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Abstract: Human body odor is a unique identity feature of
individual as well as an established composite of numer-
ous volatile organic compounds (VOCs) belonging to sig-
nificant chemical classes. Several analytical methods have
been used in the characterization of human body odor in
order to recognize the chemical composition of VOCs in
medical, forensic, and biometric applications. Besides,
real-time sensing systems (based on the chemical sensors)
are being researched and developed for qualitative and
quantitative recognition of VOCs in body odor. The pre-
sent review focuses the state-of-the-art research outcomes
related to the characterization of human body odor with
the objective to identify the VOCs belonging to aldehyde
class. Furthermore, the application of chemical sensors in
past studies for the detection of aldehydes besides other
chemical compounds in body odor is summarized and the
significance of aldehydes detection in different applica-
tions is discussed.

Keywords: aldehydes; characterization; chemical sensor;
human body odor; VOC detection.

Introduction

Body odor is produced by skin bacteria such as Brevi-
bacterium, Propionibacterium acnes, Corynebacte-
rium, Staphylococcus hominis, Micrococcus luteus,
and Staphylococcus epidermidis, etc. (Hart 1980,
Zeng et al. 1991, Inaba and Inaba 1992, Rindisbacher
1992, Grice et al. 2009, Yamazaki et al. 2010). Skin
bacteria decompose secretion outcomes (oil/wax,
salts, proteins, etc.) of the sweat glands (eccrine, apo-
crine, etc.), which results in the complex composi-
tion of volatile organic compounds (VOCs) belonging
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to several chemical classes, including aldehyde, acid,
amine, alcohol, hydrocarbon, ketones, sterols, sulfur
compounds, and terpenoids, generating human body
odor (Amoore 1977, Fang et al. 1998, Toan et al. 1999,
Clancy and McVicar 2002, Jain 2004, Statheropoulos
et al. 2005, Havlicek and Lenochova 2006, Steeghs
et al. 2006, Wedekind et al. 2006, Penn et al. 2007,
D’Amico et al. 2008b, Preti and Leyden 2010, Wisthaler
and Weschler 2010, Yamazaki et al. 2010, Seeley et al.
2011, Thorn and Greenman 2012, Agapiou et al. 2015a,b,
Buljubasic and Buchbauer 2015, Sorokowska et al. 2015,
Allen et al. 2016, Col6on-Crespo et al. 2016, Fialova et al.
2016, Gildersleeve et al. 2016, Prokop-Prigge et al. 2016,
Sorokowska et al. 2016, Stefanuto and Focant 2016,
Verhulst et al. 2016, Zuniga et al. 2016). Growth of bac-
teria living on the skin is reinforced by the secretions of
body fluids from the different glands like pheromones
and fatty acids (apocrine sweat glands) (Clancy and
McVicar 2002, Seeley et al. 2011), ceruman (ceruminous
gland) (Clancy and McVicar 2002), sebum (sebaceous
glands) (Seeley et al. 2011), etc. and contributes in body
odor. Human sebum is formed by UV, or 0, induced per-
oxidation of unsaturated fatty acids (Osada et al. 2004,
Steeghs et al. 2006, Wisthaler and Weschler 2010). The
apocrine sweat glands (found in the axilla, areola, and
anogenital region) have a major influence in the body
odor compared to the other.

On the basis of origin, human body odor is classi-
fied into three main categories: primary, secondary, and
tertiary (Amoore 1977). The primary body odor is a dis-
tinguishing attribute of an individual, which varies with
age (Haze et al. 2001, Yamazaki et al. 2010, Sorokowska
et al. 2015), ethnicity (Colén-Crespo et al. 2016, Prokop-
Prigge et al. 2016), gender (Penn et al. 2007, Coldn-
Crespo et al. 2016), body parts (face, neck, breath,
axilla, foot) (Gaffar et al. 1977, Yamazaki et al. 2010, Liu
etal. 2013, Jha et al. 2014a, Hara et al. 2015, Fialova et al.
2016), body condition (unhealthy or healthy) (Thorn
and Greenman 2012), fertility status (Gildersleeve et al.
2016), and genetic feature (Wedekind et al. 2006, Preti
and Leyden 2010), etc. It has significant contribution
in medical (D’Amico et al. 2008b, Buljubasic and Buch-
bauer 2015), security, safety and forensic (Jain 2004,
Statheropoulos et al. 2005, Agapiou et al. 2015a,b, Ste-
fanuto and Focant 2016), cosmetic (Toan et al. 1999,
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Figure 1: Schematic representation of human body odor details.

Allen et al. 2016, Sorokowska et al. 2016, Verhulst et al.
2016) applications, etc. Secondary odor is produced
mainly with specific diets (meat, onion, ginger, garlic,
etc.) (Havlicek and Lenochova 2006, Fialova et al. 2016,
Zuniga et al. 2016), living environmental conditions
(humidity, temperature, pressure, etc.) (Fang et al. 1998),
etc. The usage of body soap and shampoo, perfumes,
and deodorants causes a temporary, tertiary odor. The
determination of the chemical composition of body odor
is essential in specific applications like health monitor-
ing, forensic investigation, biometric recognition, etc.
In the beginning, canines and human sensory panels
were used for the human body odor sensing. Afterward,
highly sophisticated instrumental analytical methods
were implemented for the qualitative and quantita-
tive chemical composition determination of body odor.
Currently, several chemical sensor-based approaches,
singly or in combination with analytical methods, are in
use for the real-time and fast recognition of VOCs in body
odor. Past research has presented the development and
future prospects of human body odor, and their related
component, VOC, recognition in specific applications is
summarized in some reviews (Prada and Furton 2008,
Pandey and Kim 2011, Li 2014). A schematic representa-
tion of human body odor, their components, sources of
origin, affecting factors, etc., is shown in the Figure 1.

Year-wise variation in the total number of published
reports related to body odor research in between the years
1946 and 2015 is shown in the Figure 2 (Web of Science). It
represents the superfluous research and development in
last two decades.

bacteria <

Alcohol H:C>_°H

CH1
Hydrocarbon #.c—(

L S N CHa

- ,
N
g LY
" ‘\::“:; Ester Han:\/‘l)Lc"1

Sulfur compounds HC SH

Steroids @:?

2500

o
=
(=]
(=]

—_ —_
= wn
(= (=
S (=]

wn
(=)
(=]

Number of research reports

o T e |

)
& \q@
N
N

0

I

S
\

; > S
& & §
N N P

& 5 )
NP N

‘J‘o/ & N
N N N

Duration

Figure 2: Published reports on body odor research (Web of
Science).

Characterization of body odor

Different analytical methods have been used in the char-
acterization of human body odor with the objective to
determine the precise chemical composition of VOCs;
among them, solid phase microextraction gas chroma-
tography mass spectrometry (SPME-GC-MS) is the most
common and widely used method in published literature
(Zeng et al. 1991, Penn et al. 2007, Yamazaki et al. 2010,
Thorn and Greenman 2012, Dormont et al. 2013b, Liu et al.
2013, Jha et al. 2014a,b, Jha and Hayashi 2015a,b, Jha et al.
2015). Besides that, GC-Fourier transform infrared spec-
troscopy (FTIR) (Zeng et al. 1991, Zeng et al. 1996), high-
resolution GC-MS (Munk et al. 2000), thermal desorption
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GC-MS (Bernier et al. 1999, Bernier et al. 2000, Penn
et al. 2007), atmospheric pressure ionization (API)-MS
(Martinez-Lozano and Mora 2008, Martinez-Lozano and
de la Mora 2009, Martinez-Lozano 2009), GC-flame photo-
metric detector (FPD) (Gaffar et al. 1977, Risby et al. 2001),
cavity ringdown spectroscopy (CRDS) (Wang and Mbi 2007,
Wang et al. 2010, Ciaffoni et al. 2012), laser spectroscopy
(Miirtz 2005, Wojtas et al. 2012, Adonis et al. 2014), high-
performance liquid chromatography (HPLC) (Osada et al.
2004, Ishino et al. 2010, Hara et al. 2014, Ozeki and Moro
2016), selected ion flow tube (SIFT)-MS (Enderby et al.
2009, Spanel and Smith 2011, Turner 2011), electrospray
tandem-mass spectrometry (Johnson 2008), liquid chro-
matography-tandem mass spectrometry (LC-TMS) (Rafii
et al. 2009, Lee et al. 2010), proton transfer reaction mass
spectrometry (PTR-MS) (Steeghs et al. 2006, Wisthaler and
Weschler 2010, Yao et al. 2015), selective reagent ionization
time-of-flight mass spectrometry (SRI-TOF-MS) (Mochalski
etal. 2014), and ion mobility spectrometry (IMS) (Ruzsanyi
et al. 2012, Vautz et al. 2013), etc., methods have been also
used in the characterization of body odor. Further details
of sampling strategies, separation methods, and identifi-
cation mechanisms, etc., for body odor characterization
in some of the previous studies is summarized in Table 1,
while characterization outcomes of odor samples from dif-
ferent parts of body using different analytical methods are
compiled in Table 2.

