving parts and require only basic direct
current (DC) circuitry to monitor changes in resistance. These devices are distinguished by
several advantages that have facilitated their adoption in commercial settings, such as their
straightforward manufacturing process, a diverse array of effective sensing materials, and
simple operational mechanisms.

Over the years, the materials used in chemiresistors for detecting VOCs have broad-
ened significantly. These include metal oxides, metal nanoparticles, conductive polymers,
inorganic semiconductors (such as phosphorene), carbon-based materials, hybrids and
composites, and ionic conductors. For instance, chemiresistors that incorporate monolayer-
capped nanoparticles modify their resistance by altering the spacing between nanoparticles
as they interact with VOCs, thereby providing a measure of the VOC concentration or
composition. Conversely, resistance changes in chemiresistors using conductive polymers
are driven by processes like swelling, doping, and protonation when exposed to VOCs.
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Kumar et al. showed that using the metal oxide palladium increased the surface-to-volume
ratio and improved sensing performance [94]. Figure 2 showcases the fabrication steps of
the device.

IDE-Electrodes Decorated with Pd
~201nm ——;l

g CuCrO, thin film > LI/77777 - W 7/2/ 2/ /74

~ SiO, wafer . SiO, wafer -~ SiO, wafer
Step 1- Cleaned the Step 2- Deposition of Step 3- Deposition of (Cr/Au) Step 4- Deposition of Pd

SiO, wafer. CuCrO, thin film by using IDE electrodes by using a for 9 sec by using DC
RF Sputtering with Thermal Evaporation System Sputtering with optimized

optimized parameter. with optimized parameters. parameter.

Figure 2. The fabrication process of the device is illustrated in the schematic diagram [94]. Reprinted
from [94], Copyright (2022), with permission from Elsevier.

Nanomaterials remain a popular choice in this research area due to their large surface
areas and enhanced sensitivity, highlighting the continuous evolution and application
of chemiresistors in sensing technologies [95-97]. Srivastava et al. produced successful
results incorporating graphite oxide to fabricate toluene sensors, which showed excellent
selectivity and sensitivity while maintaining fast response and recovery times [98]. While
the use of nanomaterials enhances the sensors’ sensitivity, it also introduces challenges such
as non-uniform surfaces, complex processes, and high costs. Materials like graphene are
also susceptible to oxygen absorption, blocking activation sites and degrading performance.
Methods to counter these effects, such as UV irradiation, have been shown to be promising
in improving the lifespan and performance of these altered sensors [99]. Nonetheless,
chemiresistors have shown promise in various fields.

Metal oxide semiconductor (MOS) sensors are a specific type of chemiresistor and one
of the most prevalent devices for detecting volatile organic compounds (VOCs), often used
in electronic noses. These sensors utilize a metal oxide thin film whose resistance and con-
ductivity change upon interaction with ambient gases. They measure oxidizing or reducing
compounds based on the chemisorption of oxygen on the semiconductor surface, which
alters the electron availability. N-type MOS (e.g., TiO;) decreases in conductivity when
exposed to oxidizing VOCs and increases with reducing ones, while P-type sensors (like
NiO) operate in the reverse manner. The performance of MOS sensors can be influenced
by composition, surface area, doping, temperature, and humidity. Their utility extends
across various applications, including detecting bacterial infections and viral diseases in
plants [100-102].

In a broader context, research on MOS sensors has significantly advanced, focusing
on enhancing their selectivity and sensitivity through innovative approaches such as dop-
ing with rare earth elements or using nanostructured metal oxides. These advancements
have led to the development of sensors capable of operating at lower temperatures and
providing more precise detections. Despite their broad application and improvements in
sensor technology, MOS sensors still face challenges like sensor drift due to environmental
changes and a generally slow response time due to the kinetics of gas adsorption and
desorption. Recent research has focused on enhancing MOS sensors through innovative
fabrication methods, including nanostructuring which improves selectivity and operational
temperature. Acharyya et al. discriminated VOCs using a tin-oxide-based hollow sphere
MOS, calculating kinetic interactions for enhanced sensitivity [103]. Fois et al. increased
selectivity by doping metal oxides with rare earth elements [104], while Pargoletti and
Cappelletti achieved performance gains by integrating carbonaceous materials [105]. Addi-
tionally, Baur et al. explored temperature-cycled operations and machine learning to reveal
MOS’s hidden potential [106], and Gao et al. improved the MOS structure with hierarchi-
cally porous designs [107]. Despite their widespread use, MOS sensors have limitations,
such as high power consumption due to their need for high operational temperatures, slow
adsorption and desorption rates leading to lengthy measurement times, and susceptibility
to environmental factors like temperature and humidity.
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Certain nanostructures decrease the melting temperature of MOS, potentially leading
to deformation. Damage is also more likely to occur during fabrication due to the nanos-
tructure’s high surface-to-volume ratio. Song et al. explored using tin oxide nanoflowers
to improve sensing properties while maintaining a simple and low-cost preparation. The
schematic structure of the gas sensor device is presented in Figure 3 [108].

Au electrode

\

Ni-Cr heater

Pt wire

Ceramic tube

Sensing materials

Figure 3. Schematic structure of the tin oxide gas sensor [108]. Reprinted from [108], Copyright
(2019), with permission from Springer Nature Open Access Collection.

Nonetheless, they remain valuable in detecting a broad range of VOCs and some
inorganic gases like CO and NOx, although their long-term stability can be an issue [109].
They also offer a balance of durability, portability, and cost-effectiveness, with simple
operation and real-time response capabilities that make them ideal for non-destructive,
on-site applications. While they can detect a broad spectrum of gases, their relatively
low sensitivity and selectivity, along with their sensitivity to humidity and temperature
fluctuations, can limit performance in complex environments. Moreover, their need for
high operating temperatures and fragility during preparation reduces their flexibility.
Nevertheless, chemiresistors remain a practical choice for gas detection where simplicity,
portability, and cost-efficiency are prioritized.

2.2. Methods Based on Variations of Other Properties
2.2.1. Quartz Crystal Microbalance (QCM)

Quartz Crystal Microbalance (QCM) technology is widely recognized for its afford-
ability and accessibility. Operating on the principle of resonance frequency, QCM devices
excel in both liquid and gas sensing applications, offering versatility across industries,
including environmental monitoring, food safety, and healthcare diagnostics. A voltage
is applied to a quartz crystal, initiating oscillation via the reverse piezoelectric effect. The
crystal is subsequently coated with a film analogous to those utilized in Surface Acoustic
Wave (SAW) sensors. When volatile organic compounds (VOCs) adsorb onto the coated
surface, the resultant mass change leads to a measurable shift in the crystal’s resonant
frequency. Owing to their viscoelastic characteristics, ionic liquids have emerged as a
promising coating material for Quartz Crystal Microbalances (QCMs) in recent scientific
investigations [110,111]. Zhang et al. designed a QCM sensor based on a chitosan-halloysite
nanotube composite that improved the sensor’s selectivity and repeatability [112]. Figure 4
shows the preparation process of the CS-HNTs film-coated QCM humidity sensor.
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Figure 4. Preparation process of the CS-HNTs film-coated QCM humidity sensor [112]. Reprinted
from [112], Copyright (2023), with permission from Elsevier.

These coating materials have also improved long-term stability and repeatability; how-
ever, more improvements need to be made to increase sensor lifespan. Additionally, certain
coating materials, such as graphene-based products, may be difficult to fabricate, lack
surface uniformity, or be expensive [113]. The straightforward design of QCM systems has
facilitated the development of multiple commercial modules. However, their reliance on
mass detection for VOC sensing can compromise selectivity due to susceptibility to nonspe-
cific interactions. To address this, QCMs can employ various coating layers, including metal
oxides, polymers, and other materials, to control VOC sensing capabilities [110,114,115].

QCM sensors are known for their long lifespan, low LOD, and ease of modification,
making them versatile and portable. However, they require precise calibration, are sen-
sitive to humidity and temperature, and have a limited measurement range and poor
reproducibility, which can restrict their utility.

2.2.2. Surface Acoustic Wave Sensors

Resonators have emerged as the leading choice for gravimetric VOC sensing due
to their simplicity of fabrication. Surface Acoustic Wave (SAW) devices operate on the
principle of a standing wave formed between interdigitated electrodes on a piezoelectric
material’s surface. Exposure to VOCs alters the frequencies of waves traversing the SAW
device surface, inducing changes in conductivity, stress, mass loading, and viscoelasticity.
Various coating layers with different affinities, including metal oxides, graphene, poly-
mers, and carbon nanotubes, have been employed to enhance the performance of SAW
VOC sensors [116]. Gao et al. introduced a novel SAW variant termed dual transduction
SAW, which detects variations in both mass and resistance within the sensing material. By
leveraging the interplay between these factors, they successfully distinguished between
different VOCs [117]. Viespe et al. demonstrated a significant enhancement in SAW sensor
sensitivity by incorporating nanoparticles into the polymer sensing film [118]. Similarly,
Kus et al. achieved notable sensitivity improvements by employing functionalized gold
nanorods [119]. Palla-Papavlu et al. conducted a comprehensive review focusing on sen-
sitive materials and coating technologies for SAW sensors [120]. Pan et al. developed a
433 MHz passive wireless surface acoustic wave (WSAW) gas sensor for detecting dimethyl
methylphosphonate (DMMP) to address the challenge of long-term monitoring of environ-
mental warfare agents with chemical gas sensors. The sensor features a YZ lithium niobate
(LiNbO3) substrate with metallic interdigital transducers (IDTs) and a DMMP-sensitive
viscoelastic polymer fluoroalcoholpolysiloxane (SXFA) film, operating effectively between
—30 °C and 100 °C with humidity less than 60% RH. It achieved a lower detection limit
of 0.48 mg/m?3 and a sensitivity of 4.63°/(mg/m?>). Notably, the sensor operates without
batteries, can be used in hazardous areas, and is lightweight, small, and capable of with-



Sensors 2024, 24,7263

15 of 34

standing harsh environmental conditions. The schematic and working principle of the
sensor are illustrated in Figure 5 [121].

SAW sensors are versatile, portable, and cost-effective, with fast response times and
long lifespans. Like QCM sensors, they are sensitive to temperature, have limited measure-
ment ranges, and suffer from noise and poor reproducibility, which limits their precision
and reliability.
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Figure 5. Schematic and working principles of the proposed SAW chemical sensor [121]. Reprinted
from [121], Copyright (2024), with permission from Springer Nature Open Access Creative Common
CC BY license.

2.2.3. Thermal Sensor (Pellistors)

Pellistors are solid-state devices designed to detect combustible gases or gases that
exhibit a significant difference in thermal conductivity compared to air. These sensors
feature small catalyst-loaded ceramic “pellets” whose resistance changes in the presence
of target gases, combining the elements of a “pellet” and a “resistor” to form the term
“pellistor”. Typically, the detection limit for calorimetric sensors like pellistors is in the ppm
range. Pellistors are categorized into two types: catalytic and thermal conductivity (TC).
Catalytic pellistors function by measuring the heat generated from the catalytic oxidation
of gas analytes, making them more commonly used in commercial settings. They detect
gases by combusting the target gas, thus measuring specific combustion enthalpies and
allowing for the detection of low concentrations in short response times. However, catalytic
pellistors are sensitive to changes in the environment. On the other hand, TC sensors
operate based on the thermal conductivity of gases, using either a platinum resistance
temperature detector or a thermistor to measure temperature changes induced by gas
interactions. Originally developed as successors to the flame safety lamp for detecting
combustible gases, catalytic sensors offer enhanced accuracy and integration into complex
detection systems. However, they are prone to catalyst poisoning caused by specific
impurities in gas samples, which can lead to a severe and sometimes irreversible reduction
in catalyst activity. Consistent maintenance is required to ensure safe handling of these
sensors [122-124]. To address pellistors” inadequate sensitivity and responsivity due to
their passive nature, Nemirovsky et al. developed a novel type of thermal sensor called
the thermal transistor MOS (TMOS), using the standard CMOS-SOI process and released
through post-etching [125]. The TMOS offers high responsivity due to its built-in transistor
amplification and subthreshold operation, making it suitable for a wide range of battery-
powered applications. Their paper introduces a new gas sensor, named GMOS, which
is based on TMOS technology. GMOS functions as a catalytic gas sensor, like pellistors,
detecting combustible gases in the air. The use of CMOS-SOI technology and tungsten
metallization allows GMOS to operate at very high temperatures (up to 450 °C in testing).
Both the sensors and the readout circuitry are fabricated using the same CMOS-SOI process.
In another study, they focused on understanding the sensor’s performance under high
humidity conditions, using advanced computational fluid dynamics (CFD) simulations
to model the effects of humidity on operating temperature and sensing response. The
cross-section scheme of the GMOS sensing pixel deposited above the buried oxide (BOX) is
shown in Figure 6 [125-127].
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Pellistors are small, cost-effective, and durable, with fast response times, making them
suitable for harsh conditions. However, their moderate limit of detection and sensitivity to
environmental changes necessitates maintenance and calibration, reducing their versatility
in complex environments.
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Figure 6. Schematic of a GMOS sensor [127]. Reprinted from [127], Copyright (2023), with permission
from MDPI Open Access Creative Common CC BY license.

2.2.4. Optical Methods

Optical chemical sensors are sophisticated devices used to detect and analyze chemical
interactions through the modulation of radiation intensity across infrared, visible, or
ultraviolet spectra. These sensors typically consist of a light source, a substrate or sample
cell where analytes interact with the light, and a detector that captures changes in specific
wavelengths. This technology leverages different optical properties such as absorption,
scattering, and luminescence to identify various chemical substances. In this discussion, we
will explore examples of optical sensors, including nondispersive infrared sensors (NDIRs),
chemiluminescence sensors, colorimetric sensors, and fluorescent VOC sensors, to illustrate
the range and utility of these technologies [128].