Existence of aldehydes in body odor

As discussed previously, human body odor is a complex
medium of various VOCs of several chemical classes.
Among them, both saturated and unsaturated aldehydes
were recognized as the main constituents of human
body odor in many studies (Ruth 1986, Goetz et al. 1988,
Kubota et al. 1994, Bernier et al. 1999, Bernier et al. 2000,
Munk et al. 2000, Haze et al. 2001, Curran et al. 2005,
Zhang et al. 2005, Curran et al. 2007, Penn et al. 2007,
Gallagher et al. 2008, Vass et al. 2008, Hoffman et al.
2009, Vaglio et al. 2009, Ruzsanyi et al. 2012, Dormont
et al. 2013a,b, Liu et al. 2013, Vautz et al. 2013, Jha et al.
2014a,b, Mochalski et al. 2014, Jha and Hayashi 2015a,b,
Jha et al. 2015) in different organs, for instance, in axilla,
sweat, saliva, and urine odors (Penn et al. 2007); feet
odor (Dormont et al. 2013b); axilla, neck, and forehead
odor (Liu et al. 2013); axilla, face, foot, neck, and fore-
head odor (Jha et al. 2014a,b, Jha and Hayashi 2015a,b,
Jha et al. 2015); sweat/sebum odor (Munk et al. 2000);
skin odor (Bernier et al. 1999, Bernier et al. 2000); skin
odor (Haze et al. 2001); scalp odor (Goetz et al. 1988,
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Kubota et al. 1994, Zhang et al. 2005); sweat odor (Vaglio
et al. 2009); skin odor (Gallagher et al. 2008); and hand
odor (Curran et al. 2007) etc. Table 3 summarizes the
list of aldehydes identified in the past few studies(Ruth
1986, Goetz et al. 1988, Kubota et al. 1994, Bernier
et al. 1999, Bernier et al. 2000, Munk et al. 2000, Haze
et al. 2001, Curran et al. 2005, Zhang et al. 2005, Curran
et al. 2007, Penn et al. 2007, Gallagher et al. 2008, Vass
et al. 2008, Hoffman et al. 2009, Vaglio et al. 2009,
Dormont et al. 2013a,b, Liu et al. 2013, Jha et al. 2014a,b,
Jha and Hayashi 2015a,b, Jha et al. 2015). A detailed
analysis of human body odor (axilla, sweat, saliva, and
urine) is reported by Penn et al. (2007) for determination
of VOC composition in 197 subjects. A total of 373 peaks
of VOCs (both individual and specific) were identified in
GC-MS analysis, including four aldehydes in saliva odor.
Dormont et al. (2013b) have used four sampling methods
(solvent extraction, SPME [contact and headspace], and
chromatoprobe dynamic headspace) in feet odor charac-
terization, which confirms the presence of aldehydes in
majority (13 out of 44 VOCs). The presence of aldehyde
(peak area 5.22%) is demonstrated in GC-MS characteri-
zation of axilla, neck, and forehead odor by Liu et al.
(2013). The presence of aldehydes (both as individual
and common) was confirmed in face odor of four subjects
by Jha et al. (2014a). In other related studies (Jha et al.
2014b, Jha and Hayashi 2015a,b, Jha et al. 2015), several
branched and unbranched aldehydes were identified in
the male and female axilla and foot odor, face odor (Jha
et al. 2014b, JTha and Hayashi 2015a,b), and neck odor (Jha
et al. 2015). Munk et al. (2000) have established the pres-
ence of aldehydes in washed clothes soiled with axilla
and sebum odor. The presence of 10 aldehydes was dem-
onstrated by Bernier et al. (1999) in skin odor (maximum
relative intensity 100% for Nonanal). In another study,
17 aldehydes were identified in GC-MS analysis of skin
emanations of four subjects using thermal desorption
(Bernier et al. 2000).

Besides several fatty acids in breath odor, the pres-
ence of six aldehydes is also reported by Martinez-Lozano
and Mora (2008). The presence of aldehydes was also
confirmed in skin odor and hand odor in another study
(Martinez-Lozano and de la Mora 2009) by the similar
research group. Haze et al. (2001) have established the
presence of six aldehydes (saturated and unsaturated)
due to oxidation of fatty acids in skin odor. The pres-
ence of C~C, and other branched aldehydes was dem-
onstrated in hair and scalp odor by Goetz et al. (1988). In
another study, Kubota et al. (1994) have also confirmed
the existence of hexanal, heptanal, and decanal besides
other three aldehydes. Zhang et al. (2005) have analyzed
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Table 2: Summary of some body odor characterization studies.
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Reference Body odor type Characterization method Outcomes

Zengetal. 1991 Axilla odor GC-MS and GC-FTIR C,—C,, saturated and unsaturated acids as key
constituents

Zeng et al. 1996 GC-FTIR Organic acids as the characteristic VOC in both the male
and female

Martinez-Lozano and Breath odor API-MS Organic acids (C,~C, ) and aldehydes as main VOCs

Mora 2008

Gaffaretal. 1977 GC-FPD Several VOCs of different chemical classes were
established

Risby et al. 2001 GC-FPD VOCs related to hepatic disorder

Wang and Mbi 2007 CRDS Detection of acetone (type 1 diabetes biomarker)

Wang et al. 2010 CRDS Discrimination of type 1 and type 2 diabetic patient and
healthy subjects on basis of acetone detection

Ciaffoni et al. 2012 CRDS Monitoring of acetone

Adonis et al. 2014 Laser spectroscopy Acetone concentration estimation in type 1 diabetes
patients

Enderby et al. 2009 SIFT-MS Estimation of VOCs concentration in ppb level

Ligor et al. 2008 SPME-GC-MS Identification of 38 chemical compounds

Ligor et al. 2009 SPME-GC-MS Identification of 103 chemical compounds

Wisthaler and Skin odor PTR-MS Chemical compounds from carbonyl, carboxyl, groups

Weschler 2010

Steeghs et al. 2006 PTR-MS Acetaldehyde, propanal, and other VOCS

Dormont et al. 2013b SPME-GC-MS 44 VOCs identified in feet odor of 26 subjects

Bernier et al. 1999 Thermal desorption GC-MS
Bernier et al. 2000 Thermal desorption GC-MS
Martinez-Lozano and API-MS

de la Mora 2009

Hara etal. 2014 HPLC
Mochalski et al. 2014 SRI-TOF-MS
Ruzsanyi et al. 2012 IMS-GC
Osada et al. 2004 Urine odor HPLC
Johnson 2008 EST-MS
Rafii et al. 2009 LC-MS
Lee etal. 2010 LC-MS
Liuetal. 2013 Sweat odor SPME-GC-MS
Munk et al. 2000 High-resolution GC-MS
Penn et al. 2007 GC-MS
Jhaetal. 2014a Face odor SPME-GC-MS
Jha etal. 2014b Foot odor SPME-GC-MS
Jha et al. 2015 Neck odor SPME-GC-MS
Martinez-Lozano 2009 Hand odor API-MS
Vautz et al. 2013 Trapped body IMS-GC

odor

Lactic acid, aliphatic fatty acids as major VOCs
346 chemical compounds recognized effectively
Lactic acid and C ,-C, saturated acids as significant VOCs

Explanation of diacetyl metabolism

Detection of aldehydes, ketones, and other VOCs
Detection of aldehydes, ketones, and other VOCs
Several VOCs including 2-phenylacetamide, indole,
phenol, etc.

Detection of genetic disorder metabolites

Recognition of homocysteine and associated metabolites
Detection of amines

Organic acids as the major chemical constituents besides
other VOCs

Esters, ketones and aldehydes as primary VOCs
Individual and gender-specific VOCs in biometric and
disease diagnostic applications

Characteristics and common VOCs of four subjects
Organic acids and aldehydes as the major chemical
constituents besides other VOCs

Characteristics and common VOCs at different sampling
time of subjects

Amines as the significant VOCs

Detection of aldehydes, ammonia, ketones, and other
VOCs

arm skin odor and found five aldehydes besides several and upper back odor from 25 subjects by Gallagher et al.
other VOCs. Aldehyde is also identified as a major chemi- (2008). Sixty-three VOCs were detected in the hand odor
cal constituent in the volatile signal during the preg- of 60 subjects, including 14 aldehydes, by Curran et al.
nancy in para-axillary and nipple-areola regions of the (2007). In another study, C,-C,  and other aldehydes
body (Vaglio et al. 2009). Nine aldehydes, including were detected in the axillary sweat of different subjects

C,—C

10’

were recognized in the examination of forearm (Curran et al. 2005). Besides living body odor, several
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Table 3: Aldehydes identified in human body odor characterization studies.
Reference Characterization Odor source Detected aldehydes CAS no. Quantity
method
Penn et al. GC-MS Saliva odor 3,7-Dimethylocta-2,6-dienal 5392-40-5 Not available
2007 Undecanal 112-44-7
Tridecanal 10486-19-8
3-(4-tert-butylphenyl)-2-methylpropanal 80-54-6
Bernier et al. Skin odor Butanal 123-72-8 Not available
1999, 2000 3-Methylbutanal 590-86-3
2-Methylbutanal 96-17-3
Pentanal 110-62-3
Hexanal 66-25-1
Heptanal 111-71-7
Octanal 124-13-0
Phenylacetaldehyde 122-78-1
Nonanal 124-19-6
Decanal 112-31-2
Undecanal 112-44-7
Propanal 123-38-6
Nonanal 124-19-6
2-Methylpropanal 78-84-2
3,7-Dimethyl-2,6-octadienal 141-27-5
2-Methyl-2-butenal 497-03-0
Decanal 112-31-2
2-Methylbutanal 96-17-3
Dodecanal 112-54-9
3-Methylpentanal 15877-57-3
2-Methylhexadecanal 55019-46-0
Heptanal 111-71-7
Benzaldehyde 100-52-7
2,2-Dimethylhexanal 996-12-3
3-Hydroxy-4-methylbenzaldehyde 57295-30-4
Octanal 124-13-0
4-phenylmethoxybenzaldehyde 4397-53-9
Haze et al. Skin odor Hexanal 66-25-1 Detection rate 23-33%
2001 Heptanal 111-71-7 Detection rate 11-15%
Octanal 124-13-0 Detection rate 85-89%
Nonanal 124-19-6 Detection rate 85-89%
Decanal 112-31-2 Detection rate 69-89%
2-Nonenal 18829-56-6  Detection rate 0-69%
Curran et al. Axillary sweat Hexanal 66-25-1 Not available
2005 odor Heptanal 111-71-7
Octanal 124-13-0
Nonanal 124-19-6 0.04-0.45 relative to
decanal
Decanal 112-31-2 Not available
2-Furancarboxaldehyde 98-01-1
(E)-2-Nonenal 18829-56-6
Benzaldehyde 100-52-7
Tetradecanal 124-25-4 0.05-0.30 relative to
decanal
Undecanal 112-44-7 0.0-0.33 relative to
decanal
Vass et al. 2008 Bone odor after Decanal 112-31-2 36 ppt
decomposition Nonanal 124-19-6 10 ppt
Dormont et al. SPME-GC-MS Skin odor Hexanal 66-25-1 34-2% of total volatile
2013b compounds
Heptenal 18829-55-5
Benzaldehyde 100-52-7
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Table 3 (continued)
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Reference Characterization Odor source Detected aldehydes CAS no. Quantity
method
Octenal 2548-87-0
Nonanal 124-19-6
Decanal 112-31-2
Undecanal 112-44-7
Dodecanal 112-54-9
Tridecanal 10486-19-8
3-(4-tert-Butylphenyl)-2-methylpropanal  80-54-6
Liuetal. 2013 Sweat odor Nonanal 124-19-6 Peak area 5.22%
Jha et al. 2014a Face odor Benzaldehyde 100-52-7 Peak area 7.8%
Jhaetal. 2014b Female axilla Octanal 124-13-0 Peak area 8.9%
odor Nonanal 124-19-6 Peak area 4.94%
Jha and Hayashi Male and female  Hexanal 66-25-1 Peak area 1.7%
2015a,b, Jha axilla and foot Heptanal 111-71-7 Peak area 0.51%
etal. 2015 odor Octanal 124-13-0 Peak area 4.94%
Nonanal 124-19-6 Peak area 5.15%
Decanal 112-31-2 Peak area 3.87%
Undecanal 112-44-7 Peak area 0.27%
3-(4-tert-Butylphenyl)-2-methylpropanal 80-54-6 Peak area 0.56%
2-Methyl-3-phenylpropanal 5445-77-2 Peak area 0.67%
4-(1-Methylethyl) benzaldehyde 122-03-2 Peak area 0.27%
2,3 Dihydroxy-propanal 497-09-6 Peak area 0.28%
Tetradecanal 124-25-4 Peak area 0.20%
2-Ethylbutanal 97-96-1 Peak area 0.13%
2-lsopropyl-5-oxohexanal 15303-46-5 Peak area 0.20%
Zhang et al. Skin odor Benzaldehyde 100-52-7 Not available
2005, Vaglio Octanal 124-13-0 1.23%
etal. 2009 Nonanal 124-19-6 6.07%
Decanal 112-31-2 1.23%
3-(4-tert-Butylphenyl)-2-methylpropanal 80-54-6 Not available
o-Hexyl-cinnamic aldehyde 101-86-0 0.270%
Curran et al. Hand odor Hexanal 66-25-1 1.67%
2007 Heptanal 111-71-7 13.33%
Benzaldehyde 100-52-7 15.0%
Octanal 124-13-0 16.67%
Nonanal 124-19-6 100%
Dodecanal 112-54-9 100%
Decanal 112-31-2 Not available
(E)-2-Decenal 3913-81-3
Undecanal 112-44-7
Tetradecanal 124-25-4
(E)-2-Octenal 2548-87-0
(E)-2-Nonenal 18829-56-6
Tridecanal 10486-19-8
2-Methyl-2-butenal 497-03-0
Hoffman et al. Human tissue 2-Hexenal 6728-26-3 Frequency 21%
2009 decomposition Hexanal 66-25-1 Frequency 50%
odor Benzaldehyde 100-52-7 Frequency 42%
2,4-Heptadienal 4313-03-5 Frequency 14%
2-Heptenal 18829-55-5  Frequency 7%
Heptanal 111-71-7 Frequency 36%
2-Octenal 2548-87-0 Frequency 29%
Octanal 124-13-0 Frequency 43%
2,4-Nonadienal 5910-87-2 Frequency 14%
2-Nonenal 18829-56-6  Frequency 29%
Nonanal 124-19-6 Frequency 43%
2,4-Nonadienal 5910-87-2 Frequency 21%
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Table 3 (continued)
Reference Characterization Odor source Detected aldehydes CAS no. Quantity
method
Ligor et al. Breath odor Propanal 123-38-6 <3%
2008, 2009 Hexanal 66-25-1
Heptanal 111-71-7
Prop-2-enal 107-02-8 Not available
Benzaldehyde 100-52-7 Ratio 0.09-0.33
n-Pentanal 110-62-3 Ratio 0-0.064
Acetaldehyde 75-07-0 Ratio 0-0.071
2-Methyl-2-propenal 19125-76-9  Ratio 0-0.035
3-Methyl-2-butenal 107-86-8 Ratio 0-0.032
Munk et al. High-resolution Sweat and Hexanal 66-25-1 Flavor dilution (FD)
2000 GC-MS sebum odor in factor 1, 2
cloths Heptenal 18829-55-5 FD 128, 512
Octanal 124-13-0 FD 64, 512
Octenal 2548-87-0 FD 32,128
(2)-2-Nonenal 60784-31-8 FD 128, 512
(E,2)-2,4-Decadienal 25152-83-4 FD1,8
(E,E)-2,4-Decadienal 25152-84-5 FD 16,128
(E)-4,5-Epoxy-(E)-2-decenal 134454-31-2 FD 16, 64
4-Methoxybenzaldehyde 123-11-5 FD 128, 64
2,6-(E,Z)-Nonadienal 557-48-2 FD 128
Martinez- API-MS Breath odor 3-Methylbutanal 590-86-3 Not available
Lozano and 3-Methylbut-2-enal 107-86-8
Mora 2008, 3-Hexenal 6789-80-6
Martinez- 4-Methylpentanal 1119-16-0
Lozano and de Heptanal 111-71-7
la Mora 2009 Skin odor 2-Oxopropanal 78-98-8
Goetz et al. Headspace Hair and scalp Pentanal 110-62-3 Not available
1988 GC-MS odor Hexanal 66-25-1
Heptanal 111-71-7
Octanal 124-13-0
Nonanal 124-19-6
Decanal 112-31-2
Undecanal 112-44-7
Dodecanal 112-54-9
Tridecanal 10486-19-8
Kubota et al. Thermal Hair odor n-Pentanal 110-62-3 Peak area 0.53%
1994 desorption Hexanal 66-25-1 Peak area 0.92%
GC-MS Heptanal 111-71-7 Peak area 0.92%
Decanal 112-31-2 Peak area 0.92%
Benzaldehyde 100-52-7 Peak area 0.57%
Gallagheretal. GC-MS and Skin odor Octanal 124-13-0 <2%
2008 GC-FPD Nonanal 124-19-6 <8%
Decanal 112-31-2 <15%
Benzaldehyde 100-52-7 Not available
Dodecanal 112-54-9

2-(4-tert-Butylphenyl) propanal (p-tert-
butyl dihydrocinnamaldehyde)
3-(4-tert-Butylphenyl)-2-methylpropanal

o-Hexyl cinnamaldehyde

5-(Hydroxymethyl)-2-furaldehyde

Not available

80-54-6
101-86-0
67-47-0

aldehydes along with VOCs from other chemical classes
were also identified in human body odor after decomposi-
tion (maximum frequency of occurrence 50% for hexanal

among the aldehydes) by Hoffman et al. (2009). Vass
et al. (2008) have also confirmed the presence of several
aldehydes from buried human body decomposition.
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A comprehensive list of 1870 VOCs, including several
aldehydes from breath, saliva, blood, milk, skin, urine,
and feces, has been reported (de Lacy Costello et al.
2014). Breath odor analysis using SPME-GC-MS by Ligor
et al. (2008, 2009) recognized several aldehydes in
both healthy subjects and lung cancer patients. GC-MS
is a significant analytical method in human body odor
characterization for the identification of chemical com-
pounds. There are attempts to further improve the recog-
nition performance of GC-MS method by selecting novel
data sampling, increasing metabolomic exposure, and
analysis methods in some recent studies (Birkemeyer
et al. 2016, Delgado-Povedano et al. 2016, Jha et al. 2016).