Incorporating optical sensors in the detection of volatile organic compounds (VOCs),
fluorescent VOC sensors exemplify precision through their ability to detect subtle changes
in fluorescence emissions. These sensors, which are critical in monitoring low concen-
trations of chemical entities, evaluate parameters such as emission peak shifts, intensity
changes, and fluorescence lifetimes. This capability provides a robust analytical plat-
form suitable for detecting a broad spectrum of VOCs, demonstrating high sensitivity
and specificity essential for various applications [129,130]. The main challenge in fluores-
cent sensor development is their limited anti-interference ability. To improve sensitivity
and reduce the effect of background interference, carbon dots have proven to be promis-
ing [131]. Yang et al. utilized a red emissive carbon dot-based fluorescent sensor to
monitor polarity changes in biological systems with minimal interference from background
fluorescence [132]. Keerthana et al. synthesized dual emissive carbon dots to correct
environmental interference and improve selectivity [133]. In a recent study, Liu et al. de-
veloped a Ni(II)-MOF-based luminescent sensor for the detection of the 3-nitrotyrosine
(3-NT) biomarker and 6-propyl-2-thiouracil (6-PTU) anti-thyroid drug in urine. The sensor
exhibited strong fluorescence at 448 nm upon excitation at 336 nm, showing excellent
sensitivity and selectivity for the target analytes. Notably, the sensor was unaffected by
common urine components, highlighting its potential for non-invasive, real-time diagnos-
tics in disease monitoring and early detection [134]. On a simpler but equally effective front,
colorimetric sensors employ a straightforward optical response to chemical or physical
stimuli. This direct visual cue, augmented by the use of ubiquitous digital color detection
technologies, renders these sensors particularly helpful for immediate on-site analyses and
real-time monitoring. Commonly applied across environmental monitoring, healthcare
diagnostics, and food safety, colorimetric sensors are valued for their simplicity and rapid
response [129,135-138]. Chemiluminescence (CL) sensors are another innovative approach
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within optical sensing technologies. These sensors operate based on the principle of light
emission during chemical reactions, such as those between ozone and various nitrogen or
sulfur-containing compounds. The unique ability of CL sensors to offer exceptionally low
detection limits, alongside their capability to distinguish between different compounds via
specific light emission wavelengths, positions them as highly effective tools for identifying
and tracing environmental pollutants. Integration with analytical methodologies like gas
chromatography further enhances their specificity and sensitivity, making them invaluable
in sophisticated detection systems [139,140].

Ohira et al. utilized CL to measure isoprene levels in human breath, while Mukosera
et al. detected dinitrosyl iron complexes, essential intermediates in NO metabolism, using
ozone chemiluminescence [141]. Zhao et al. introduced a CL method for determining
chemical oxygen demand in water, noted for its environmental friendliness and rapid-
ity [142]. Similarly, Matsumoto measured total ozone reactivity from BVOCs in forest air
using CL [143]. Conversely, the chemiluminescence reaction of ozone can also gauge ozone
concentrations, such as in the atmosphere when using isoprene gas as a reaction partner.

Additionally, nondispersive infrared sensors (NDIRs) provide targeted detection of
gas-phase analytes through the absorption of infrared light, capitalizing on molecular
vibrations and rotations. Unlike conventional infrared spectrometers, NDIR sensors utilize
optical filters instead of diffraction gratings or prisms, allowing for selective analysis of
spectral regions emitted from a broadband source. While NDIR sensors efficiently detect a
variety of common gases, including CO,, CO, NO, NO,, SO,, H;S, and CHy, their semi-
selective nature may lead to challenges in distinguishing overlapping absorption spectra,
necessitating careful calibration and setup. This careful setup often requires expensive and
large instrumentation, making NDIR sensors difficult to miniaturize. Each of these sensor
types leverages unique optical properties to fulfill critical roles in diverse applications,
highlighting the expansive utility and adaptability of optical chemical sensors in modern
analytical and diagnostic practices [144,145].

Tan et al. introduced a multiplexed NDIR gas sensing platform featuring a narrowband
infrared detector array, enabling multi-gas sensing without the need for bulky bandpass
filters and detectors [146]. Similarly, Xu et al. demonstrated a similar system capable of si-
multaneous analysis of multiple automobile exhaust gases [147]. Esfahani et al. showcased
the versatility of NDIRs as sensors in electronic noses, addressing issues such as sensor drift,
poor repeatability, lack of robustness, replicability, and susceptibility to temperature and
humidity effects. A nondispersive infrared (NDIR) sensor system consists of three main
parts: the emitter (IR source), gas flow path, and IR detector can be seen in Figure 7 [148].
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Figure 7. Optical gas sensing principle [148]. Reprinted from [148], Copyright (2020), with permission
from MDPI Open Access Creative Common CC BY license.

All in all, NDIR sensors offer high stability, low power consumption, and real-time
response, making them suitable for long-term use in portable applications. However, they
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are limited by their inability to miniaturize easily and their sensitivity to environmental
factors, making them more specialized for specific gas detection.

Another optical sensor with promising results is the Raman sensor. These sensors
utilize Raman spectroscopy, a technique that involves using a laser to excite the molecules
in a sample. When the laser interacts with these molecules, the majority of the light scatters
elastically, but a small portion scatters inelastically, causing a shift in wavelength. The
Raman sensor detects these shifts to generate a spectrum, with each peak providing a
‘fingerprint’ of the VOCs present. These sensors have been shown to be highly sensitive,
but they suffer from difficult instrumentation and often require complex algorithms to
process data [149,150]. The specificity of these sensors is partly due to the development
of surface-enhanced platforms. Zhao et al. successfully developed a surface-enhanced
Raman sensor (SERS) for the detection of formaldehyde by incorporating gold nanorods,
achieving a limit of detection as low as 0.86 nM [151]. Xu et al. developed a flat graphene
surface with a plasmonic metal nano-island array that provided increased strong magnetic
hotspots for Raman enhancement and greater stability [152]. Ding et al. developed a novel
film that can be applied to SERS for rapid, in situ detection of carbaryl, providing a low
limit of detection and affordable fabrication [153]. Other methods of sensor enhancement
have been explored. Velez et al. utilized a multimode blue laser diode to enhance trace
gas sensing [154], while Hanf et al. explored utilizing fiber-enhanced Raman spectroscopic
for a versatile gas sensing and breath analyzer [155]. While challenges remain in fully
optimizing these systems, their potential selectivity and specificity make these sensors a
compelling choice.

2.2.5. Photoionization Detectors

Photoionization detectors (PIDs) utilize UV light to ionize gas molecules, effectively
ionizing most organic compounds without affecting the primary components of air. They
can detect a wide range of volatile organic compounds (VOCs) and some inorganic gases
like ammonia and hydrogen sulfide, but they are ineffective with methane and other
very low molecular weight VOCs. The ions generated produce an electric current at an
electrode, which serves as the detector output. PIDs have long been used to monitor
worker exposure to VOCs across various industries, and research into enhancing their
capabilities continues. PID sensors provide a concentration value of the sample being tested,
without any additional information of the chemical composition. However, Covington
and Agbroke have developed a PID sensor that can differentiate between some VOCs and
provide compositional insights. The sensor features detection electrodes on one side and
signal processing electronics on the other, with an ionization chamber and fluidics fitted
over the detectors [156]. A system illustration can be seen in Figure 8.
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Figure 8. System illustration depicting the ionization, electric field, and detection regions within the
sensor [156]. Reprinted from [156], Copyright (2018), with permission from Elsevier.
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Similarly, Pang et al. have investigated replacing flame ionization detectors (FID)
with PIDs in gas chromatography (GC), finding them comparably effective with the added
benefits of better portability and no reliance on hydrogen. They also explored using
different lamps to enhance functionality [157].

Additionally, Spadi et al. conducted studies with a standalone PID, successfully classi-
fying different rosemary species by analyzing the temporal kinetics of their VOC emissions,
which provided unique ‘fingerprints’ for each variety [158]. Like PIDs, flame ionization
detectors (FIDs) are used for VOC detection, typically as GC detectors or standalone instru-
ments. While FIDs are more responsive to carbon chains, PIDs excel in detecting functional
groups, with the detection signal being proportional to the number of non-oxidized carbon
atoms. Despite the continued use of FIDs in total VOC analysis, innovation in this area has
shifted, largely due to the limitations of requiring hydrogen gas for operation [87,159]. PIDs
provide real-time responses, low limits of detection, and portability, but their sensitivity to
humidity, inconsistent performance, and limited gas detection range hinder their overall
performance in complex environments. Additionally, their poor selectivity limits their
ability to distinguish between similar gases, further affecting their effectiveness in diverse
or mixed gas environments.

2.2.6. Gas Chromatography Coupled with Mass Spectrometer and Ion Mobility
Mass Spectrometer

Gas chromatography coupled with mass spectrometry (MS) is highly valued in an-
alytical chemistry for its accuracy in identifying molecular weights and structures, with
high-resolution versions capable of pinpointing exact molecular formulas. Although tra-
ditional MS systems are generally large and power-intensive, they consist of three key
components: an ion source, a mass analyzer, and a detector [160]. Recent advancements
have greatly improved ion sources, yet the portability of these systems is still limited by
the mass analyzer, which needs vacuum conditions and significant space for ion separation.
Moreover, simplifying the operational complexity is crucial for effective use in the field.
Despite these challenges, there have been advancements in developing portable MS sys-
tems, especially for detecting volatile organic compounds (VOCs). This paper discusses the
progress in standalone MS and Ion Mobility Spectrometry (IMS) technologies, emphasizing
their potential for portable applications [161,162]. Gas chromatography-mass spectrometry
(GC-MS)-based sensors have gained increasing interest over the last few years due to
their accuracy and fast performance. Allsworth successfully developed a GC-MS-based
sensor with sub 1 ppm mass accuracy across various VOCs, including benzene, toluene,
ethylbenzene, and o-xylene [163]. Vietro et al. developed a GC-MS-based system that could
potentially diagnose transplanted kidney rejection through VOC monitoring by detecting
increases in concentration [164]. Ion Mobility Spectrometry (IMS) combines elements of gas
chromatography (GC) and mass spectrometry. It differs from traditional MS by performing
ion separation at atmospheric pressure instead of in a vacuum. In this technique, ions move
through a gas medium, typically air, and their separation is based on their mobility, which
is influenced by their mass-to-charge ratio and shape. IMS is very adaptable; when paired
with ionization technologies such as radioactive H electron emitters, X-ray ionization units,
or atmospheric pressure chemical ionization (APCI), it becomes compact enough for hand-
held devices. This flexibility allows IMS to function either as a standalone tool or together
with GC, improving ionization processes and adding more analytical dimensions [165-167].
A significant development in IMS technology is the simplified, miniaturized drift tube
designed by Ahrens et al., which has been incorporated into a standalone, battery-powered
portable device [168]. In practice, Fulton et al. demonstrated that a handheld IMS device
can detect the drug fentanyl by measuring its vapor form of N-phenylpropanamide, avoid-
ing direct contact with the substance [169]. The overall schematic of the handheld IMS can
be seen in Figure 9.
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Figure 9. Non-contact detection of fentanyl by a field-portable ion mobility spectrometer [169].
Reprinted from [169], Copyright (2018), with permission Wiley and Sons.

Additionally, Ratiu et al. used an aspiration IMS to distinguish between metabolic
VOCs emitted by bacteria, applying statistical methods to analyze the IMS fingerprints [170].
Furthermore, research by Guo et al. comparing GC-MS and GC-IMS in analyzing oolong
teas revealed 27 unique VOCs identified solely through IMS, showcasing its potential when
combined with other mass spectrometry techniques [171].

Gas chromatography coupled with mass spectrometry and Ion Mobility Spectrometry
provide highly sensitive and selective detection with low limits of detection, but they are
expensive, energy-consuming, and require regular calibration and maintenance, making
them impractical for many portable or low-cost applications.

3. Functionalized MIP-Based Sensors

Molecularly imprinted polymers (MIPs) consist of synthetic polymers crafted from
functional monomers and cross-linkers. These sensors can be tailored with specific sites
and structures to accommodate diverse classes of target analytes, with cavities within
MIP networks customized to capture targets within specific sizes, shapes, or functional
group ranges [172,173]. Their versatility has been demonstrated in various sensing fields,
spanning chemical and biosensing applications [174]. However, despite their immense
potential in chemical sensing, their application in detecting volatile organic compounds
(VOCs) has been insufficiently explored [175]. The evolution of molecularly imprinted
polymers (MIPs) has encompassed various methodologies, including bulk, precipitation,
emulsion polymerization, sol-gel techniques, and electro-polymerization. In terms of
combining MIPs with transducers, these approaches can be categorized into ex situ and in
situ methodologies. Ex situ methods involve immobilizing pre-made MIP particles onto a
transducer through physical treatments like drop-casting or spin-coating, or via chemical
coupling [176].

Since 2017, our team has been developing functionalized molecularly imprinted
polymers (MIP)-based sensors for biomarker VOCs aimed at diagnosing various diseases.
Related studies by Emam et al. have focused on conditions such as Alzheimer’s disease [93]
and lung cancer [177]. As soon as COVID-19 was declared a pandemic in early 2020, our
team initiated the development of functionalized molecularly imprinted polymer (MIP)-
based electrochemical sensors. These sensors are designed to detect SARS-CoV-2 pathogens
in aerosols, forming the basis for a COVID-19 breathalyzer [71]. Our initial approach
involved using the full-length spike proteins of SARS-CoV-2 as template molecules to
develop these MIP sensors. This strategy achieved high sensitivity but resulted in relatively
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poor specificity. Since full-length spike proteins have molecular weights in the range of
180-200 kDa [178], which are too large for MIP sensors, we tried to use the S1 subunit
of the spike proteins of the SARS-CoV-2 with molecular weights of nearly 78 kDa [179].
At the same time, we used functionalized MIP sensors by using 1-pyrenebutyric acid
N-hydroxy succinimide ester (PBSE) and cysteamine to bind the S1 proteins before using
the functionalized S1 proteins as template molecules. This effort led to pathogen sensors
for detecting SARS-CoV-2 from the aerosol with significantly improved sensitivity and
specificity. To further improve the sensitivity and specificity, we used the RBD subunit
of the spike proteins of the SARS-CoV-2, which further reduced the molecular weight
to nearly 26 kDa, and successfully achieved ultra-high sensitivity by a new functional
monomer of dopamine. With these background efforts in mind, we present, for the first
time, the development of highly accurate electrochemical sensors for ultrafast detection of
SARS-CoV-2 in aerosols, alongside innovative testing methodologies and algorithms. The
sensors we developed target the omicron-variant receptor-binding domain (RBD) spike
proteins, demonstrating over 99% accuracy across various SARS-CoV-2 variants. These
sensors feature rapid response and brief recovery times, delivering results in under 30 s.
Our approach utilizes a molecularly imprinted polymer that is specifically functionalized
to enhance accuracy, operating on the principle that the ohmic resistance of the sensor
changes in response to the presence of COVID-19 pathogens in aerosol samples [71]. Our
fabrication process is shown in Figure 10.

NH;
Graphene-Prussjan Blue o / \
Bottom Electrode + L0
— — OH H
it OH

(S-Protein) (Dopamine) (Pyrrole)
@ Electrode Deposition @ Gr-PB Deposition ‘Template Molecule Functional Monomer Monomer’

Y
Mixed in PBS solution

Qraphene—Prussian Blue Graphene-Prussian Blue
Bottom Electrode Bottom Electrode

@ Template Removal @ Electrochemical Polymerization

Y
SARS-CoV-2 i/t
S-Protein s

@ MIP Sensor

Figure 10. Schematic of the fabrication process and testing of the pathogen sensor, which employs
functional monomers and template molecules (SARS-CoV-2 spike proteins) to create an artificial
antibody (lock) designed specifically to detect SARS-CoV-2 pathogens (key) with high specificity [71].
Reprinted from [71], Copyright (2023), with permission from Elsevier.

Table 3 shows a comparison to other market-available methods (see Table 1). Our
pathogen aerosol-based sensor proves to be a viable and effective option for rapid COVID-
19 testing [71].

Table 3. A comparison between the novel sensors developed in this work with those already available
on the market for COVID-19 testing [71].

Method Approach Sensitivity Specificity Time Body Fluids Vendors

RT-PCR RNA 95-100% 95-100% 3h Respiratory LabCrop,
Specimens Roche, etc.
Antibody IgM, 1gG 80-100% 90-100% 15-30 min Blood Cellex, etc.

Antigen RNA 20-71% 85-100% 15-30 min Blood UCSD




Sensors 2024, 24, 7263 22 of 34
Table 3. Cont.
Method Approach Sensitivity Specificity Time Body Fluids Vendors
CRISP-based RNA 95% 100% 40 min Respiratory Sherlock
specimens Biosciences
LAMP-based RNA 97% 100% 30 min Respiratory k. rosensDx
specimens
. . . Yale School of
= OD 00 .
Saliva-based RNA 91% 98% 45 min Saliva Public Health
Breath-based ~ GC-MS VOC 91% 99% 5-10 min Air Inspect-IR,
Breathomix
Our Sensor RBD S-Protein 98.40% 100% 10s Aerosol/ Air Winchestgr
Technologies
Antibody IgM, IgG 80-100% 90-100% 15-30 min Blood Cellex, etc.
Antigen RNA 20-71% 85-100% 15-30 min Blood UCsD
CRISP-based RNA 95% 100% 40 min Respiratory Sherlock
specimens Biosciences

Table 4 compares the performance of wavelet-based and deep-learning-based models
with human visual inspection and curve-fitting results. The deep learning model offers
a better balance of true positive and true negative rates but is more complex. In low-
computation scenarios, the wavelet-based classifier is a good alternative [71].

Table 4. A comparison between the human-brain decision with the outputs of three different
theoretical classifying methods in terms of sensitivity, specificity, and accuracy (obtained based on
the sensor’s R(t) profiles) for a sensor exposed to a positive test kit [71].

Method Sensitivity Specificity Accuracy
Human-Brain Decision 98.41% 100% 99.26%
Wavelet Method 92.10% 90.30% 91.10%
Deep-Learning Method 95.20% 90.30% 92.60%
Curve-Fitting Method 95.23% 100% 97.78%

MIPs offer the ability to target specific molecules with high sensitivity, selectivity,
and a low limit of detection, while also being portable and cost-effective. However, their
performance can be affected by temperature and humidity, requiring careful management
during fabrication and use.

4. Discussion and Outlook

Many of the methods discussed earlier are susceptible to variations in humidity,
temperature, or atmospheric pressure, which can significantly alter the performance and
reliability of the detection method. Addressing these environmental factors is critical
for ensuring accurate and consistent outcomes. Various solutions, such as incorporating
humidity control systems, have been explored to mitigate these issues. Researchers like
Paknahad et al. have developed humidity removal membranes for microfluidic-based gas-
sensing devices to mitigate environmental influences [180]. Additionally, temperature and
pressure regulating systems could be incorporated into sensor setups to further enhance
stability. Sensor arrays with individual selectivity have been commonly employed in these
methods. Nevertheless, these systems introduce complexities in analysis, demand frequent
calibration, and may require component replacements due to sensor drifts. As such, there
is still a demand for simpler, more reliable sensors [181].

The capabilities of the analytical methods mentioned in this article are summarized
in Table 5, which summarizes the suitable analytes for each method along with their
respective advantages and limitations. For the detection of volatile organic compounds
(VOCs), electrochemical sensors and nondispersive infrared sensors (NDIRs) are superior
choices. Electrochemical sensors offer a broad detection range, low power consumption,
durability, and a rapid response time, making them highly versatile for various applications.
These sensors are cost-effective and operate efficiently at room temperature, with good
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limits of detection (LOD) for low concentrations of VOCs. Despite their limitations, such
as a limited shelf life and baseline instability, their advantages make them suitable for
real-time monitoring. Continuously, NDIR sensors provide fast response times, long-term
stability, and insensitivity to environmental changes, which are crucial for consistent and
reliable VOC detection. Although these sensors tend to be more expensive and challenging
to miniaturize, their high selectivity and stability make them ideal for applications requiring
precise and long-term monitoring. Together, these technologies offer a balance of sensitivity,
reliability, and operational efficiency, making them the leading choices for modern VOC
detection needs.

Table 5. An overview of analytical methods, focusing on their sensitivity, selectivity, and the associ-
ated advantages and limitations.

Sensor Type

Sensitivity Selectivity Comments Reference

Photoionization Detectors
(PID)

+ real-time response
+low LOD
+ cost-effective
+ portable and simple to use

— requires maintenance
- sensitive to humidity

— limited gas detection

— inconsistent response

o+ =+ [109,182-184]

Electrochemical Sensors

+ broadband sensors
+ low power consumption
+ durable
+ real-time response
+ room temperature operation
+ cost-effective
+low LOD
+ rapid response
— limited shelf life
— cross-sensitivity to other gases
— requires maintenance
— low baseline stability

+++++ ++++ [184-187]

Chemiresistors

+ good durability
+ portable
+ cost-effective
+ simple and easy to use
+ real-time response
+ non-destructive
+++ ++ + portable [184,188-191]
+ responds to significant number of gases
—influenced by humidity and temperature
- high working temperature
- not very flexible
— more fragile, easily damaged during
preparation

Quartz Crystal
Microbalance (QCM)

+ real-time response
+ cost-effective
+ long lifetime
+ non-destructive
+ low power consumption
+ ease of modification
++++ +++ + portable [184,192,193]
+low LOD
—humidity/temperature sensitive
— limited measurement range
—requires precise calibration
— limited to specific target molecules
— poor reproducibility
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Table 5. Cont.

Sensor Type

Sensitivity

Selectivity Comments

Reference

Surface Acoustic Wave
(SAW)

++++

+ versatile
+ portable
+cost-effective
+ low power consumption
+ high-frequency operation
+ fast response
+++ + long lifetime
— limited measurement range
— temperature sensitive
— signal-to-noise ratio
- noisy
— poor reproducibility
— limited to specific target molecules

[167,177]

Nondispersive infrared
sensors (NDIRs)

+++

+ real-time response
+ long-term stability
+ portable
+ low power consumption
— difficult to miniaturize
- limited to specific gases
— humidity/temperature sensitive
— expensive instrumentation

+t

[136,137,167]

Raman Sensors

+++

+ non-destructive
+ minimal sample preparation
+ high specificity
++++ + real-time response
— expensive instrumentation
— limited portability
— complicated data analysis

[149-152]

Chemiluminescence
Sensors

+H++

+ lower background emission than fluorescent
sensors, avoiding noise caused by light
scattering.
+low LOD
+ detects chemicals with short lifespan
+ versatile with many catalysts
+ stable in most conditions

+++ + easy to use
+ has cost-effective options
—irreversible exposure limits lifespan
—reagents are expensive and often poisonous
— conventional sensors only operate within
400-850 nm range
— limited commercial availability
— often limited portability

[194-198]

Fluorescent Sensors

++++

+ rapid response
+ portable
+ real-time monitoring
+ simple operation
+ strong reversibility and recovery
+++ post-exposure
+ stable, withstands range of temperatures and

pH variations

— limited portability

— more background interference compared to

other sensors

[199-202]

Gas Chromatography
Coupled with Mass
Spectrometer and Ion
Mobility Mass
Spectrometer

+H+++

+ fast response
+low LOD
— expensive
- high energy consumption
++++ — operates well in ambient conditions
— Regular calibration and maintenance needed
- tends to struggle with certain chemicals like
alkenes
—large instruments

[101,203]
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Table 5. Cont.

Sensor Type

Sensitivity Selectivity Comments Reference

Molecularly Imprinted
Polymers (MIPs)

+can be designed to operate in various
environments.
+ cost-effective
+ portable
++t+ +++++ + low LOD [66,156]
— limited to the specific molecules for which
they are imprinted
— sensitive to temperature and humidity
— requires careful template removal

Pellistors

+ small
+ cost-effective
+ fast response time
+ cost-effective
A AR + durable in harsh conditions [102,204]
—moderate LOD
- sensitive to environment changes
— maintenance required

Colorimetric

+ disposable
+low LOD
+ simple to use
+ portable
+ cost-effective
+ easy fabrication
+ operate at room temperature
— susceptible to environmental changes
— slower response time compared to some
advanced sensor types
— may require frequent recalibration depending
on the application

+++ T+ [193,205,206]

Note: “+” indicates advantages, and “” indicates disadvantages in this table. The selectivity and sensitivity are

an

also represented by the number of “+” signs.

It is important to note that therapeutic agents and biosensors designed for VOC
biomarker detection face challenges related to off-target effects, where non-target com-
pounds interfere with detection, and poor selectivity. To address these issues, one viable
solution is the use of highly selective sensors based on molecularly imprinted polymers
(MIPs), which can be tailored to bind only to specific biomarkers, reducing interference
from other VOCs. Additionally, advanced computational techniques like in silico modeling
can help predict potential cross-reactivity with other compounds before sensor develop-
ment, ensuring higher specificity [207]. Moreover, multi-sensor arrays can be employed
to cross-check readings from different sensors, helping to mitigate off-target effects by
providing more comprehensive data on the sample. Lastly, developing biodegradable and
biocompatible sensor materials, such as biodegradable polymers like polylactic-co-glycolic
acid (PLGA) or natural fiber composites, ensures that the sensors are safe, environmentally
friendly, and minimally invasive, while maintaining their performance in various clinical
environments [208]. This approach also reduces concerns about poor biodegradability,
enhancing the sustainability of the sensors.

5. Conclusions

This review provides a thorough examination of VOC sensing, emphasizing the latest
progress in the field. It explores state-of-the-art innovations in sensing materials along with
the advent of new sensing systems and applications. The review highlights promising
advancements while addressing the significant challenges that remain. Although there
has been notable progress, VOC sensing technologies still need to fulfill the requirements
of varied applications, such as detecting diseases, wearable monitoring devices, and de-
tecting indoor toxic VOCs. Future VOC sensors would focus on improving sensitivity
and selectivity through advanced materials, innovative structures, and the application
of machine learning techniques. With the spread of affordable and miniaturized sensing
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components, VOC sensors are poised to become widespread in various settings. Looking
forward, the development of superior sensing materials and novel applications is antici-
pated. Achieving these goals will require extensive research to overcome the hurdles that
limit the commercial potential of emerging VOC sensing technologies.

Author Contributions: P.S.: Original draft preparation, Writing, Editing, Methodology, Formal
Analysis, Conceptualization, and Investigation. R.A.: Helped with drafting, Writing, Editing, In-
vestigations. A.R.: Helped with drafting and investigations. N.X.S.: PI, Supervision, Methodology,
Analysis, Drafting, Editing, Conceptualization, Investigation, and Resources. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the Trinity Challenge, NSF PIPP phase II: Center for Pandemic
Insights (CPI) 2412522.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: Author Nian X. Sun was employed by the company Winchester Technologies
LLC. The remaining authors declare that the research was conducted in the absence of any commercial
or financial relationships that could be construed as a potential conflict of interest.

References

1.  Hodgson, M.; Levin, H.; Wolkoff, P. Volatile Organic Compounds and Indoor Air. J. Allergy Clin. Immunol. 1994, 94, 296-303.
[CrossRef] [PubMed]

2. Broza, Y.Y,; Vishinkin, R.; Barash, O.; Nakhleh, M.K.; Haick, H. Synergy between Nanomaterials and Volatile Organic Compounds
for Non-Invasive Medical Evaluation. Chem. Soc. Rev. 2018, 47, 4781-4859. [CrossRef] [PubMed]

3. Amann, A.; Costello, B.d.L.; Miekisch, W.; Schubert, J.; Buszewski, B.; Pleil, J.; Ratcliffe, N.; Risby, T. The Human Volatilome:
Volatile Organic Compounds (VOCs) in Exhaled Breath, Skin Emanations, Urine, Feces and Saliva. J. Breath Res. 2014, 8, 034001.
[CrossRef]

4. Volatile Organic Compounds of Lung Cancer and Possible Biochemical Pathways | Chemical Reviews. Available online: https:
/ /pubs.acs.org/doi/10.1021/cr300174a (accessed on 7 November 2024).

5. Anderson, ].C.; Babb, A.L.; Hlastala, M.P. Modeling Soluble Gas Exchange in the Airways and Alveoli. Ann. Biomed. Eng. 2003,
31, 1402-1422. [CrossRef] [PubMed]

6.  Kallioméki, PL.; Korhonen, O.; Vaaranen, V.; Kallioméiki, K.; Koponen, M. Lung Retention and Clearance of Shipyard Arc Welders.
Int. Arch. Occup. Environ. Health 1978, 42, 83-90. [CrossRef]

7. Vishinkin, R.; Busool, R.; Mansour, E.; Fish, F.; Esmail, A.; Kumar, P.; Gharaa, A.; Cancilla, ]J.C.; Torrecilla, ].S.; Skenders, G.; et al.
Profiles of Volatile Biomarkers Detect Tuberculosis from Skin. Adv. Sci. 2021, 8, €2100235. [CrossRef]

8.  Corradi, M.; Mutti, A. News from the Breath Analysis Summit 2011. J. Breath Res. 2012, 6, 020201. [CrossRef]

9.  Punyadeera, C.; van der Merwe, M.T.; Crowther, N.J.; Toman, M.; Immelman, A.R.; Schlaphoff, G.P,; Gray, I.P. Weight-Related
Differences in Glucose Metabolism and Free Fatty Acid Production in Two South African Population Groups. Int. J. Obes. Relat.
Metab. Disord. 2001, 25, 1196-1205. [CrossRef] [PubMed]

10. Tisch, U.; Haick, H. Arrays of Chemisensitive Monolayer-Capped Metallic Nanoparticles for Diagnostic Breath Testing. Rev.
Chem. Eng. 2010, 26, 171-179. [CrossRef]

11.  Volatile Organic Compounds in Exhaled Breath as Biomarkers for the Early Detection and Screening of Lung Cancer. Available on-
line: https:/ /www.researchgate net/publication /271066018 _Volatile_Organic_Compounds_in_Exhaled_Breath_as_Biomarkers_
for_the_Early_Detection_and_Screening_of_Lung_Cancer (accessed on 7 November 2024).