Detection of aldehyde and other
chemical compounds in body odor
with chemical sensors and pattern
recognition

The analytical methods were used proficiently in the
characterization of human body odor for the determina-
tion of VOC composition, especially the recognition of
characteristic chemical peaks related to different chemi-
cal compounds. Nevertheless, there are some practical
concerns that constrain the real-time off-site applica-
tions of analytical methods, like costly, bulky, high anal-
ysis time, tough operation, etc. Therefore, the novel
research focused on the development of handheld
devices for instantaneous detection of VOCs present in
human body odor in different applications since last few
years. Especially, chemical sensor-array-based systems
are established as complementary to analytical instru-
ments in the detection of VOCs in body odor (Natale et al.
2000, Lin et al. 2001, Teo et al. 2002, Dalton et al. 2004,
Vass et al. 2004, Natale et al. 2005, D’Amico et al. 2008a,
Pennazza et al. 2008, Kateb et al. 2009, Wongchoosuk
et al. 2009, Johnson et al. 2010, Simon 2010, Kong et al.
2011, Shirasu and Touhara 2011, Hines et al. 2012, Dymer-
ski et al. 2013, Kybert et al. 2013, Liu et al. 2013, Jha et al.
2014b, Leunis et al. 2014, Lorwongtragool et al. 2014,
Voss et al. 2014, Chinen et al. 2015, He et al. 2015, Jha and
Hayashi 2015a,b, Seesaard et al. 2015, Zhao et al. 2016).
However, there are a few published reports based on the
detection of aldehydes in human body odor using chemi-
cal sensors. The most common types of chemical sensors
used in VOC sensing applications in past studies include
metal-oxide semiconductor (MOX) and conducting com-
posite polymer (CCP) chemiresistors, quartz crystal
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microbalance (QCM) and surface acoustic wave (SAW)
gravitational sensors, fiber-optic evanescent wave, and
micro-electromechanical system sensors (Albert et al.
2000, Arshak et al. 2004, Janata 2008). Nevertheless,
certain limitations of the chemical sensors, including
selectivity, sensitivity, reproducibility, response time,
etc., need to further improve for efficient detection of
specific VOCs in the complex composition of body odor
as well as in the presence of the other interfering chemi-
cals. Previous applications of chemical sensors in human
body odor sensing applications for the detection of alde-
hydes and other chemicals are summarized in Table 4.
Other chemicals were also identified in body odor
samples (Table 4), although the existence of aldehydes
in previous characterization studies (Table 3) confirms
the ability of chemical sensors (Table 4) in aldehyde
sensing. The QCM sensor is low cost, small in size, and
reliable in VOC sensing applications. The selection of
suitable selective material over the surface of the QCM
further improves its sensing performance. Molecular
imprinted polymer (MIP) is the novel chemoselective
material for the QCM sensor reported in some studies
used in aldehyde sensing (Jha and Hayashi 2015a,b).
Three MIPs were prepared using polyacrylic acid (PAA)
as host polymer, with propenoic acid, hexanoic acid,
and octanoic acid as the template molecules indepen-
dently and used as chemoselective surface coating mate-
rials of four QCM sensors (three QCM coated with the MIP
and one with pure PAA [non-MIP]) (Jha and Hayashi
2015a). The four-element QCM sensor array is used in the
discrimination and identification of three aldehydes:
hexanal, heptanal, and nonanal (established in SPME-
GC-MS characterization of body odor samples) in indi-
vidually as well as in binary and tertiary combinations at
different concentrations (Jha and Hayashi 2015a). The
best response time and recovery time for a specific
MIP-QCM were 5 s and 12 s, respectively. The analysis of
QCM sensor array response with principal component
analysis (PCA) results in good clustering of three alde-
hydes and their binary and tertiary mixtures in the PC
space. Support vector machine (SVM) classifier is used in
quantitative class recognition (using the PC scores as
input), which results in correct recognition rate of 79%
for binary mixtures of three aldehydes and 83% for
single, binary, and tertiary mixtures (Jha and Hayashi
2015a). In another study, novel MIPs were prepared by
using PAA as host polymer and hexanal, heptanal, and
nonanal as the template molecules (Jha and Hayashi
2015b). Four-element MIP-QCM sensors (three QCMs
coated with the MIP and one with the non-MIP) are used
for the identification of hexanal, heptanal, and nonanal
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Table 4: Summary of chemical sensors used in body odor discrimination and detection of aldehydes and other chemical compounds.

Reference Chemical sensor Odor source Detected aldehydes and CASno. Concentration
other chemicals

Jha and Hayashi QCM sensor Axilla odor, neck Hexanal 66-25-1  Few parts per million (ppm)

2015a,b odor, and face odor  Heptanal 18829-55-5
Nonanal 124-19-6

Natale et al. 2000 Skin odor 5a-Androst-16-en-3-one  18339-16-7  Upto 50 ng/ml

Lin etal. 2001 Breath odor Dimethylamine 124-40-3  mg/l
Trimethylamine 75-50-3

Pennazza et al. Breath odor Valeric acid 109-52-4  Upto 2500 ppb

2008 Hydrogen sulphide 7783-06-4
Butyric acid 107-92-6

D’Amico et al. Skin odor Not available

2008a

Vass et al. 2004 GC-MS and QCM Axilla odor trans-3-methyl-2- 27960-21-0  Not available

sensor hexenoic acid
Teo et al. 2002 Metal oxide gas Feces, urine, saliva, Not available ml
sensor and sweat odor

D’Amico et al. Axilla odor Isovaleric acid 503-74-2 mMm

2008a Breath odor Not available

Voss et al. 2014 Skin odor Not available

Dymerski et al.
2013
Kateb et al. 2009

Hines et al. 2012
Seesaard et al.
2015

Lorwongtragool
etal. 2014

Johnson et al.
2010

Kybert et al. 2013
Kongetal. 2011

He etal. 2015

Zhao et al. 2016

CCP sensor

Carbon nanotube
polymer sensor

Carbon nanotube
field-effect
transistor sensor

Chemiluminescence
sensor

SAW sensor and
GC-MS

Optical gas sensor

Breath odor

Glioblastoma and
Melanoma cell odor
Blood odor

Axilla, breath, and
urine odor
Axilla odor

Breath odor

Skin odor
Proteins and cell
odor

Breath odor

Not available

Chronic obstructive pulmonary disease
(COPD) biomarkers
Not available

ppb

Not available Colony forming units (cfu)/

ml
Not available 50-1000 ppm
Ammonia 7664-41-7 500 ppm
Acetic acid 64-19-7
Acetone 67-64-1
Ethanol 64-17-5
Octanal 2548-87-0  ppm
Nonanal 124-19-6
Decanal 112-31-2
Nonanal 124-19-6  0.01 mg/ml
Not available ug/ml
C,—C,, alkanes ppt
Formaldehyde and other 50-00-0 Not available

chemical compounds

separately and in mixtures at different concentrations.
In addition, the water vapor is assumed as the significant
interferents. A typical MIP-QCM sensor has a response
time and recovery time of 5 s and 10 s, respectively, for
one of the aldehyde odors. Better class discrimination of
aldehydes was achieved in the PC space; furthermore,
the SVM classifier results in 89% class recognition rate
for the binary mixtures of aldehydes and 79% in the pres-
ence of single, binary, and tertiary mixtures using the PC
scores (Jha and Hayashi 2015b). The medical application
of VOC sensing in body odor using chemical sensors is