12.  Bachar, N.; Mintz, L.; Zilberman, Y.; Ionescu, R.; Feng, X.; Miillen, K.; Haick, H. Polycyclic Aromatic Hydrocarbon for the
Detection of Nonpolar Analytes under Counteracting Humidity Conditions. ACS Appl. Mater. Interfaces 2012, 4, 4960-4965.
[CrossRef]

13.  Konvalina, G.; Haick, H. Effect of Humidity on Nanoparticle-Based Chemiresistors: A Comparison between Synthetic and
Real-World Samples. ACS Appl. Mater. Interfaces 2012, 4, 317-325. [CrossRef] [PubMed]

14. Zilberman, Y.; Ionescu, R.; Feng, X.; Miillen, K.; Haick, H. Nanoarray of Polycyclic Aromatic Hydrocarbons and Carbon Nanotubes
for Accurate and Predictive Detection in Real-World Environmental Humidity. ACS Nano 2011, 5, 6743-6753. [CrossRef] [PubMed]

15. Peng, G.; Tisch, U.; Adams, O.; Hakim, M.; Shehada, N.; Broza, Y.Y.; Billan, S.; Abdah-Bortnyak, R.; Kuten, A.; Haick, H.
Diagnosing Lung Cancer in Exhaled Breath Using Gold Nanoparticles. Nat. Nanotechnol. 2009, 4, 669-673. [CrossRef] [PubMed]

16. Broza, Y.Y.; Haick, H. Nanomaterial-Based Sensors for Detection of Disease by Volatile Organic Compounds. Nanomedicine 2013,

8, 785-806. [CrossRef] [PubMed]


https://doi.org/10.1053/ai.1994.v94.a56008
https://www.ncbi.nlm.nih.gov/pubmed/8077582
https://doi.org/10.1039/C8CS00317C
https://www.ncbi.nlm.nih.gov/pubmed/29888356
https://doi.org/10.1088/1752-7155/8/3/034001
https://pubs.acs.org/doi/10.1021/cr300174a
https://pubs.acs.org/doi/10.1021/cr300174a
https://doi.org/10.1114/1.1630600
https://www.ncbi.nlm.nih.gov/pubmed/14758930
https://doi.org/10.1007/BF01297547
https://doi.org/10.1002/advs.202100235
https://doi.org/10.1088/1752-7155/6/2/020201
https://doi.org/10.1038/sj.ijo.0801660
https://www.ncbi.nlm.nih.gov/pubmed/11477505
https://doi.org/10.1515/revce.2010.009
https://www.researchgate.net/publication/271066018_Volatile_Organic_Compounds_in_Exhaled_Breath_as_Biomarkers_for_the_Early_Detection_and_Screening_of_Lung_Cancer
https://www.researchgate.net/publication/271066018_Volatile_Organic_Compounds_in_Exhaled_Breath_as_Biomarkers_for_the_Early_Detection_and_Screening_of_Lung_Cancer
https://doi.org/10.1021/am3013328
https://doi.org/10.1021/am2013695
https://www.ncbi.nlm.nih.gov/pubmed/22121824
https://doi.org/10.1021/nn202314k
https://www.ncbi.nlm.nih.gov/pubmed/21774511
https://doi.org/10.1038/nnano.2009.235
https://www.ncbi.nlm.nih.gov/pubmed/19809459
https://doi.org/10.2217/nnm.13.64
https://www.ncbi.nlm.nih.gov/pubmed/23656265

Sensors 2024, 24,7263 27 of 34

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Velusamy, P,; Su, C.-H.; Ramasamy, P.; Arun, V.; Rajnish, N.; Raman, P.; Baskaralingam, V.; Senthil Kumar, S.M.; Gopinath, S.C.B.
Volatile Organic Compounds as Potential Biomarkers for Noninvasive Disease Detection by Nanosensors: A Comprehensive
Review. Crit. Rev. Anal. Chem. 2023, 53, 1828-1839. [CrossRef] [PubMed]

Broza, Y.Y.; Har-Shai, L.; Jeries, R.; Cancilla, J.C.; Glass-Marmor, L.; Lejpkowicz, I.; Torrecilla, ].S.; Yao, X.; Feng, X.; Narita, A.; et al.
Exhaled Breath Markers for Nonimaging and Noninvasive Measures for Detection of Multiple Sclerosis. ACS Chem. Neurosci.
2017, 8, 2402-2413. [CrossRef]

Fujita, A.; Ota, M.; Kato, K. Urinary Volatile Metabolites of Amygdala-Kindled Mice Reveal Novel Biomarkers Associated with
Temporal Lobe Epilepsy. Sci. Rep. 2019, 9, 10586. [CrossRef]

Moura, P.C.; Raposo, M.; Vassilenko, V. Breath Volatile Organic Compounds (VOCs) as Biomarkers for the Diagnosis of
Pathological Conditions: A Review. Biomed. |. 2023, 46, 100623. [CrossRef]

Jia, Z.; Patra, A.; Kutty, VK.; Venkatesan, T. Critical Review of Volatile Organic Compound Analysis in Breath and In Vitro Cell
Culture for Detection of Lung Cancer. Metabolites 2019, 9, 52. [CrossRef]

Rudnicka, J.; Kowalkowski, T.; Buszewski, B. Searching for Selected VOCs in Human Breath Samples as Potential Markers of
Lung Cancer. Lung Cancer 2019, 135, 123-129. [CrossRef]

Zhong, X.; Li, D.; Du, W.; Yan, M.; Wang, Y.; Huo, D.; Hou, C. Rapid Recognition of Volatile Organic Compounds with Colorimetric
Sensor Arrays for Lung Cancer Screening. Anal. Bioanal. Chem. 2018, 410, 3671-3681. [CrossRef] [PubMed]

Wang, H.; Zhang, Z; Li, Y.; Feng, Z. A Dual-Resonant Shorted Patch Antenna for Wearable Application in 430 MHz Band. IEEE
Trans. Antennas Propagat. 2013, 61, 6195-6200. [CrossRef]

Buszewski, B.; Grzywinski, D.; Ligor, T.; Stacewicz, T.; Bielecki, Z.; Wojtas, J. Detection of Volatile Organic Compounds as
Biomarkers in Breath Analysis by Different Analytical Techniques. Bioanalysis 2013, 5, 2287-2306. [CrossRef] [PubMed]
Janssens, E.; van Meerbeeck, ].P.; Lamote, K. Volatile Organic Compounds in Human Matrices as Lung Cancer Biomarkers: A
Systematic Review. Crit. Rev. Oncol. Hematol. 2020, 153, 103037. [CrossRef]

Jia, Z.; Zhang, H.; Ong, C.N,; Patra, A.; Lu, Y.; Lim, C.T.; Venkatesan, T. Detection of Lung Cancer: Concomitant Volatile Organic
Compounds and Metabolomic Profiling of Six Cancer Cell Lines of Different Histological Origins. ACS Omega 2018, 3, 5131-5140.
[CrossRef]

Thriumani, R.; Zakaria, A.; Hashim, Y.Z.H.-Y,; Jeffree, A .I; Helmy, K.M.; Kamarudin, L.M.; Omar, M.1,; Shakaff, A.YM.; Adom,
A.H.; Persaud, K.C. A Study on Volatile Organic Compounds Emitted by In-Vitro Lung Cancer Cultured Cells Using Gas Sensor
Array and SPME-GCMS. BMC Cancer 2018, 18, 362. [CrossRef]

Pathak, A K.; Swargiary, K.; Kongsawang, N.; Jitpratak, P.; Ajchareeyasoontorn, N.; Udomkittivorakul, J.; Viphavakit, C. Recent
Advances in Sensing Materials Targeting Clinical Volatile Organic Compound (VOC) Biomarkers: A Review. Biosensors 2023, 13,
114. [CrossRef] [PubMed]

Pelling, M.; Chandrapalan, S.; West, E.; Arasaradnam, R.P. A Systematic Review and Meta-Analysis: Volatile Organic Compound
Analysis in the Detection of Hepatobiliary and Pancreatic Cancers. Cancers 2023, 15, 2308. [CrossRef]

Tiankanon, K.; Pungpipattrakul, N.; Sukaram, T.; Chaiteerakij, R.; Rerknimitr, R. Identification of Breath Volatile Organic
Compounds to Distinguish Pancreatic Adenocarcinoma, Pancreatic Cystic Neoplasm, and Patients without Pancreatic Lesions.
World ]. Gastrointest. Oncol. 2024, 16, 894. [CrossRef]

Princivalle, A.; Monasta, L.; Butturini, G.; Bassi, C.; Perbellini, L. Pancreatic Ductal Adenocarcinoma Can Be Detected by Analysis
of Volatile Organic Compounds (VOCs) in Alveolar Air. BMC Cancer 2018, 18, 529. [CrossRef]

Markar, S.R; Brodie, B.; Chin, S.-T.; Romano, A.; Spalding, D.; Hanna, G.B. Profile of Exhaled-Breath Volatile Organic Compounds
to Diagnose Pancreatic Cancer. Br. J. Surg. 2018, 105, 1493-1500. [CrossRef] [PubMed]

Daulton, E.; Wicaksono, A.N; Tiele, A.; Kocher, HM.; Debernardi, S.; Crnogorac-Jurcevic, T.; Covington, J.A. Volatile Organic
Compounds (VOCs) for the Non-Invasive Detection of Pancreatic Cancer from Urine. Talanta 2021, 221, 121604. [CrossRef]
[PubMed]

Nissinen, S.I.; Roine, A.; Hokkinen, L.; Karjalainen, M.; Venildinen, M.; Helminen, H.; Niemi, R.; Lehtimdki, T.; Rantanen,
T.; Oksala, N. Detection of Pancreatic Cancer by Urine Volatile Organic Compound Analysis. Anticancer Res. 2019, 39, 73-79.
[CrossRef]

Martinez-Moral, M.-P,; Tena, M.T.; Martin-Carnicero, A.; Martinez, A. Highly Sensitive Serum Volatolomic Biomarkers for
Pancreatic Cancer Diagnosis. Clin. Chim. Acta 2024, 557, 117895. [CrossRef] [PubMed]

Navaneethan, U.; Parsi, M.A.; Gutierrez, N.G.; Bhatt, A.; Venkatesh, P.G.K.; Lourdusamy, D.; Grove, D.; Hammel, ].P; Jang, S.;
Sanaka, M.R.; et al. Volatile Organic Compounds in Bile Can Diagnose Malignant Biliary Strictures in the Setting of Pancreatic
Cancer: A Preliminary Observation. Gastrointest Endosc. 2014, 80, 1038-1045. [CrossRef]

Arasaradnam, R.P.; Wicaksono, A.; O’Brien, H.; Kocher, H.M.; Covington, J.A.; Crnogorac-Jurcevic, T. Noninvasive Diagnosis of
Pancreatic Cancer Through Detection of Volatile Organic Compounds in Urine. Gastroenterology 2018, 154, 485-487.el. [CrossRef]
Leemans, M.; Bauér, P; Cuzuel, V,; Audureau, E.; Fromantin, I. Volatile Organic Compounds Analysis as a Potential Novel
Screening Tool for Breast Cancer: A Systematic Review. Biomark. Insights 2022, 17, 11772719221100709. [CrossRef]

Zhang, J.; Tian, Y.; Luo, Z.; Qian, C.; Li, W,; Duan, Y. Breath Volatile Organic Compound Analysis: An Emerging Method for
Gastric Cancer Detection. J. Breath Res. 2021, 15, 044002. [CrossRef] [PubMed]

Fenske, ].D.; Paulson, S.E. Human Breath Emissions of VOCs. ]. Air Waste Manag. Assoc. 1999, 49, 594-598. [CrossRef]


https://doi.org/10.1080/10408347.2022.2043145
https://www.ncbi.nlm.nih.gov/pubmed/35201946
https://doi.org/10.1021/acschemneuro.7b00181
https://doi.org/10.1038/s41598-019-46373-8
https://doi.org/10.1016/j.bj.2023.100623
https://doi.org/10.3390/metabo9030052
https://doi.org/10.1016/j.lungcan.2019.02.012
https://doi.org/10.1007/s00216-018-0948-3
https://www.ncbi.nlm.nih.gov/pubmed/29654337
https://doi.org/10.1109/TAP.2013.2282044
https://doi.org/10.4155/bio.13.183
https://www.ncbi.nlm.nih.gov/pubmed/24053244
https://doi.org/10.1016/j.critrevonc.2020.103037
https://doi.org/10.1021/acsomega.7b02035
https://doi.org/10.1186/s12885-018-4235-7
https://doi.org/10.3390/bios13010114
https://www.ncbi.nlm.nih.gov/pubmed/36671949
https://doi.org/10.3390/cancers15082308
https://doi.org/10.4251/wjgo.v16.i3.894
https://doi.org/10.1186/s12885-018-4452-0
https://doi.org/10.1002/bjs.10909
https://www.ncbi.nlm.nih.gov/pubmed/30019405
https://doi.org/10.1016/j.talanta.2020.121604
https://www.ncbi.nlm.nih.gov/pubmed/33076134
https://doi.org/10.21873/anticanres.13081
https://doi.org/10.1016/j.cca.2024.117895
https://www.ncbi.nlm.nih.gov/pubmed/38561063
https://doi.org/10.1016/j.gie.2014.04.016
https://doi.org/10.1053/j.gastro.2017.09.054
https://doi.org/10.1177/11772719221100709
https://doi.org/10.1088/1752-7163/ac2cde
https://www.ncbi.nlm.nih.gov/pubmed/34610588
https://doi.org/10.1080/10473289.1999.10463831

Sensors 2024, 24, 7263 28 of 34

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Xiang, L.; Wu, S.; Hua, Q.; Bao, C.; Liu, H. Volatile Organic Compounds in Human Exhaled Breath to Diagnose Gastrointestinal
Cancer: A Meta-Analysis. Front. Oncol. 2021, 11, 606915. [CrossRef]

Dharmawardana, N.; Woods, C.; Watson, D.I; Yazbeck, R.; Ooi, E.H. A Review of Breath Analysis Techniques in Head and Neck
Cancer. Oral. Oncol. 2020, 104, 104654. [CrossRef] [PubMed]

Opitz, P; Herbarth, O. The Volatilome—Investigation of Volatile Organic Metabolites (VOM) as Potential Tumor Markers in
Patients with Head and Neck Squamous Cell Carcinoma (HNSCC). J. Otolaryngol.-Head Neck Surg. 2018, 47, 42. [CrossRef]
Taware, R.; Taunk, K.; Pereira, ]. A.M.; Dhakne, R.; Kannan, N.; Soneji, D.; Camara, ].S.; Nagarajaram, H.A.; Rapole, S. Investigation
of Urinary Volatomic Alterations in Head and Neck Cancer: A Non-Invasive Approach towards Diagnosis and Prognosis.
Metabolomics 2017, 13, 111. [CrossRef]

Probert, C.S.].; Ahmed, I; Khalid, T.; Johnson, E.; Smith, S.; Ratcliffe, N. Volatile Organic Compounds as Diagnostic Biomarkers in
Gastrointestinal and Liver Diseases. |. Gastrointest. Liver Dis. 2009, 18, 337-343.