available in some review reports (Albert et al. 2000,
Arshak et al. 2004, D’Amico et al. 2008b, Janata 2008,
Buljubasic and Buchbauer 2015): the past applications
and future potential of chemical sensor-based artificial
olfactory system (also referred as the electronic nose
[E-nose]) are briefly reviewed by D’Amico et al. (2008b);
applications of chemical sensors in status monitoring of
diabetes by recognition of VOCs in breath, body, and
urine odor are summarized by Dalton et al. (2004); Simon
(2010) have presented a brief review based on cancer
diagnosis by sensing the biomarker VOCs present in
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human body odor with chemical sensors; a brief report
based on olfactory disease diagnosis by detection of bio-
marker VOCs in blood, urine, breath, and skin odor is
reviewed by Shirasu and Touhara (2011); and Chinen
et al. (2015) have presented the significance of nanopar-
ticle-based chemical sensing probes in the detection of
cancer biomarkers. The summary of some other research
reports based on human body odor and biomarker alde-
hyde sensing using chemical sensors is as follows. An
eight-element QCM sensor array (metalloporphyrin as
surface coating material) exhibits maximum efficiency
in the recognition of skin odor VOCs (Natale et al. 2000).
A six-element QCM sensor array was developed for
uremia diagnosis by Lin et al. (2001). Sensor array
response was measured for the breath odor of normal
and subjects suffering from uremia, chronic renal insuf-
ficiency, and renal failure. The discriminant analysis of
sensor array response results in a class recognition rate
of 86.78%. The response of MOX sensor-array-based
E-nose system has been measured for odors from differ-
ent sources, including the sweat, urine, feces, saliva,
etc., by Teo et al. (2002). The sensor array response is
analyzed with the artificial neural network (ANN) in odor
to discriminate the odors successfully. The human body
odor decomposition database (consisting of 424 VOCs)
prepared by Vass et al. (2004) is advantageous in the
development of chemical sensor array portable analyti-
cal instrument for human body odor recognition. GC-MS
and QCM sensor array are used in the characterization of
sweat odor and recognition of present VOCs for discrimi-
nation of three groups of subjects, including those who
are normal and those suffering from schizophrenia and
mental disorder diseases (Natale et al. 2005). Pennazza
et al. (2008) have used QCM sensor-array-based E-nose
system in the detection of biomarker VOCs related to hal-
itosis and discrimination of breath odor of normal sub-
jects and halitosis-affected patients. Chemical sensor
array has been used for discrimination between normal
and malignant cells by sensing the VOCs in skin odor
(D’Amico et al. 2008a). Wongchoosuk et al. (2009) have
used five-element MOX sensor array (based on Sn0, and
WO,) for human body odor (specifically the axilla odor)
classification by analyzing sensor array response with
the PCA. Moreover, a noise correction strategy using a
humidity generator is also implemented. A 16-element
CCP sensor-array-based E-nose system was developed by
the Jet Propulsion Lab (JPL), USA, for the discrimination
of two types of tumor cell lines by measuring the sensor
response resulting from the odor of tissues (Kateb et al.
2009). A carbon nanotube field-effect transistor coated
with DNA is developed for the efficient recognition of
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aldehydes and acids present in breath odor (Johnson
et al. 2010). Nanomaterial-based chemiluminescence
sensor has been developed for discrimination of normal,
cancerous, and metastatic cells by using linear discrimi-
nant analysis for the response analysis by Kong et al.
(2011). Cyranose 320 (32 CCP sensor array) has been used
in the identification of bacteria causing ENT diseases in
blood samples of patients by Hines et al. (2012). The
analysis of sensor array response with the ANN methods
results in a class recognition efficiency of 92.8%-97.6%.
Field effect transistors using DNA-carbon-nanotube-
based chemical sensor array have been used in the detec-
tion of VOCs present in skin odor. DNA-carbon nanotube
functionality assists in complex body odor matrix analy-
sis Kybert et al. (2013).

A low-cost, wearable E-nose based on CNTs/polymer
sensor array is used in the identification of individual
axilla odor (Lorwongtragool et al. 2014). The PCA analy-
sis of sensor array response results in better discrimina-
tion of body odors in the PC space. A 12-element MOX
sensor array (four different types in the triplicate) has
been used by Leunis et al. (2014) in breath odor analysis
of 23 patients suffering from head and neck cancer. The
sensor array results in better discrimination of healthy
and cancer-affected subjects with a sensitivity of 90%
and specificity of 80%. MOX sensor-array-based E-nose is
used in the discrimination of cannabis- and tobacco-con-
suming subjects by analyzing their skin odor (Voss et al.
2014). PCA and SVM classifier are used in the sensor array
response analysis; the later results in 92.5% classification
accuracy. SAW sensor and GC-MS is used in the recogni-
tion of VOCs and semi-VOCs (from parts per billion [ppb] to
parts per trillion [ppt] orders) in the breath odor samples
of normal subjects and cancer-affected patients (He et al.
2015). A wearable E-nose based on CCP sensors (using
different polymers and carbon nanotubes) is developed
and used in axilla, breath, and urine odor discrimination
and recognition using PCA analysis (Seesaard et al. 2015).
Metal oxide sensor array is used in the identification of 15
chronic obstructive pulmonary disease (COPD) biomark-
ers up to ppb levels (Dymerski et al. 2013). Optical gas
sensors were used in the detection of nine gases including
formaldehyde by analyzing their absorption spectra by a
feature-based analysis technique (Zhao et al. 2016).

Significance of aldehyde sensing

The most significant application of aldehyde sensing in
body odor is in medical diagnosis, as reported in past
studies (Kateb et al. 2009, Johnson et al. 2010, Kong et al.
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2011, Hines et al. 2012, Kybert et al. 2013, Lorwongtragool
et al. 2014, Leunis et al. 2014, He et al. 2015, Seesaard
et al. 2015), since the disease-affected body organ emits
representative VOC signature, which can be used as a
biomarker for diagnostic applications. Especially, charac-
terization of axilla, skin, breath, blood, urine, etc., odor
for the detection of biomarker VOCs is a significant nonin-
vasive future medical diagnostic tool. However, there is a
need to improve the selectivity and sensitivity of present
chemical sensor-array-based E-nose in the recognition of
disease-specific VOC in the presence of others. Quantita-
tive detection of disease biomarker aldehydes is useful in
the early presentation of diseases and progress monitor-
ing of the patient during the treatment. E-nose could be
employed as a noninvasive, real-time, precise, and fast
analysis method compared to conventional disease diag-
nostic methods. Besides, better organization of analytical
methods and E-nose could make it more effective in fast
and real-time body condition monitoring. Body odor is
influenced by the individual metabolic process, heredity,
and living style, as mentioned earlier, which results in the
distinguishable composition of VOCs. Therefore, the com-
position of aldehydes in body odor can be used as a bio-
metric identification method. Body odor and mood have a
convinced correlation, which can be used in the valuation
of human activities like lie detection in future. The detec-
tion of VOCs in the body odor of dead people is significant
in forensic applications. Also, discrimination of alive vs.
dead people using VOC composition in body odor is vital
for rescuing humans in natural and manmade calamities.
Several aldehydes were identified in trapped body odor
(Vautz et al. 2013), which could be used in forensic and
rescue applications in future.

Some specific applications of aldehyde odor sensing
in medical applications are as follows. 2-nominal result-
ing from the fatty acids is confirmed in the body odor of
aged people in several studies (Haze et al. 2001, Ishino
et al. 2010); consequently, it can be also used as a health
biomarker. Besides nonanal, decanal and other alde-
hydes were also identified in skin odor, which can be
used in analysis control and monitoring of skin-related
diseases. The intensity of acetaldehyde and propanal in
skin odor indicates the effect of UV radiation (Steeghs
et al. 2006). It could be helpful in the diagnosis of skin-
related diseases due to UV radiation. Controlling the con-
centration of nonanal and decanal was identified in foot
odor (Dormont et al. 2013b) in the presence of other VOCs,
which establish a possible link in origin and treatment
of foot malodor. The presence of aldehydes as main odor
from axilla sweat and sebum in washed and unwashed
clothes (Munk et al. 2000) provides valuable information
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in making odor-controlling cosmetics and clothes. Detec-
tion of aldehyde plays a significant role in the diagnosis
of COPD. For instance, a high concentration of malon-
dialdehyde (propanedial) is reported in the body odor
of subjects suffering from COPD (Corradi et al. 2003).
Aldehydes are also established as biomarkers for other
diseases like formaldehyde for breast cancer (Gordon
et al. 1985), emission of acetaldehyde by malignant tissue
(lung cancer cell lines) (Smith et al. 2003, Jelski and
Szmitkowski 2008), etc. Several aldehydes were identi-
fied in body odor samples and originated mainly due to
the lipid peroxidation of proteins (Uchida 2015); besides,
butane-2, 3-dione is one of the initiators of axilla and foot
odor (Hara et al. 2015).

Conclusion

The present review introduces a short description of body
odor and its constituents. The analytical methods used
for the characterization of human body odor with the
objective to determine the composition of VOCs is briefly
reviewed. The application of chemical sensor-array-based
E-nose system in the detection of aldehydes in body odor
and the body odor itself in several applications using
some pattern recognition methods for sensors response
analysis is described in detail. Lastly, the significance of
chemical composition determination of body odor in dif-
ferent applications, especially in medical application, is
highlighted. The future research in the present research
domain should focus on the development of efficient body
odor characterization strategy in order to search the spe-
cific biomarker VOCs in different applications. Further-
more, the development of more robust chemical sensors
and pattern recognition methods for the recognition of
identified VOCs in the complex matrix of body odor is also
essential.

Acknowledgments: The author acknowledges Dr. S.S.
Murthy (CFSL, Bhopal, India) and reviewers for their valu-
able comments and suggestions during the preparation of
this review.

References

Adonis, R.; Horsten, R. C.; Urbach, H. P.; Bhattacharya, N. Study of
the exhaled acetone in type 1 diabetes using quantum cascade
laser spectroscopy. Anal Chem. 2014, 87, 507-512.

Agapiou, A.; Amann, A.; Mochalski, P.; Statheropoulos, M.; Thomas,
C. L. P. Trace detection of endogenous human volatile organic



DE GRUYTER

compounds for search, rescue and emergency applications.
Trends Anal. Chem. 2015a, 66, 158-175.

Agapiou, A.; Zorba, E.; Mikedi, K.; McGregor, L.; Spiliopoulou, C.;
Statheropoulos, M. Analysis of volatile organic compounds
released from the decay of surrogate human models simulating
victims of collapsed buildings by thermal desorption—compre-
hensive two-dimensional gas chromatography—time of flight
mass spectrometry. Anal. Chim. Acta 2015b, 883, 99-108.

Albert, K. ).; Lewis, N. S.; Schauer, C. L.; Sotzing, G. A.; Stitzel, S. E.;
Vaid, T. P.; Walt, D. R. Cross-reactive chemical sensor arrays.
Chem. Rev. 2000, 100, 2595-2626.

Allen, C.; Cobey, K. D.; Havlicek, J.; Roberts, S. C. The impact of
artificial fragrances on the assessment of mate quality cues in
body odor. Evol. Hum. Behav. 2016, 37, 481-489.

Amoore, ). E. Specific anosmia and the concept of primary odors.
Chem. Senses 1977, 2, 267-281.

Arshak, K.; Moore, E.; Lyons, G. M.; Harris, J.; Clifford, S. A review of
gas sensors employed in electronic nose applications. Sensor
Rev. 2004, 24, 181-198.

Bernier, U. R.; Booth, M. M.; Yost, R. A. Analysis of human skin ema-
nations by gas chromatography/mass spectrometry. 1. thermal
desorption of attractants for the yellow fever mosquito (Aedes
aegypti) from handled glass beads. Anal. Chem. 1999, 71, 1-7.

Bernier, U. R.; Kline, D. L.; Barnard, D. R.; Schreck, C. E.; Yost, R. A.
Analysis of human skin emanations by gas chromatography/
mass spectrometry. 2. Identification of volatile compounds that
are candidate attractants for the yellow fever mosquito (Aedes
aegypti). Anal. Chem. 2000, 72, 747-756.

Birkemeyer, C. S.; Thomsen, R.; Jdnig, S.; Kiicklich, M.; Slama, A.;
WeiB, B. M.; Widdig, A. Sampling the body odor of primates:
cotton swabs sample semivolatiles rather than volatiles. Chem.
Senses 2016, 41, 525-535.

Buljubasic, F.; Buchbauer, G. The scent of human diseases: a review
on specific volatile organic compounds as diagnostic biomark-
ers. Flavour Frag. J. 2015, 30, 5-25.

Chinen, A. B.; Guan, C. M.; Ferrer, ). R.; Barnaby, S. N.; Merkel, T. J.;
Mirkin, C. A. Nanoparticle probes for the detection of cancer
biomarkers, cells, and tissues by fluorescence. Chem. Rev.
2015, 115, 10530-10574.

Ciaffoni, L.; Gus, H.; Jeremy, J. H.; Jean-Pierre, H. H.; Cathryn, E. L.;
Robert, P.; Grant, A. D. R.; Simon, W. Demonstration of a mid-
infrared cavity enhanced absorption spectrometer for breath
acetone detection. Anal. Chem. 2012, 85, 846-850.

Clancy, J.; McVicar, A. ). Physiology & Anatomy: A Homoeostatic
Approach; 2" Edition. Oxford University Press: UK, 2002.

Colén-Crespo, L. J.; Herrera-Hernandez, D.; Holness, H.; Furton, K. G.
Determination of VOC marker combinations for the classifica-
tion of individuals by gender and race/ethnicity. Forensic Sci.
Int. 2016. doi.org/10.1016/].forsciint.2016.09.011.

Corradi, M.; Rubinstein, I.; Andreoli, R.; Manini, P.; Caglieri, A.; Poli,
D.; Alinovi, R.; Mutti, A. Aldehydes in exhaled breath conden-
sate of patients with chronic obstructive pulmonary disease.
Am. J. Respir. Crit. Care Med. 2003, 167, 1380-1386.

Curran, A. M.; Rabin, S. I.; Prada, P. A.; Furton, K. G. Comparison of
the volatile organic compounds present in human odor using
SPME-GC/MS. J. Chem. Eco. 2005, 31, 1607-1619.

Curran, A. M.; Ramirez, C. F.; Schoon, A. A,; Furton, K. G. The fre-
quency of occurrence and discriminatory power of compounds
found in human scent across a population determined by
SPME-GC/MS. J. Chromatogr. B 2007, 846, 86-97.

S.K. Jha: Characterizing human body odor and identifying aldehydes =—— 13

D’Amico, A.; Bono, R.; Pennazza, G.; Santonico, M.; Mantini, G.; Ber-
nabei, M.; Zarlenga, M.; Roscioni, C.; Martinelli, E.; Paolesse,
R.; Natale, C. D. Identification of melanoma with a gas sensor
array. Skin Res. Technol. 2008a, 14, 226-236.

D’Amico, A.; Natale, C. D.; Paolesse, R.; Macagnano, A.;

Martinelli, E.; Pennazza, G.; Santonico, M.; Bernabei, M.;
Roscioni, C.; Galluccio, G.; Bono, R.; Agro, E. F.; Rullo, S.
Olfactory systems for medical applications. Sens. Actuators
B-Chem. 2008b, 130, 458-465.

Dalton, P.; Gelperin, A.; Preti, G. Volatile metabolic monitoring of
glycemic status in diabetes using electronic olfaction. Diab.
Tech. Therap. 2004, 6, 534-544.

de Lacy Costello, B.; Amann, A.; Al-Kateb, H.; Flynn, C.; Filipiak, W.;
Khalid, T.; Osborne, D.; Ratcliffe, N. M. A review of the volatiles
from the healthy human body. / Breath Res. 2014, 8, 1-29.

Delgado-Povedano, M. M.; Calderén-Santiago, M.; Priego-Capote,
F.; de Castro, M. L. Development of a method for enhancing
metabolomics coverage of human sweat by gas chromatogra-
phy—-mass spectrometry in high resolution mode. Anal. Chim.
Acta 2016, 905, 115-125.

Dormont, L.; Bessiére, J.; Cohuet, A. Human skin volatiles: a review.
J. Chem. Ecol. 2013a, 39, 569-578.

Dormont, L.; Bessiere, J.; McKey, D.; Cohuet, A. New methods for
field collection of human skin volatiles and perspectives for
their application in the chemical ecology of human-pathogen-
vector interactions. J. Exp. Bio. 2013b, 216, 2783-2788.

Dymerski, T.; Gebicki, J.; Wiéniewska, P.; Sliwifiska, M.; Wardencki,
W.; Namiesnik, ). Application of the electronic nose technique
to differentiation between model mixtures with COPD markers.
Sensors 2013, 13, 5008-5027.

Enderby, B.; Lenney, W.; Brady, M.; Emmett, C.; Spanel, P.; Smith,

D. Concentrations of some metabolites in the breath of healthy
children aged 7-18 years measured using selected ion flow tube
mass spectrometry (SIFT-MS). /. Breath Res. 2009, 3, 036001.

Fang, L.; Clausen, G.; Fanger, P. O. Impact of temperature and
humidity on the perception of indoor air quality. Indoor Air
1998, 8, 80-90.

Fialova, J.; Roberts, S. C.; Havlicek, J. Consumption of garlic
positively affects hedonic perception of axillary body odour.
Appetite 2016, 97, 8-15.

Gaffar, M. C.; Gaffar, A.; Hauschild, ). P. Composition and method of
controlling and preventing mouth odor. US Patent No. 4041149,
1977.

Gallagher, M.; Wysocki, C. J.; Leyden, ). ).; Spielman, A. I.; Sun, X.;
Preti, G. Analyses of volatile organic compounds from human
skin. Br. J. Dermatol. 2008, 159, 780-791.

Gildersleeve, K. A.; Fales, M. R.; Haselton, M. G. Women’s evalua-
tions of other women’s natural body odor depend on target’s
fertility status. Evol. Hum. Behav. 2016. doi.org/10.1016/].
evolhumbehav.2016.08.003.

Goetz, N.; Kaba, G.; Good, D.; Hussler, G.; Bore, P. Detection and
identification of volatile compounds evolved from human hair
and scalp using headspace gas chromatography. J. Soc. Cos-
met. Chem. 1988, 39, 1-13.