Lavra, L.; Catini, A.; Ulivieri, A.; Capuano, R.; Baghernajad Salehi, L.; Sciacchitano, S.; Bartolazzi, A.; Nardis, S.; Paolesse, R.;
Martinelli, E.; et al. Investigation of VOCs Associated with Different Characteristics of Breast Cancer Cells. Sci. Rep. 2015, 5,
13246. [CrossRef]

Vernia, F,; Valvano, M.; Fabiani, S.; Stefanelli, G.; Longo, S.; Viscido, A.; Latella, G. Are Volatile Organic Compounds Accurate
Markers in the Assessment of Colorectal Cancer and Inflammatory Bowel Diseases? A Review. Cancers 2021, 13, 2361. [CrossRef]
Di Lena, M.; Porcelli, F,; Altomare, D.F. Volatile Organic Compounds as New Biomarkers for Colorectal Cancer: A Review. Color.
Dis. 2016, 18, 654-663. [CrossRef]

Wen, Q.; Boshier, P.; Myridakis, A.; Belluomo, I.; Hanna, G.B. Urinary Volatile Organic Compound Analysis for the Diagnosis of
Cancer: A Systematic Literature Review and Quality Assessment. Metabolites 2020, 11, 17. [CrossRef]

Gao, Q.; Su, X.; Annabi, M.H.; Schreiter, B.R.; Prince, T.; Ackerman, A.; Morgas, S.; Mata, V.; Williams, H.; Lee, W.-Y. Application
of Urinary Volatile Organic Compounds (VOCs) for the Diagnosis of Prostate Cancer. Clin. Genitour. Cancer 2019, 17, 183-190.
[CrossRef]

Lima, A.R.; Pinto, J.; Azevedo, A.L; Barros-Silva, D.; Jerénimo, C.; Henrique, R.; de Lourdes Bastos, M.; Guedes de Pinho, P;
Carvalho, M. Identification of a Biomarker Panel for Improvement of Prostate Cancer Diagnosis by Volatile Metabolic Profiling of
Urine. Br. J. Cancer 2019, 121, 857-868. [CrossRef]

Sukaram, T.; Tansawat, R.; Apiparakoon, T.; Tiyarattanachai, T.; Marukatat, S.; Rerknimitr, R.; Chaiteerakij, R. Exhaled Volatile
Organic Compounds for Diagnosis of Hepatocellular Carcinoma. Sci. Rep. 2022, 12, 5326. [CrossRef] [PubMed]

Huang, J.; Kumar, S.; Abbassi-Ghadji, N.; Spanél, P.; Smith, D.; Hanna, G.B. Selected Ion Flow Tube Mass Spectrometry Analysis
of Volatile Metabolites in Urine Headspace for the Profiling of Gastro-Esophageal Cancer. Anal. Chem. 2013, 85, 3409-3416.
[CrossRef] [PubMed]

Tang, H; Lu, Y.;; Zhang, L.; Wu, Z.; Hou, X,; Xia, H. Determination of Volatile Organic Compounds Exhaled by Cell Lines Derived
from Hematological Malignancies. Biosci. Rep. 2017, 37, BSR20170106. [CrossRef] [PubMed]

Dutta, D.; Chong, N.S.; Lim, S.H. Endogenous Volatile Organic Compounds in Acute Myeloid Leukemia: Origins and Potential
Clinical Applications. J. Breath Res. 2018, 12, 034002. [CrossRef]

Monteiro, M.; Moreira, N.; Pinto, J.; Pires-Luis, A.S.; Henrique, R.; Jerénimo, C.; Bastos, M.d.L.; Gil, A.M.; Carvalho, M.; Guedes
de Pinho, P. GC-MS Metabolomics-Based Approach for the Identification of a Potential VOC-Biomarker Panel in the Urine of
Renal Cell Carcinoma Patients. . Cell. Mol. Med. 2017, 21, 2092-2105. [CrossRef]

Pizzini, A ; Filipiak, W.; Wille, J.; Ager, C.; Wiesenhofer, H.; Kubinec, R.; Blasko, J.; Tschurtschenthaler, C.; Mayhew, C.A.; Weiss, G.;
et al. Analysis of Volatile Organic Compounds in the Breath of Patients with Stable or Acute Exacerbation of Chronic Obstructive
Pulmonary Disease. J. Breath Res. 2018, 12, 036002. [CrossRef]

Monedeiro, F.; Milanowski, M.; Ratiu, I.-A.; Zmystowski, H.; Ligor, T.; Buszewski, B. VOC Profiles of Saliva in Assessment of
Halitosis and Submandibular Abscesses Using HS-SPME-GC/MS Technique. Molecules 2019, 24, 2977. [CrossRef]

De Vincentis, A.; Vespasiani-Gentilucci, U.; Sabatini, A.; Antonelli-Incalzi, R.; Picardi, A. Exhaled Breath Analysis in Hepatology:
State-of-the-Art and Perspectives. World ]. Gastroenterol. 2019, 25, 4043-4050. [CrossRef]

Seong, S.-H.; Kim, H.S.; Lee, Y.-M.; Kim, ].-S.; Park, S.; Oh, J. Exploration of Potential Breath Biomarkers of Chronic Kidney
Disease through Thermal Desorption-Gas Chromatography/Mass Spectrometry. Metabolites 2023, 13, 837. [CrossRef]

Jiang, C.; Dobrowolny, H.; Gescher, D.M.; Meyer-Lotz, G.; Steiner, J.; Hoeschen, C.; Frodl, T. Volatile Organic Compounds from
Exhaled Breath in Schizophrenia. World |. Biol. Psychiatry 2022, 23, 773-784. [CrossRef]

Shestivska, V.; Nemec, A.; Dfevinek, P.; Sovova, K.; Dryahina, K,; Spanél, P. Quantification of Methyl Thiocyanate in the
Headspace of Pseudomonas Aeruginosa Cultures and in the Breath of Cystic Fibrosis Patients by Selected Ion Flow Tube Mass
Spectrometry. Rapid Commun. Mass Spectrom. 2011, 25, 2459-2467. [CrossRef] [PubMed]

Chen, H.; Qi, X,; Zhang, L.; Li, X.; Ma, ].; Zhang, C.; Feng, H.; Yao, M. COVID-19 Screening Using Breath-Borne Volatile Organic
Compounds. J. Breath Res. 2021, 15, 047104. [CrossRef] [PubMed]

Ruszkiewicz, D.M.; Sanders, D.; O’Brien, R.; Hempel, F.; Reed, M.].; Riepe, A.C.; Bailie, K.; Brodrick, E.; Darnley, K.; Ellerkmann,
R.; et al. Diagnosis of COVID-19 by Analysis of Breath with Gas Chromatography-Ion Mobility Spectrometry—A Feasibility
Study. eClinicalMedicine 2020, 29, 100609. [CrossRef] [PubMed]


https://doi.org/10.3389/fonc.2021.606915
https://doi.org/10.1016/j.oraloncology.2020.104654
https://www.ncbi.nlm.nih.gov/pubmed/32200303
https://doi.org/10.1186/s40463-018-0288-5
https://doi.org/10.1007/s11306-017-1251-6
https://doi.org/10.1038/srep13246
https://doi.org/10.3390/cancers13102361
https://doi.org/10.1111/codi.13271
https://doi.org/10.3390/metabo11010017
https://doi.org/10.1016/j.clgc.2019.02.003
https://doi.org/10.1038/s41416-019-0585-4
https://doi.org/10.1038/s41598-022-08678-z
https://www.ncbi.nlm.nih.gov/pubmed/35351916
https://doi.org/10.1021/ac4000656
https://www.ncbi.nlm.nih.gov/pubmed/23421902
https://doi.org/10.1042/BSR20170106
https://www.ncbi.nlm.nih.gov/pubmed/28507202
https://doi.org/10.1088/1752-7163/aab108
https://doi.org/10.1111/jcmm.13132
https://doi.org/10.1088/1752-7163/aaa4c5
https://doi.org/10.3390/molecules24162977
https://doi.org/10.3748/wjg.v25.i30.4043
https://doi.org/10.3390/metabo13070837
https://doi.org/10.1080/15622975.2022.2040052
https://doi.org/10.1002/rcm.5146
https://www.ncbi.nlm.nih.gov/pubmed/21818806
https://doi.org/10.1088/1752-7163/ac2e57
https://www.ncbi.nlm.nih.gov/pubmed/34624875
https://doi.org/10.1016/j.eclinm.2020.100609
https://www.ncbi.nlm.nih.gov/pubmed/33134902

Sensors 2024, 24, 7263 29 of 34

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

Liangou, A.; Tasoglou, A.; Huber, H.J.; Wistrom, C.; Brody, K.; Menon, P.G.; Bebekoski, T.; Menschel, K.; Davidson-Fiedler, M.;
DeMarco, K.; et al. A Method for the Identification of COVID-19 Biomarkers in Human Breath Using Proton Transfer Reaction
Time-of-Flight Mass Spectrometry. eClinicalMedicine 2021, 42, 101207. [CrossRef]

Berna, A.Z.; Akaho, E.H.; Harris, RM.; Congdon, M.; Korn, E.; Neher, S.; M'farrej, M.; Burns, J.; John, A.R.O. Reproducible Breath
Metabolite Changes in Children with SARS-CoV-2 Infection. ACS Infect. Dis. 2021, 7, 2596-2603. [CrossRef]

Ibrahim, W.; Cordell, R.L.; Wilde, M.].; Richardson, M.; Carr, L.; Sundari Devi Dasi, A.; Hargadon, B.; Free, R.C.; Monks, P.S.;
Brightling, C.E.; et al. Diagnosis of COVID-19 by Exhaled Breath Analysis Using Gas Chromatography-Mass Spectrometry. ER]
Open Res. 2021, 7, 00139-02021. [CrossRef]

Laird, S.; Debenham, L.; Chandla, D.; Chan, C.; Daulton, E.; Taylor, J.; Bhat, P.; Berry, L.; Munthali, P.; Covington, J.A. Breath
Analysis of COVID-19 Patients in a Tertiary UK Hospital by Optical Spectrometry: The E-Nose CoVal Study. Biosensors 2023, 13,
165. [CrossRef]

Sharma, R.; Zang, W.; Tabartehfarahani, A.; Lam, A.; Huang, X.; Sivakumar, A.D.; Thota, C.; Yang, S.; Dickson, R.P; Sjoding, M.W.;
et al. Portable Breath-Based Volatile Organic Compound Monitoring for the Detection of COVID-19 During the Circulation of the
SARS-CoV-2 Delta Variant and the Transition to the SARS-CoV-2 Omicron Variant. JAMA Netw. Open 2023, 6, €230982. [CrossRef]
Shi, X.; Sadeghi, P.; Lobandi, N.; Emam, S.; Seyed Abrishami, S.M.; Martos-Repath, I.; Mani, N.; Nasrollahpour, M.; Sun, W,;
Rones, S.; et al. Novel, Accurate Pathogen Sensors for Fast Detection of SARS-CoV-2 in the Aerosol in Seconds for a Breathalyzer
Platform. Biosens. Bioelectron. X 2023, 14, 100369. [CrossRef]

Borras, E.; McCartney, M.M.; Thompson, C.H.; Meagher, R.J.; Kenyon, N.J.; Schivo, M.; Davis, C.E. Exhaled Breath Biomarkers of
Influenza Infection and Influenza Vaccination. J. Breath Res. 2021, 15, 046004. [CrossRef]

Danaher, PJ.; Phillips, M.; Schmitt, P.; Richard, S.A.; Millar, E.V.; White, B.K.; Okulicz, J.E,; Coles, C.L.; Burgess, T.H. Breath
Biomarkers of Influenza Infection. Open Forum Infect. Dis. 2022, 9, ofac489. [CrossRef] [PubMed]

McCartney, M.M.; Linderholm, A.L.; Yamaguchi, M.S.; Falcon, A K.; Harper, R W.; Thompson, G.R.; Ebeler, S.E.; Kenyon, N.J.;
Davis, C.E.; Schivo, M. Predicting Influenza and Rhinovirus Infections in Airway Cells Utilizing Volatile Emissions. |. Infect. Dis.
2021, 224, 1742-1750. [CrossRef] [PubMed]

Eng, K.; Alkhouri, N.; Cikach, F,; Patel, N.; Yan, C.; Grove, D.; Lopez, R.; Rome, E.; Dweik, R.A. Analysis of Breath Volatile Organic
Compounds in Children with Chronic Liver Disease Compared to Healthy Controls. J. Breath Res. 2015, 9, 026002. [CrossRef]
[PubMed]

Mellors, T.R.; Nasir, M.; Franchina, F.A.; Smolinska, A.; Blanchet, L.; Flynn, J.L.; Tomko, J.; O'Malley, M.; Scanga, C.A ; Lin, PL,;
et al. Identification of Mycobacterium Tuberculosis Using Volatile Biomarkers in Culture and Exhaled Breath. ]. Breath Res. 2018,
13, 016004. [CrossRef]

Banday, K.M.; Pasikanti, K.K.; Chan, E.C.Y.; Singla, R.; Rao, K.V.S.; Chauhan, V.S.; Nanda, R K. Use of Urine Volatile Organic
Compounds to Discriminate Tuberculosis Patients from Healthy Subjects. Anal. Chem. 2011, 83, 5526-5534. [CrossRef]
Sukaram, T.; Apiparakoon, T.; Tiyarattanachai, T.; Ariyaskul, D.; Kulkraisri, K.; Marukatat, S.; Rerknimitr, R.; Chaiteerakij, R.
VOCs from Exhaled Breath for the Diagnosis of Hepatocellular Carcinoma. Diagnostics 2023, 13, 257. [CrossRef]

Alkhouri, N.; Singh, T.; Alsabbagh, E.; Guirguis, J.; Chami, T.; Hanouneh, I.; Grove, D.; Lopez, R.; Dweik, R. Isoprene in the
Exhaled Breath Is a Novel Biomarker for Advanced Fibrosis in Patients with Chronic Liver Disease: A Pilot Study. Clin. Transl.
Gastroenterol. 2015, 6, e112. [CrossRef]

Preti, G.; Thaler, E.; Hanson, C.W.; Troy, M.; Eades, J.; Gelperin, A. Volatile Compounds Characteristic of Sinus-Related Bacteria
and Infected Sinus Mucus: Analysis by Solid-Phase Microextraction and Gas Chromatography-Mass Spectrometry. J. Chromatogr.
B Anal. Technol. Biomed. Life Sci. 2009, 877,2011-2018. [CrossRef]

Ferraro, V.A.; Zanconato, S.; Baraldi, E.; Carraro, S. Nitric Oxide and Biological Mediators in Pediatric Chronic Rhinosinusitis and
Asthma. J. Clin. Med. 2019, 8, 1783. [CrossRef]

Wang, Y.; Han, X; Li, J.; Zhang, L.; Liu, Y;; Jin, R.; Chen, L.; Chu, X. Associations between the Compositional Patterns of Blood
Volatile Organic Compounds and Chronic Respiratory Diseases and Ages at Onset in NHANES 2003-2012. Chemosphere 2023, 327,
138425. [CrossRef]