Gordon, S. M.; Szidon, J. P.; Krotoszynski, B. K.; Gibbons, R. D.;
O’Neill, H. ). Diagnostic accuracy of canine scent detection in
early- and late-stage lung and breast cancers. Clin. Chem. 1985,
31,1278-1282.

Grice, E. A.; Kong, H. H.; Conlan, S.; Deming, C. B.; Davis, J.; Young,
A. C.; Bouffard, G. G.; Blakesley, R. W.; Murray, P. R.; Green,



14 — S.K.Jha: Characterizing human body odor and identifying aldehydes

E. D.; Turner, M. L.; Segre, J. A. Topographical and temporal
diversity of the human skin microbiome. Science 2009, 29,
1190-1192.

Hara, T.; Matsui, H.; Shimizu, H. Suppression of microbial metabolic
pathways inhibits the generation of the human body odor
component diacetyl by staphylococcus spp. PLoS One 2014, 11,
e111833.

Hara, T.; Kyuka, A.; Shimizu, H. Butane-2, 3-dione: the key contribu-
tor to axillary and foot odor associated with an acidic note.
Chem. Biodivers. 2015, 12, 248-258.

Hart, R. Human body odor. Nexus 1980, 1, 1-12.

Havlicek, J.; Lenochova, P. The effect of meat consumption on body
odor attractiveness. Chem. Senses 2006, 31, 747-752.

Haze, S.; Gozu, Y.; Nakamura, S.; Kohno, Y.; Sawano, H.; Ohta, K.;
Yamazaki, K. 2-Nonenal newly found in human body odor tends
to increase with aging. J. Invest. Dermatol. 2001, 116, 520-524.

He, S.T.; Gao, Y. B.; Shao, J. Y.; Lu, Y. Y. Application of SAW gas chro-
matography in the early screening of lung cancer. In Proc. IEEE
SPAWDA 2015, 22-25.

Hines, P. E. L.; Gardner, J. W.; Pitt, R.; John, S.; Mitchell, J.; Morgan,
D. W. Classification of bacteria responsible for ENT and eye
infections using the Cyranose system. IEEE Sensors /. 2012, 2,
247-253.

Hoffman, E. M.; Curran, A. M.; Dulgerian, N.; Stockham, R. A.; Ecken-
rode, B. A. Characterization of the volatile organic compounds
present in the headspace of decomposing human remains.
Forensic Sci. Int. 2009, 186, 6-13.

Inaba, M.; Inaba, Y. Human Body Odour Etiology, Treatment, and
Related Factors; Springer: Japan, 1992.

Ishino, K.; Wakita, C.; Shibata, T.; Toyokuni, S.; Machida, S.; Mat-
suda, S.; Matsuda, T.; Uchida, K. Lipid peroxidation generates
body odor component trans-2-nonenal covalently bound to
protein in vivo. J. Biol. Chem. 2010, 285, 15302-15313.

Jain, A. K. An Introduction to biometric recognition. IEEE T. Circ. Syst.
Vid. 2004, 14, 4-20.

Janata, J. Modern topics in chemical sensing. Chem. Rev. 2008, 8,
327-328.

Jelski, W.; Szmitkowski, M. Alcohol dehydrogenase (ADH) and alde-
hyde dehydrogenase (ALDH) in the cancer diseases. Clin. Chim.
Acta 2008, 395, 1-5.

Jha, S. K.; Hayashi, K. A quick responding quartz crystal micro-
balance sensor array based on molecular imprinted polyacrylic
acids coating for selective identification of aldehydes in body
odor. Talanta 2015a, 134, 105-119.

Jha, S. K.; Hayashi, K. Polyacrylic acid polymer and aldehydes tem-
plate molecule based MIPs coated QCM sensors for detection
of pattern aldehydes in body odor. Sens. Actuators B-Chem.
2015b, 206, 471-487.

Jha, S. K.; Imahashi, M.; Hayashi, K.; Takamizawa, T. Data fusion
approach for human body odor discrimination using GC-MS
spectra. In Proc. IEEE-ISSNIP 2014a, Singapore, 1-6.

Jha, S. K.; Liu, C.; Hayashi, K. Molecular imprinted polyacrylic acids
based QCM sensor array for recognition of organic acids in
body odor. Sens. Actuators B-Chem. 2014b, 204, 74-87.

Jha, S. K.; Marina, N.; Liu C; Hayashi, K. Human body odor discrimi-
nation by GC-MS spectra data mining. Anal. Methods 2015, 7,
9549-9561.

Jha, S. K.; Josheski, F.; Marina, N.; Hayashi, K. GC-MS characteriza-
tion of body odour for identification using artificial neural
network classifiers fusion. Int. J. Mass Spectrom. 2016, 406,
35-47.

DE GRUYTER

Johnson, D. W. A flow injection electrospray ionization tandem mass
spectrometric method for the simultaneous measurement of
trimethylamine and trimethylamine N-oxide in urine. J. Mass
Spectrom. 2008, 43, 495-499.

Johnson, A. T. C.; Samuel, K. M.; Preti, G.; Kwak, ).; Gelperin, A. DNA-
Coated nanosensors for breath analysis. /EEE Sensors J. 2010,
10, 159-166.

Kateb, B.; Ryan, M. A.; Homer, M. L.; Lara, L. M.; Yin, Y.; Higa, K.;
Chen, M. Y. Sniffing out cancer using the JPL electronic nose: a
pilot study of a novel approach to detection and differentiation
of brain cancer. Neurolmage 2009, 47, T5-T9.

Kong, H.; Liu, D.; Zhang, S.; Zhang, X. Protein sensing and cell
discrimination using a sensor array based on nanomate-
rial-assisted chemiluminescence. Anal. Chem. 2011, 83,
1867-1870.

Kubota, M.; Komaki, R.; Ito, Y.; Arai, M.; Niwase, H.; Investigation of
the odor evolved from human hair. J. Soc. Cosmet. Chem. 1994,
28, 295-295.

Kybert, N. J.; Lerner, M. B.; Yodh, J. S.; Preti, G.; Johnson, A. T.

C. Differentiation of complex vapor mixtures using versatile
DNA-carbon nanotube chemical sensor arrays. ACS Nano
2013, 7, 2800-2807.

Lee, S. K.; Kim, D. H.; Jin, C.; Yoo, H. H. Determination of urinary tri-
methylamine and trimethylamine-N-oxide by liquid chromatog-
raphy-tandem mass spectrometry using mixed-mode stationary
phases. Bull. Korean Chem. Soc. 2010, 31, 483-486.

Leunis, N.; Boumans, M. L.; Kremer, B.; Din, S.; Stobberingh, E.;
Kessels, A. G.; Kross, K. W. Application of an electronic nose
in the diagnosis of head and neck cancer. The Laryngoscope
2014, 124,1377-1381.

Li, S. Recent developments in human odor detection technologies.
J. Forensic Sci. Criminol. 2014, 1, 1-12.

Ligor, T.; Ligor, M.; Amann, A.; Ager, C.; Bachler, M.; Dzien, A.;
Buszewski, B. The analysis of healthy volunteers’ exhaled
breath by the use of solid-phase microextraction and GC-MS.

J. Breath Res. 2008, 2, 1-8.

Ligor, M.; Ligor, T.; Bajtarevic, A.; Ager, C.; Pienz, M.; Klieber, M.;
Denz, H.; Fiegl, M.; Hilbe, W.; Weiss, W.; Lukas, P. Determi-
nation of volatile organic compounds in exhaled breath of
patients with lung cancer using solid phase microextraction
and gas chromatography mass spectrometry. Clin. Chem. Lab.
Med. 2009, 47, 550-560.

Lin, Y.; Guo, H.; Chang, Y.; Kao, M.; Wang, H.; Hong, R. Application
of the electronic nose for uremia diagnosis. Sens. Actuators
B-Chem. 2001, 76, 177-180.

Liu, C.; Furusawa, Y.; Hayashi, K. Development of a fluorescent imag-
ing sensor for the detection of human body sweat odor. Sens.
Actuator B-Chem. 2013, 183, 117-123.

Lorwongtragool, P.; Sowade, E.; Watthanawisuth, N.; Baumann, R.
R.; Kerdcharoen, T. A novel wearable electronic nose for health-
care based on flexible printed chemical sensor array. Sensors
2014, 14,19700-19712.

Martinez-Lozano, P. Mass spectrometric study of cutaneous volatiles
by secondary electrospray ionization. Int. J. Mass Spectrom.
2009, 282, 128-132.

Martinez-Lozano, P.; de la Mora, J. F. On-line detection of human
skin vapors. J. Am. Soc. Mass. 2009, 20, 1060-1063.

Martinez-Lozano, P.; Mora, J. F. Direct analysis of fatty acid vapors
in breath by electrospray ionization and atmospheric pres-
sure ionization-mass spectrometry. Anal. Chem. 2008, 80,
8210-8215.