Wang, Y.; Yu, Y,; Zhang, X,; Zhang, H.; Zhang, Y.; Wang, S.; Yin, L. Combined Association of Urinary Volatile Organic
Compounds with Chronic Bronchitis and Emphysema among Adults in NHANES 2011-2014: The Mediating Role of Inflammation.
Chemosphere 2024, 361, 141485. [CrossRef] [PubMed]

Silvester, D.S. New Innovations in Ionic Liquid—Based Miniaturised Amperometric Gas Sensors. Curr. Opin. Electrochem. 2019, 15,
7-17. [CrossRef]

Miah, M.R.; Yang, M.; Khandaker, S.; Bashar, M.M.; Alsukaibi, A.K.D.; Hassan, HM.A.; Znad, H.; Awual, M.d.R. Polypyrrole-
Based Sensors for Volatile Organic Compounds (VOCs) Sensing and Capturing: A Comprehensive Review. Sens. Actuators A
Phys. 2022, 347, 113933. [CrossRef]

Kumar, P; Kim, K.-H.; Mehta, PK.; Ge, L.; Lisak, G. Progress and Challenges in Electrochemical Sensing of Volatile Organic
Compounds Using Metal-Organic Frameworks. Crit. Rev. Environ. Sci. Technol. 2019, 49, 2016-2048. [CrossRef]

Epping, R.; Koch, M. On-Site Detection of Volatile Organic Compounds (VOCs). Molecules 2023, 28, 1598. [CrossRef] [PubMed]
Singh, R.; Gupta, R.; Bansal, D.; Bhateria, R.; Sharma, M. A Review on Recent Trends and Future Developments in Electrochemical
Sensing. ACS Omega 2024, 9, 7336. [CrossRef]


https://doi.org/10.1016/j.eclinm.2021.101207
https://doi.org/10.1021/acsinfecdis.1c00248
https://doi.org/10.1183/23120541.00139-2021
https://doi.org/10.3390/bios13020165
https://doi.org/10.1001/jamanetworkopen.2023.0982
https://doi.org/10.1016/j.biosx.2023.100369
https://doi.org/10.1088/1752-7163/ac1a61
https://doi.org/10.1093/ofid/ofac489
https://www.ncbi.nlm.nih.gov/pubmed/36267247
https://doi.org/10.1093/infdis/jiab205
https://www.ncbi.nlm.nih.gov/pubmed/33858010
https://doi.org/10.1088/1752-7155/9/2/026002
https://www.ncbi.nlm.nih.gov/pubmed/25891513
https://doi.org/10.1088/1752-7163/aacd18
https://doi.org/10.1021/ac200265g
https://doi.org/10.3390/diagnostics13020257
https://doi.org/10.1038/ctg.2015.40
https://doi.org/10.1016/j.jchromb.2009.05.028
https://doi.org/10.3390/jcm8111783
https://doi.org/10.1016/j.chemosphere.2023.138425
https://doi.org/10.1016/j.chemosphere.2024.141485
https://www.ncbi.nlm.nih.gov/pubmed/38438022
https://doi.org/10.1016/j.coelec.2019.03.001
https://doi.org/10.1016/j.sna.2022.113933
https://doi.org/10.1080/10643389.2019.1601489
https://doi.org/10.3390/molecules28041598
https://www.ncbi.nlm.nih.gov/pubmed/36838585
https://doi.org/10.1021/acsomega.3c08060

Sensors 2024, 24,7263 30 of 34

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Popoola, O.A.; Stewart, G.B.; Mead, M.I; Jones, R.L. Development of a Baseline-Temperature Correction Methodology for
Electrochemical Sensors and Its Implications for Long-Term Stability. Atmos. Environ. 2016, 147, 330-343. [CrossRef]
Lamas-Ardisana, PJ.; Loaiza, O.A.; Anorga, L.; Jubete, E.; Borghei, M.; Ruiz, V.; Ochoteco, E.; Cabariero, G.; Grande, H.J.
Disposable Amperometric Biosensor Based on Lactate Oxidase Immobilised on Platinum Nanoparticle-Decorated Carbon
Nanofiber and Poly(Diallyldimethylammonium Chloride) Films. Biosens. Bioelectron. 2014, 56, 345-351. [CrossRef]

Kim, J.; Valdés-Ramirez, G.; Bandodkar, A.].; Jia, W.; Martinez, A.G.; Ramirez, J.; Mercier, P.; Wang, J. Non-Invasive Mouthguard
Biosensor for Continuous Salivary Monitoring of Metabolites. Analyst 2014, 139, 1632-1636. [CrossRef]

Lv, Y; Yang, T.; Hou, X,; Fang, Z.; Rajan, K.; Di, Y.; Peng, W.; Deng, Y.; Liang, T. Zirconia Nanofibers-Loaded Reduced Graphene
Oxide Fabrication for Specific Electrochemical Detection of Methyl Parathion. J. Alloys Compd. 2022, 904, 163798. [CrossRef]
Ho, C.K.; Hughes, R.C. In-Situ Chemiresistor Sensor Package for Real-Time Detection of Volatile Organic Compounds in Soil and
Groundwater. Sensors 2002, 2, 23-34. [CrossRef]

Kumar, A.; Kumar, A.; Kwoka, M.; Gang, M.; Kumar, M. JoT-Enabled Surface-Active Pd-Anchored Metal Oxide Chemiresistor for
H2S Gas Detection. Sens. Actuators B Chem. 2023, 402, 135065. [CrossRef]

Zhang, ].; Liu, X.; Neri, G.; Pinna, N. Nanostructured Materials for Room-Temperature Gas Sensors. Adv. Mater. 2016, 28, 795-831.
[CrossRef]

Dai, J.; Ogbeide, O.; Macadam, N.; Sun, Q.; Yu, W.; Li, Y; Su, B.-L.; Hasan, T.; Huang, X.; Huang, W. Printed Gas Sensors. Chem.
Soc. Rev. 2020, 49, 1756-1789. [CrossRef] [PubMed]

Zhang, H.-L; Evans, S.; Henderson, J.; Miles, R.; Shen, T. Vapour Sensing Using Surface Functionalized Gold Nanoparticles.
Nanotechnology 2002, 13, 439-444. [CrossRef]

Srivastava, S.; Singh, A.; Sahz, M.A.; Yadav, B.C.; Pandey, N.K. Development of V205@GO (1D/2D) Nanohybrid Based
Chemiresistor for Low-Trace of Toluene. Sens. Actuators B Chem. 2024, 400, 134817. [CrossRef]

Wang, Z.; Bu, M.; Hu, N.; Zhao, L. An Overview on Room-Temperature Chemiresistor Gas Sensors Based on 2D Materials:
Research Status and Challenge. Compos. Part B Eng. 2023, 248, 110378. [CrossRef]

Emam, S.; Nasrollahpour, M.; Colarusso, B.; Cai, X.; Grant, S.; Kulkarni, P.; Ekenseair, A.; Gharagouzloo, C.; Ferris, C.E,; Sun, N.-X.
Detection of Presymptomatic Alzheimer’s Disease through Breath Biomarkers. Alzheimers Dement. 2020, 12, e12088.

Cumeras, R.; Figueras, E.; Davis, C.E.; Baumbach, J.I.; Gracia, I. Review on Ion Mobility Spectrometry. Part 2: Hyphenated
Methods and Effects of Experimental Parameters. Analyst 2015, 140, 1391-1410. [CrossRef]

Bogue, R. Recent Developments in MEMS Sensors: A Review of Applications, Markets and Technologies. Sens. Rev. 2013, 33,
300-304. [CrossRef]

Acharyya, S.; Nag, S.; Kimbahune, S.; Ghose, A.; Pal, A.; Guha, PK. Selective Discrimination of VOCs Applying Gas Sensing
Kinetic Analysis over a Metal Oxide-Based Chemiresistive Gas Sensor. ACS Sens. 2021, 6, 2218-2224. [CrossRef] [PubMed]
Fois, M.; Cox, T.; Ratcliffe, N.; de Lacy Costello, B. Rare Earth Doped Metal Oxide Sensor for the Multimodal Detection of Volatile
Organic Compounds (VOCs). Sens. Actuators B Chem. 2021, 330, 129264. [CrossRef]

Pargoletti, E.; Cappelletti, G. Breakthroughs in the Design of Novel Carbon-Based Metal Oxides Nanocomposites for VOCs Gas
Sensing. Nanomaterials 2020, 10, 1485. [CrossRef] [PubMed]

Baur, T.; Amann, J.; Schultealbert, C.; Schiitze, A. Field Study of Metal Oxide Semiconductor Gas Sensors in Temperature Cycled
Operation for Selective VOC Monitoring in Indoor Air. Atmosphere 2021, 12, 647. [CrossRef]

Gao, Y.;; Kong, Q.; Zhang, J.; Xi, G. General Fabrication and Enhanced VOC Gas-Sensing Properties of Hierarchically Porous
Metal Oxides. RSC Adv. 2017, 7, 35897-35904. [CrossRef]

Song, L.; Lukianov, A.; Butenko, D.; Li, H.; Zhang, J.; Feng, M.; Liu, L.; Chen, D.; Klyui, N.I. Facile Synthesis of Hierarchical
Tin Oxide Nanoflowers with Ultra-High Methanol Gas Sensing at Low Working Temperature. Nanoscale Res. Lett. 2019, 14, 84.
[CrossRef]

Spinelle, L.; Gerboles, M.; Kok, G.; Persijn, S.; Sauerwald, T. Review of Portable and Low-Cost Sensors for the Ambient Air
Monitoring of Benzene and Other Volatile Organic Compounds. Sensors 2017, 17, 1520. [CrossRef]

Vaughan, S.R.; Pérez, R.L.; Chhotaray, P.; Warner, .M. Quartz Crystal Microbalance Based Sensor Arrays for Detection and
Discrimination of VOCs Using Phosphonium Ionic Liquid Composites. Sensors 2020, 20, 615. [CrossRef]

Regmi, B.P,; Adhikari, PL.; Dangi, B.B. Ionic Liquid-Based Quartz Crystal Microbalance Sensors for Organic Vapors: A Tutorial
Review. Chemosensors 2021, 9, 194. [CrossRef]

Zhang, D.; Mao, R; Song, X.; Wang, D.; Zhang, H.; Xia, H.; Ma, Y; Gao, Y. Humidity Sensing Properties and Respiratory Behavior
Detection Based on Chitosan-Halloysite Nanotubes Film Coated QCM Sensor Combined with Support Vector Machine. Sens.
Actuators B Chem. 2023, 374, 132824. [CrossRef]

Fauzi, F,; Rianjanu, A.; Santoso, L.; Triyana, K. Gas and Humidity Sensing with Quartz Crystal Microbalance (QCM) Coated with
Graphene-Based Materials—A Mini Review. Sens. Actuators A Phys. 2021, 330, 112837. [CrossRef]

Speight, R.E.; Cooper, M.A. A Survey of the 2010 Quartz Crystal Microbalance Literature. J. Mol. Recognit. 2012, 25, 451-473.
[CrossRef] [PubMed]

O’Sullivan, C.K.; Guilbault, G.G. Commercial Quartz Crystal Microbalances—Theory and Applications. Biosens. Bioelectron. 1999,
14, 663-670. [CrossRef]


https://doi.org/10.1016/j.atmosenv.2016.10.024
https://doi.org/10.1016/j.bios.2014.01.047
https://doi.org/10.1039/C3AN02359A
https://doi.org/10.1016/j.jallcom.2022.163798
https://doi.org/10.3390/s20100023
https://doi.org/10.1016/j.snb.2023.135065
https://doi.org/10.1002/adma.201503825
https://doi.org/10.1039/C9CS00459A
https://www.ncbi.nlm.nih.gov/pubmed/32065178
https://doi.org/10.1088/0957-4484/13/3/339
https://doi.org/10.1016/j.snb.2023.134817
https://doi.org/10.1016/j.compositesb.2022.110378
https://doi.org/10.1039/C4AN01101E
https://doi.org/10.1108/SR-05-2013-678
https://doi.org/10.1021/acssensors.1c00115
https://www.ncbi.nlm.nih.gov/pubmed/34124886
https://doi.org/10.1016/j.snb.2020.129264
https://doi.org/10.3390/nano10081485
https://www.ncbi.nlm.nih.gov/pubmed/32751173
https://doi.org/10.3390/atmos12050647
https://doi.org/10.1039/C7RA06808E
https://doi.org/10.1186/s11671-019-2911-4
https://doi.org/10.3390/s17071520
https://doi.org/10.3390/s20030615
https://doi.org/10.3390/chemosensors9080194
https://doi.org/10.1016/j.snb.2022.132824
https://doi.org/10.1016/j.sna.2021.112837
https://doi.org/10.1002/jmr.2209
https://www.ncbi.nlm.nih.gov/pubmed/22899590
https://doi.org/10.1016/S0956-5663(99)00040-8

Sensors 2024, 24, 7263 31 of 34

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.
137.

138.

139.
140.

141.

142.

143.

Horrillo, M.C.; Fernandez, M.].; Fontecha, J.L.; Sayago, I.; Garcia, M.; Aleixandre, M.; Santos, ].P,; Arés, L.; Gutiérrez, J.; Gracia, L;
et al. Detection of Volatile Organic Compounds Using Surface Acoustic Wave Sensors with Different Polymer Coatings. Thin
Solid Film. 2004, 467, 234-238. [CrossRef]

Gao, F; Boussaid, F; Xuan, W.; Tsui, C.-Y.; Bermak, A. Dual transduction surface acoustic wave gas sensor for VOC dis-crimination.
IEEE Electron. Device Lett. 2018, 39, 1920-1923. [CrossRef]

Viespe, C.; Miu, D. Characteristics of Surface Acoustic Wave Sensors with Nanoparticles Embedded in Polymer Sensitive Layers
for VOC Detection. Sensors 2018, 18, 2401. [CrossRef]

Kus, F; Altinkok, C.; Zayim, E.; Erdemir, S.; Tasaltin, C.; Gurol, I. Surface Acoustic Wave (SAW) Sensor for Volatile Organic
Compounds (VOCs) Detection with Calix [4] Arene Functionalized Gold Nanorods (AuNRs) and Silver Nanocubes (AgNCs).
Sens. Actuators B Chem. 2021, 330, 129402. [CrossRef]

Palla-Papavlu, A.; Voicu, S.I.; Dinescu, M. Sensitive Materials and Coating Technologies for Surface Acoustic Wave Sensors.
Chemosensors 2021, 9, 105. [CrossRef]

Pan, Y; Yan, C.; Gao, X,; Yang, J.; Guo, T.; Zhang, L.; Wang, W. A Passive Wireless Surface Acoustic Wave (SAW) Sensor System
for Detecting Warfare Agents Based on Fluoroalcohol Polysiloxane Film. Microsyst. Nanoeng. 2024, 10, 4. [CrossRef]
Szulczynski, B.; Gebicki, J. Currently Commercially Available Chemical Sensors Employed for Detection of Volatile Organic
Compounds in Outdoor and Indoor Air. Environments 2017, 4, 21. [CrossRef]

Kulinyi, S.; Brandszdjsz, D.; Amine, H.; Adédm, M.; Fiirjes, P.; Barsony, L; Diics6, C. Olfactory Detection of Methane, Propane,
Butane and Hexane Using Conventional Transmitter Norms. Sens. Actuators B Chem. 2005, 111, 286-292. [CrossRef]
Caucheteur, C.; Debliquy, M.; Lahem, D.; Megret, P. Catalytic fiber Bragg grating sensor for hydrogen leak detection in air. I[EEE
Photonics Technol. Lett. 2008, 20, 96-98. [CrossRef]

Nemirovsky, Y.; Stolyarova, S.; Blank, T.; Bar-Lev, S.; Svetlitza, A.; Zviagintsev, A.; Brouk, I. A New Pellistor-like Gas Sensor Based
on Micromachined CMOS Transistor. IEEE Trans. Electron. Devices 2018, 65, 5494-5498. [CrossRef]

Avraham, M.; Krayden, A.; Ashkar, H.; Aronin, D,; Stolyarova, S.; Blank, T.; Shlenkevitch, D.; Nemirovsky, Y. A Novel Miniature
and Selective CMOS Gas Sensor for Gas Mixture Analysis—Part 4: The Effect of Humidity. Micromachines 2024, 15, 264. [CrossRef]
[PubMed]

Goikhman, B.; Avraham, M.; Bar-Lev, S.; Stolyarova, S.; Blank, T.; Nemirovsky, Y. A Novel Miniature and Selective CMOS Gas
Sensor for Gas Mixture Analysis—Part 3: Extending the Chemical Modeling. Micromachines 2023, 14, 270. [CrossRef]

Khan, S.; Newport, D.; Le Calvé, S. Gas Detection Using Portable Deep-UV Absorption Spectrophotometry: A Review. Sensors
2019, 19, 5210. [CrossRef]

Li, Z.; Askim, ].R.; Suslick, K.S. The Optoelectronic Nose: Colorimetric and Fluorometric Sensor Arrays. Chem. Rev. 2018, 119,
231-292. [CrossRef]

Sun, X.; Wang, Y.; Lei, Y. Fluorescence Based Explosive Detection: From Mechanisms to Sensory Materials. Chem. Soc. Rev. 2015,
44, 8019-8061. [CrossRef]

Li, G,; Liu, Z.; Gao, W.; Tang, B. Recent Advancement in Graphene Quantum Dots Based Fluorescent Sensor: Design, Construction
and Bio-Medical Applications. Coord. Chem. Rev. 2023, 478, 214966. [CrossRef]

Yang, Z.; Li, H.; Xu, T.; She, M.; Chen, J.; Jia, X,; Liu, P; Liu, X.; Li, J. Red Emissive Carbon Dots as a Fluorescent Sensor for Fast
Specific Monitoring and Imaging of Polarity in Living Cells. J. Mater. Chem. A 2023, 11, 2679-2689. [CrossRef]

Keerthana, P; Das, A K.; Bharath, M.; Ghosh, M.; Varghese, A. A Ratiometric Fluorescent Sensor Based on Dual-Emissive Carbon
Dot for the Selective Detection of Cd%*. J. Environ. Chem. Eng. 2023, 11, 109325. [CrossRef]

Li, W,; Liu, L.; Li, X.; Ren, H.; Zhang, L.; Parvez, M.K.; Al-Dosari, M.S; Fan, L.; Liu, J. A Ni(I)MOF-Based Hypersensitive
Dual-Function Luminescent Sensor towards the 3-Nitrotyrosine Biomarker and 6-Propyl-2-Thiouracil Antithyroid Drug in Urine.
J. Mater. Chem. B 2024. [CrossRef] [PubMed]

Kong, H.; Ma, Z.; Wang, S.; Gong, X.; Zhang, S.; Zhang, X. Hydrogen Sulfide Detection Based on Reflection: From a Poison Test
Approach of Ancient China to Single-Cell Accurate Localization. Anal. Chem. 2014, 86, 7734-7739. [CrossRef]

Askim, ].R.; Suslick, K.S. Hand-held reader for colorimetric sensor arrays. Anal. Chem. 2015, 87, 7810-7816. [CrossRef] [PubMed]
Askim, J.R.; Li, Z.; LaGasse, M.K,; Rankin, ].M.; Suslick, K.S. An Optoelectronic Nose for Identification of Explosives. Chem. Sci.
2016, 7, 199-206. [CrossRef]

Nassau, K. The Physics and Chemistry of Color: The Fifteen Causes of Color 2001. Available online: https://onlinelibrary.wiley.
com/doi/abs/10.1002/col.10085 (accessed on 27 August 2002).

Toby, S. Chemiluminescence in the Reactions of Ozone. Chem. Rev. 1984, 84, 277-285. [CrossRef]

Low-Pressure Gas-Phase Ozone-Olefin Reactions. Chemiluminescence, Kinetics, and Mechanisms. |. Am. Chem. Soc. 1974, 96,
5356-5367.

Ohira, S.-L; Li, J.; Lonneman, W.A; Dasgupta, PK,; Toda, K. Can Breath Isoprene Be Measured by Ozone Chemiluminescence?
Anal. Chem. 2007, 79, 2641-2649. [CrossRef]

Zhao, Y.; Zhou, J.; Song, Y.; Li, Z.; Liu, X.; Zhang, M.; Zang, H.; Cao, X.; Lv, C. An Environment-Friendly Device for Rapid
Determination of Chemical Oxygen Demand in Waters Based on Ozone-Induced Chemiluminescence Technology. Anal. Methods
2019, 11, 1707-1714. [CrossRef]

Matsumoto, J. Measurements of Total Ozone Reactivity in a Suburban Forest in Japan. Atmos. Environ. 2021, 246, 117990.
[CrossRef]


https://doi.org/10.1016/j.tsf.2004.04.012
https://doi.org/10.1109/LED.2018.2874821
https://doi.org/10.3390/s18072401
https://doi.org/10.1016/j.snb.2020.129402
https://doi.org/10.3390/chemosensors9050105
https://doi.org/10.1038/s41378-023-00627-8
https://doi.org/10.3390/environments4010021
https://doi.org/10.1016/j.snb.2005.06.068
https://doi.org/10.1109/LPT.2007.912557
https://doi.org/10.1109/TED.2018.2878015
https://doi.org/10.3390/mi15020264
https://www.ncbi.nlm.nih.gov/pubmed/38398992
https://doi.org/10.3390/mi14020270
https://doi.org/10.3390/s19235210
https://doi.org/10.1021/acs.chemrev.8b00226
https://doi.org/10.1039/C5CS00496A
https://doi.org/10.1016/j.ccr.2022.214966
https://doi.org/10.1039/D2TA09462B
https://doi.org/10.1016/j.jece.2023.109325
https://doi.org/10.1039/D4TB01618A
https://www.ncbi.nlm.nih.gov/pubmed/39432095
https://doi.org/10.1021/ac5016672
https://doi.org/10.1021/acs.analchem.5b01499
https://www.ncbi.nlm.nih.gov/pubmed/26177346
https://doi.org/10.1039/C5SC02632F
https://onlinelibrary.wiley.com/doi/abs/10.1002/col.10085
https://onlinelibrary.wiley.com/doi/abs/10.1002/col.10085
https://doi.org/10.1021/cr00061a003
https://doi.org/10.1021/ac062334y
https://doi.org/10.1039/C9AY00006B
https://doi.org/10.1016/j.atmosenv.2020.117990

Sensors 2024, 24, 7263 32 0f 34

144.
145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Jha, R.K. Non-dispersive infrared gas sensing technology: A review. IEEE Sens. . 2021, 22, 6-15. [CrossRef]

Dinh, T.-V.; Choi, L-Y;; Son, Y.-S.; Kim, ].-C. A Review on Non-Dispersive Infrared Gas Sensors: Improvement of Sensor Detection
Limit and Interference Correction. Sens. Actuators B Chem. 2016, 231, 529-538. [CrossRef]

Tan, X.; Zhang, H.; Li, J.; Wan, H.; Guo, Q.; Zhu, H,; Liu, H.; Yi, F. Non-dispersive infrared multi-gas sensing via nanoantenna
integrated narrowband detectors. Nat. Commun. 2020, 11, 5245. [CrossRef] [PubMed]

Xu, M,; Peng, B.; Zhu, X.; Guo, Y. Multi-Gas Detection System Based on Non-Dispersive Infrared (NDIR) Spectral Technology.
Sensors 2022, 22, 836. [CrossRef] [PubMed]

Esfahani, S.; Tiele, A.; Agbroko, 5.0.; Covington, J.A. Development of a Tuneable NDIR Optical Electronic Nose. Sensors 2020, 20,
6875. [CrossRef]

Petrov, D.V.; Matrosov, LI. Enhancement of Raman Scattering Intensity Due to an Internal-Field Factor. Opt. Spectrosc. 2021, 129,
674—678. [CrossRef]

Fast and Highly Sensitive Fiber-Enhanced Raman Spectroscopic Monitoring of Molecular H2 and CH4 for Point-of-Care Diagnosis
of Malabsorption Disorders in Exhaled Human Breath. Available online: http://ouci.dntb.gov.ua/en/works/9jQDy6wl/
(accessed on 8 November 2024).

Zhao, Y.-X.; Zhu, W.-W.; Wu, Y.-Y.; Chen, Y.-Y;; Du, F-K,; Yan, J.; Tan, X.-C.; Wang, Q. Sensitive Surface-Enhanced Raman
Scattering for the Quantitative Detection of Formaldehyde in Foods Using Gold Nanorod Substrate. Microchem. ]. 2021, 160,
105727. [CrossRef]

Xu, W; Ling, X.; Xiao, J.; Dresselhaus, M.S.; Kong, J.; Xu, H.; Liu, Z.; Zhang, J. Surface Enhanced Raman Spectroscopy on a Flat
Graphene Surface. Proc. Natl. Acad. Sci. USA 2012, 109, 9281-9286. [CrossRef]

Ding, Y,; Liu, C.; Shi, Y.; Wang, L.-X.; Mao, Z.-S.; Sun, H.; Wan, H.; Chen, F; Cao, Y. Dual-Mode Separation and SERS Detection of
Carbaryl with PA-6/ AuNRs@ZIF-8 Films. Anal. Chem. 2024, 96, 1941-1947. [CrossRef]

Velez, ].G.; Muller, A. Trace Gas Sensing Using Diode-Pumped Collinearly Detected Spontaneous Raman Scattering Enhanced by
a Multipass Cell. Opt. Lett. 2020, 45, 133-136. [CrossRef]

Hanf, S.; Keiner, R.; Yan, D.; Popp, J.; Frosch, T. Fiber-Enhanced Raman Multigas Spectroscopy: A Versatile Tool for Environmental
Gas Sensing and Breath Analysis. Anal. Chem. 2014, 86, 5278-5285. [CrossRef] [PubMed]

Agbroko, S.0.; Covington, J. A Novel, Low-Cost, Portable PID Sensor for the Detection of Volatile Organic Compounds. Sers.
Actuators B Chem. 2018, 275, 10-15. [CrossRef]

Pang, X.; Nan, H.; Zhong, J.; Ye, D.; Shaw, M.D.; Lewis, A.C. Low-Cost Photoionization Sensors as Detectors in GC x GC Systems
Designed for Ambient VOC Measurements. Sci. Total Environ. 2019, 664, 771-779. [CrossRef] [PubMed]

Spadi, A.; Angeloni, G.; Guerrini, L.; Corti, F; Maioli, F; Calamai, L.; Parenti, A.; Masella, P. A Conventional VOC-PID Sensor for
a Rapid Discrimination among Aromatic Plant Varieties: Classification Models Fitted to a Rosemary Case-Study. Appl. Sci. 2022,
12, 6399. [CrossRef]

Zabiegala, B.; Przyk, E.; Przyjazny, A.; Namiesnik, J. Evaluation of Indoor Air Quality on the Basis of Measurements of VOC
Concentrations. Chem. Anal. 2000, 45, 11-26.

Lawson, A.M. Mass Spectrometry; Walter de Gruyter GmbH & Co KG: Berlin, Germany, 2021; Volume 1.

Mielczarek, P; Silberring, J.; Smoluch, M. Miniaturization in Mass Spectrometry. Mass Spectrom. Rev. 2020, 39, 453-470. [CrossRef]
Evans-Nguyen, K_; Stelmack, A.R.; Clowser, P.C.; Holtz, ].M.; Mulligan, C.C. Fieldable Mass Spectrometry for Forensic Science,
Homeland Security, and Defense Applications. Mass Spectrom. Rev. 2021, 40, 628—-646. [CrossRef]

Allsworth, M. Detecting Biomarkers in Breath Using GC-MS. LCGC Int. 2020, 16, 14-17.

De Vietro, N.; Aresta, A.M.; Picciariello, A.; Altomare, D.F,; Lucarelli, G.; Di Gilio, A.; Palmisani, J.; De Gennaro, G.; Zambonin, C.
Optimization of a Breath Analysis Methodology to Potentially Diagnose Transplanted Kidney Rejection: A Preclinic Study. Appl.
Sci. 2023, 13, 2852. [CrossRef]

Hill, HH., Jr.; Siems, W.E; St. Louis, R.H. Ion Mobility Spectrometry. Anal. Chem. 1990, 62, 1201-1209. [CrossRef]

Gabelica, V.; Marklund, E. Fundamentals of Ion Mobility Spectrometry. Curr. Opin. Chem. Biol. 2018, 42, 51-59. [CrossRef]
[PubMed]

Ahrens, A.; Zimmermann, S. Towards a Hand-Held, Fast, and Sensitive Gas Chromatograph-Ion Mobility Spectrometer for
de-Tecting Volatile Compounds. Anal. Bioanal. Chem. 2021, 413, 1009-1016. [CrossRef] [PubMed]

Ahrens, A.; Hitzemann, M.; Zimmermann, S. Miniaturized High-Performance Drift Tube Ion Mobility Spectrometer. Int. J. Ion
Mobil. Spectrom. 2019, 22, 77-83. [CrossRef]

Fulton, A.C.; Vaughan, S.R.; DeGreeff, L.E. Non-contact Detection of Fentanyl by a Field-portable Ion Mobility Spectrometer.
Drug Test. Anal. 2022, 14, 1451-1459. [CrossRef]

Ratiu, I.A.; Bocos-Bintintan, V.; Patrut, A.; Moll, V.H.; Turner, M.; Thomas, C.P. Discrimination of Bacteria by Rapid Sensing Their
Metabolic Volatiles Using an Aspiration-Type Ion Mobility Spectrometer (a-IMS) and Gas Chromatography-Mass Spectrom-Etry
GC-MS. Anal. Chim. Acta 2017, 982, 209-217. [CrossRef]

Guo, X.; Schwab, W.; Ho, C.-T.; Song, C.; Wan, X. Characterization of the Aroma Profiles of Oolong Tea Made from Three Tea
Cultivars by Both GC-MS and GC-IMS. Food Chem. 2022, 376, 131933. [CrossRef]

Hua, Y.; Kumar, V.; Kim, K.-H. Recent Progress on Hollow Porous Molecular Imprinted Polymers as Sorbents of Environmental
Samples. Microchem. J. 2021, 171, 106848. [CrossRef]


https://doi.org/10.1109/JSEN.2021.3130034
https://doi.org/10.1016/j.snb.2016.03.040
https://doi.org/10.1038/s41467-020-19085-1
https://www.ncbi.nlm.nih.gov/pubmed/33067455
https://doi.org/10.3390/s22030836
https://www.ncbi.nlm.nih.gov/pubmed/35161584
https://doi.org/10.3390/s20236875
https://doi.org/10.1134/S0030400X2105012X
http://ouci.dntb.gov.ua/en/works/9jQDy6wl/
https://doi.org/10.1016/j.microc.2020.105727
https://doi.org/10.1073/pnas.1205478109
https://doi.org/10.1021/acs.analchem.3c04090
https://doi.org/10.1364/OL.45.000133
https://doi.org/10.1021/ac404162w
https://www.ncbi.nlm.nih.gov/pubmed/24846710
https://doi.org/10.1016/j.snb.2018.07.173
https://doi.org/10.1016/j.scitotenv.2019.01.348
https://www.ncbi.nlm.nih.gov/pubmed/30763857
https://doi.org/10.3390/app12136399
https://doi.org/10.1002/mas.21614
https://doi.org/10.1002/mas.21646
https://doi.org/10.3390/app13052852
https://doi.org/10.1021/ac00222a716
https://doi.org/10.1016/j.cbpa.2017.10.022
https://www.ncbi.nlm.nih.gov/pubmed/29154177
https://doi.org/10.1007/s00216-020-03059-9
https://www.ncbi.nlm.nih.gov/pubmed/33222000
https://doi.org/10.1007/s12127-019-00248-w
https://doi.org/10.1002/dta.3272
https://doi.org/10.1016/j.aca.2017.06.031
https://doi.org/10.1016/j.foodchem.2021.131933
https://doi.org/10.1016/j.microc.2021.106848

Sensors 2024, 24,7263 33 of 34

173.

174.

175.
176.

177.

178.

179.

180.

181.
182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

Uzun, L.; Turner, A.P. Molecularly-Imprinted Polymer Sensors: Realising Their Potential. Biosens. Bioelectron. 2016, 76, 131-144.
[CrossRef]

Chauhan, R;; Singh, J.; Sachdev, T.; Basu, T.; Malhotra, B. Recent advances in mycotoxins detection. Biosens. Bioelectron. 2016, 81,
532-545. [CrossRef]

Zhang, Y.; Zhang, |.; Liu, Q. Gas sensors based on molecular imprinting technology. Sensors 2017, 17, 1567. [CrossRef]

Kang, M.S.; Cho, E.; Choi, H.E.; Amri, C.; Lee, ].-H.; Kim, K.S. Molecularly Imprinted Polymers (MIPs): Emerging Biomaterials
for Cancer Theragnostic Applications. Biomater. Res. 2023, 27, 45. [CrossRef] [PubMed]

Emam, S.; Nasrollahpour, M.; Allen, ].P; He, Y.; Hussein, H.; Shah, H.S.; Tavangarian, F,; Sun, N.-X. A Handheld Electronic Device
with the Potential to Detect Lung Cancer Biomarkers from Exhaled Breath. Biomed. Microdevices 2022, 24, 41. [CrossRef]
Huang, Y; Yang, C.; Xu, X.-F,; Xu, W,; Liu, S.-W. Structural and Functional Properties of SARS-CoV-2 Spike Protein: Potential
Antivirus Drug Development for COVID-19. Acta Pharmacol. Sin. 2020, 41, 1141-1149. [CrossRef]

Zamzami, M.A; Rabbani, G.; Ahmad, A ; Basalah, A.A.; Al-Sabban, W.H.; Ahn, S.N.; Choudhry, H. Carbon Nanotube Field-Effect
Transistor (CNT-FET)-Based Biosensor for Rapid Detection of SARS-CoV-2 (COVID-19) Surface Spike Protein S1. Bioelectrochem-
istry 2022, 143, 107982. [CrossRef]

Paknahad, M.; Bachhal, J.S.; Hoorfar, M. Diffusion-Based Humidity Control Membrane for Microfluidic-Based Gas Detectors.
Anal. Chim. Acta 2018, 1021, 103-112. [CrossRef] [PubMed]

Dey, A. Semiconductor Metal Oxide Gas Sensors: A Review. Mater. Sci. Eng. B 2018, 229, 206-217. [CrossRef]

Schiitze, A.; Baur, T.; Leidinger, M.; Reimringer, W.; Jung, R.; Conrad, T.; Sauerwald, T. Highly Sensitive and Selective VOC Sensor
Systems Based on Semiconductor Gas Sensors: How To? Environments 2017, 4, 20. [CrossRef]

Xu, W.; Cai, Y,; Gao, S.; Hou, S.; Yang, Y; Duan, Y.; Fu, Q.; Chen, F.; Wu, J. New Understanding of Miniaturized VOCs Monitoring
Device: PID-Type Sensors Performance Evaluations in Ambient Air. Sens. Actuators B Chem. 2021, 330, 129285. [CrossRef]
Thompson, J.E. Crowd-Sourced Air Quality Studies: A Review of the Literature & Portable Sensors. Trends Environ. Anal. Chem.
2016, 11, 23-34.

Hurot, C.; Scaramozzino, N.; Buhot, A.; Hou, Y. Bio-Inspired Strategies for Improving the Selectivity and Sensitivity of Artificial
Noses: A Review. Sensors 2020, 20, 1803. [CrossRef]

Baranwal, J.; Barse, B.; Gatto, G.; Broncova, G.; Kumar, A. Electrochemical Sensors and Their Applications: A Review. Chemosensors
2022, 10, 363. [CrossRef]

Jadon, N.; Jain, R.; Sharma, S.; Singh, K. Recent Trends in Electrochemical Sensors for Multianalyte Detection—A Review. Talanta
2016, 161, 894-916. [CrossRef]

Djeziri, M.; Benmoussa, S.; Bendahan, M.; Seguin, J.-L. Review on Data-Driven Approaches for Improving the Selectivity of
MOX-Sensors. Microsyst. Technol. 2024, 30, 791-807. [CrossRef]

Kresnawaty, I.; Mulyatni, A.; Eris, D.; Prakoso, H.; Triyana, K.; Widiastuti, H. Electronic Nose for Early Detection of Basal Stem
Rot Caused by Ganoderma in Oil Palm. IOP Conf. Ser. Earth Environ. Sci. 2020, 468, 012029. [CrossRef]

Sun, Y.; Wang, ].; Cheng, S.; Wang, Y. Detection of Pest Species with Different Ratios in Tea Plant Based on Electronic Nose. Ann.
Appl. Biol. 2019, 174, 209-218. [CrossRef]

Xue, S; Cao, S.;; Huang, Z.; Yang, D.; Zhang, G. Improving Gas-Sensing Performance Based on MOS Nanomaterials: A Review.
Materials 2021, 14, 4263. [CrossRef]

Shen, Y.; Tissot, A.; Serre, C. Recent progress on MOF-based optical sensors for VOC sensing. Chem. Sci. 2022, 13, 13978-14007.
[CrossRef]

Cui, S;; Ling, P; Zhu, H.; Keener, H.M. Plant Pest Detection Using an Artificial Nose System: A Review. Sensors 2018, 18, 378.
[CrossRef]

Wei, L.; Yu, L.; Jiaoqi, H.; Guorong, H.; Yang, Z.; Weiling, F. Application of terahertz spectroscopy in biomolecule detection. Front.
Lab. Med. 2018, 2, 127-133. [CrossRef]

Molaei, M.J. A Review on Nanostructured Carbon Quantum Dots and Their Applications in Biotechnology, Sensors, and
Chem-Iluminescence. Talanta 2019, 196, 456-478. [CrossRef]

Yang, Y.; Wang, S.; Lu, L.; Zhang, Q.; Yu, P; Fan, Y,; Zhang, F. NIR-II Chemiluminescence Molecular Sensor for in Vivo
High-contrast Inflammation Imaging. Angew. Chem. Int. Ed. 2020, 59, 18380-18385. [CrossRef] [PubMed]

Chen, H.; Gao, Q.; Li, J.; Lin, ] -M. Graphene Materials-Based Chemiluminescence for Sensing. J. Photochem. Photobiol. C Photochem.
Rev. 2016, 27, 54-71. [CrossRef]

Deepa, S.; Venkatesan, R.; Jayalakshmi, S.; Priya, M.; Kim, S.-C. Recent Advances in Catalyst-Enhanced Luminol Chemilumi-
Nescence System and Its Environmental and Chemical Applications. J. Environ. Chem. Eng. 2023, 11, 109853. [CrossRef]

Gao, M.; Tang, B.Z. Fluorescent Sensors Based on Aggregation-Induced Emission: Recent Advances and Perspectives. ACS Sens.
2017, 2, 1382-1399. [CrossRef] [PubMed]

Acha, N,; Elosua, C.; Corres, ].M.; Arregui, FJ. Fluorescent Sensors for the Detection of Heavy Metal Ions in Aqueous Media.
Sensors 2019, 19, 599. [CrossRef]

Rasheed, T.; Bilal, M.; Nabeel, F,; Igbal, H.M; Li, C.; Zhou, Y. Fluorescent Sensor Based Models for the Detection of Environ-
Mentally-Related Toxic Heavy Metals. Sci. Total Environ. 2018, 615, 476-485. [CrossRef]

Guo, C; Sedgwick, A.C.; Hirao, T.; Sessler, J.L. Supramolecular Fluorescent Sensors: An Historical Overview and Update. Coord.
Chem. Rev. 2021, 427, 213560. [CrossRef]


https://doi.org/10.1016/j.bios.2015.07.013
https://doi.org/10.1016/j.bios.2016.03.004
https://doi.org/10.3390/s17071567
https://doi.org/10.1186/s40824-023-00388-5
https://www.ncbi.nlm.nih.gov/pubmed/37173721
https://doi.org/10.1007/s10544-022-00638-8
https://doi.org/10.1038/s41401-020-0485-4
https://doi.org/10.1016/j.bioelechem.2021.107982
https://doi.org/10.1016/j.aca.2018.03.021
https://www.ncbi.nlm.nih.gov/pubmed/29681276
https://doi.org/10.1016/j.mseb.2017.12.036
https://doi.org/10.3390/environments4010020
https://doi.org/10.1016/j.snb.2020.129285
https://doi.org/10.3390/s20061803
https://doi.org/10.3390/chemosensors10090363
https://doi.org/10.1016/j.talanta.2016.08.084
https://doi.org/10.1007/s00542-024-05622-1
https://doi.org/10.1088/1755-1315/468/1/012029
https://doi.org/10.1111/aab.12485
https://doi.org/10.3390/ma14154263
https://doi.org/10.1039/D2SC04314A
https://doi.org/10.3390/s18020378
https://doi.org/10.1016/j.flm.2019.05.001
https://doi.org/10.1016/j.talanta.2018.12.042
https://doi.org/10.1002/anie.202007649
https://www.ncbi.nlm.nih.gov/pubmed/32592429
https://doi.org/10.1016/j.jphotochemrev.2016.04.003
https://doi.org/10.1016/j.jece.2023.109853
https://doi.org/10.1021/acssensors.7b00551
https://www.ncbi.nlm.nih.gov/pubmed/28945357
https://doi.org/10.3390/s19030599
https://doi.org/10.1016/j.scitotenv.2017.09.126
https://doi.org/10.1016/j.ccr.2020.213560

Sensors 2024, 24, 7263 34 of 34

203.

204.
205.

206.

207.

208.

Lapthorn, C.; Pullen, E; Chowdhry, B.Z. Ion Mobility Spectrometry-mass Spectrometry (IMS-MS) of Small Molecules: Sepa-Rating
and Assigning Structures to Ions. Mass Spectrom. Rev. 2013, 32, 43-71. [CrossRef]

Awang, Z. Gas sensors: A review. Sens. Transducers 2014, 168, 61-75.

Li, Z; Paul, R.; Ba Tis, T.; Saville, A.C.; Hansel, ].C.; Yu, T.; Ristaino, ].B.; Wei, Q. Non-Invasive Plant Disease Diagnostics Enabled
by Smartphone-Based Fingerprinting of Leaf Volatiles. Nat. Plants 2019, 5, 856-866. [CrossRef]

Liu, B.; Zhuang, J.; Wei, G. Recent Advances in the Design of Colorimetric Sensors for Environmental Monitoring. Environ. Sci.
Nano 2020, 7, 2195-2213. [CrossRef]

Guerra, L.R.; de Souza, A.M.T.; Cértes, ]J.A.; Lione, V.d.O.F,; Castro, H.C.; Alves, G.G. Assessment of Predictivity of Volatile
Organic Compounds Carcinogenicity and Mutagenicity by Freeware in Silico Models. Regul. Toxicol. Pharmacol. 2017, 91, 1-8.
[CrossRef] [PubMed]

Alam, F; Ahmed, A ; Jalal, A.H.; Siddiquee, I.; Adury, R.Z.; Hossain, G.M.M.; Pala, N. Recent Progress and Challenges of
Implantable Biodegradable Biosensors. Micromachines 2024, 15, 475. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/mas.21349
https://doi.org/10.1038/s41477-019-0476-y
https://doi.org/10.1039/D0EN00449A
https://doi.org/10.1016/j.yrtph.2017.09.030
https://www.ncbi.nlm.nih.gov/pubmed/28970106
https://doi.org/10.3390/mi15040475
https://www.ncbi.nlm.nih.gov/pubmed/38675286

	Introduction 
	Screening Methods for VOC Analysis 
	Methods Based on Variation of Electrical Properties 
	Electrochemical Sensors 
	Chemiresistors 

	Methods Based on Variations of Other Properties 
	Quartz Crystal Microbalance (QCM) 
	Surface Acoustic Wave Sensors 
	Thermal Sensor (Pellistors) 
	Optical Methods 
	Photoionization Detectors 
	Gas Chromatography Coupled with Mass Spectrometer and Ion Mobility Mass Spectrometer 


	Functionalized MIP-Based Sensors 
	Discussion and Outlook 
	Conclusions 
	References