DE GRUYTER

Mochalski, P.; Unterkofler, K.; Hinterhuber, H.; Amann, A. Moni-
toring of selected skin-borne volatile markers of entrapped
humans by selective reagent ionization time of flight mass
spectrometry in NO* mode. Anal. Chem. 2014, 86, 3915-3923.

Munk, S.; Munch, P.; Stahnke, L.; Adler-Nissen, ). Schieberle, P.
Primary odorants of laundry soiled with sweat/sebum: influ-
ence of lipase on the odor profile. J. Surfact. Deterg. 2000, 3,
505-515.

Miirtz, M. Breath diagnostics using laser spectroscopy. Opt. Photon-
ics News 2005, 16, 30-35.

Natale, C. D.; Macagnano, A.; Paolesse, R.; Tarizzo, E.; Mantini, A.;
D’Amico, A. Human skin odor analysis by means of an elec-
tronic nose. Sens. Actuators B-Chem. 2000, 65, 216—-219.

Natale, C. D.; Paolesse, R.; Comandini, P.; Pennazza, G.; Mar-
tinelli, E.; Rullo, S.; Roscioni, M.; Roscioni, C.; Finazzi-Agro,

A. Identification of schizophrenic patients by examination of
body odor using gas chromatography-mass spectrometry and
a cross-selective gas sensor array. Med. Sci. Monit. 2005, 11,
CR366-CR375.

Osada, K.; Yamazaki, K.; Beauchamp, G. K. Method for estimat-
ing the change of body smell with ageing. U.S. Patent No.
6,782,733, 2004.

Ozeki, C.; Moro, O. A study of the suppression of body odour in
elderly subjects by anti-fungal agents. Int. J. Cosmetic Sci.
2016, 38, 312-318.

Pandey, S. K.; Kim, K. Human body odor components and its deter-
mination. Trends Anal. Chem. 2011, 30, 784-796.

Penn, D. J.; Oberzaucher, E.; Grammer, K.; Fischer, G.; Soini, H.;
Wiesler, A. D.; Novotny, M. V.; Dixon, S. J.; Xu, Y.; Brereton, R. G.
Individual and gender fingerprints in human body odour. J. R.
Soc. Interface 2007, 4, 331-340.

Pennazza, G.; Marchetti, E.; Santonico, M.; Mantini, G.; Mummolo,
S.; Marzo, G.; Paolesse, R.; D’Amico, A.; Natale, C. D. Applica-
tion of a quartz microbalance based gas sensor array for the
study of halitosis. /. Breath Res. 2008, 2, 1-6.

Prada, P. A.; Furton, K. G. Human scent detection: a review of its
developments and forensic applications. Rev. Cien. Fore. 2008,
1, 81-87.

Preti, G.; Leyden, . ). Genetic influences on human body odor: from
genes to the axillae. /. Invest. Dermatol. 2010, 130, 344-346.

Prokop-Prigge, K. A.; Greene, K.; Varallo, L.; Wysocki, C. ).; Preti, G.
The effect of ethnicity on human axillary odorant production.

J. Chem. Ecol. 2016, 42, 33-39.

Rafii, M.; Elango, R.; House, . D.; Courtney-Martin, G.; Darling, P.;
Fisher, L.; Pencharz, P. B. Measurement of homocysteine and
related metabolites in human plasma and urine by liquid
chromatography electrospray tandem mass spectrometry.

J. Chromatogr. B 2009, 877, 3282-3291.

Rindisbacher, H. ). The Smell of Books: A Cultural Historical Study of
Olfactory Perception in Literature; University of Michigan Press:
USA, 1992.

Risby, T. H.; Sehnert, S.; Jiang, L.; Burdick, J. F. Volatile biomarkers
for analysis of hepatic disorders. US Patent No. 6,248,078,
2001.

Ruth, J. H. Odor thresholds and irritation levels of several chemical
substances: a review. Am. Ind. Hyg. Assoc. J. 1986, 47,
A142-A151.

Ruzsanyi, V.; Mochalski, P.; Schmid, A.; Wiesenhofer, H.; Klieber, M.;
Hinterhuber, H.; Amann, A. lon mobility spectrometry for detec-
tion of skin volatiles. J. Chromatogr. B 2012, 911, 84-92.

S.K. Jha: Characterizing human body odor and identifying aldehydes = 15

Seeley, R.; Putte, C. V.; Regan, L.; Russo, A. Seeley’s Anatomy &
Physiology; 9t Edition. Mc Graw-Hill: New York, 2011.

Seesaard, T.; Lorwongtragool, P.; Kerdcharoen, T. Development of
fabric-based chemical gas sensors for use as wearable elec-
tronic noses. Sensors 2015, 15, 1885-1902.

Shirasu, M.; Touhara, K. The scent of disease: volatile organic
compounds of the human body related to disease and disorder.
J. Biochem. 2011, 150, 257-266.

Simon, E. Biological and chemical sensors for cancer diagnosis.
Meas. Sci. Tech. 2010, 21, 112002.

Smith, D.; Wang. T.; Sulé-Suso, J.; Spanél, P.; El Haj, A. Quantifica-
tion of acetaldehyde released by lung cancer cells in vitro using
selected ion flow tube mass spectrometry. Rapid Commun.
Mass Spectrom. 2003, 17, 845-50.

Sorokowska, A.; Schriever, V. A.; Gudziol, V.; Hummel, C.; Hah-
ner, A.; lannilli, E.; Sinding, C.; Aziz, M.; Seo, H. S.; Negoias,
S.; Hummel, T. Changes of olfactory abilities in relation to
age: odor identification in more than 1400 people aged 4
to 80 years. Eur. Arch. Otorhinolaryngol Suppl. 2015, 272,
1937-1944.

Sorokowska, A.; Sorokowski, P.; Havlicek, J. Body odor based per-
sonality judgments: the effect of fragranced cosmetics. Front.
Psychol. 2016, 7, 530.

Spanel, P.; Smith, D. Progress in SIFT-MS: breath analysis and other
applications. Mass Spectrom. Rev. 2011, 30, 236-267.

Statheropoulos, M.; Spiliopoulou, C.; Agapiou, A. A study of volatile
organic compounds evolved from the decaying human body.
Forensic Sci. Int. 2005, 153, 147-155.

Steeghs, M. M.; Moeskops, B. W.; van Swam, K.; Cristescu, S. M.;
Scheepers, P. T.; Harren, F. ). On-line monitoring of UV-induced
lipid peroxidation products from human skin in vivo using
proton-transfer reaction mass spectrometry. Int. J. Mass Spec-
trom. 2006, 253, 58-64.

Stefanuto, P. H.; Focant, J. F. GCx GC-TOFMS, the Swiss knife for VOC
mixtures analysis in soil forensic investigations. Soil Criminal
Environ. Forensics 2016, 317-329.

Teo, A. W.; Garg, H. K.; Puthusserypady, S. Detection of humans bur-
ied in rubble: an electronic nose to detect human body odor. In
Proc. IEEE [EMBS 2002, 3,1811-1812.

Thorn, R. M. S.; Greenman, J. Microbial volatile compounds in health
and disease conditions. J. Breath Res. 2012, 6, 1-25.

Toan, T.; Bartolo, R. G.; Dodd, M. T.; Lucas, J. M.; Buckner, R. Y.; Kajs,
T. M. Methods and compositions for reducing body odor. US
Patent 5,897,855, 1999.

Turner, C. Potential of breath and skin analysis for monitoring blood
glucose concentration in diabetes. Expert Rev. Mol. Diagn.
2011, 11, 497-503.

Uchida, K. Aldehyde adducts generated during lipid peroxidation
modification of proteins. Free Radical Res. 2015, 49, 896-904.

Vaglio, S.; Minicozzi, P.; Bonometti, E.; Mello, G.; Chiarelli, B. Vola-
tile signals during pregnancy: a possible chemical basis for
mother—infant recognition. J. Chem. Ecol. 2009, 35, 131-139.

Vass, A. A.; Eckenrode, B. A.; Thompson, C. V.; Wolf, D. A.; Synstel-
ien, J. A.; Burnett, M. N.; Dulgerian, N.; Smith, R. R. Decomposi-
tional odor analysis database. J. Forensic Sci. 2004, 49, 1-10.

Vass, A. A.; Smith, R. R.; Thompson, C. V.; Burnett, M. N.; Dulgerian,
N.; Eckenrode, B. A. Odor analysis of decomposing buried
human remains. J. Forensic Sci. 2008, 53, 384-391.

Vautz, W.; Slodzynski, R.; Hariharan, C.; Seifert, L.; Nolte, J.;

Fobbe, R.; Sielemann, S.; Lao, B. C.; Huo, R.; Thomas, C. P.;



16 —— S.K.Jha: Characterizing human body odor and identifying aldehydes

Hildebrand, L. Detection of metabolites of trapped humans
using ion mobility spectrometry coupled with gas chromatogra-
phy. Anal. Chem. 2013, 85, 2135-2142.

Verhulst, N. O.; Weldegergis, B. T.; Menger, D.; Takken, W. Attractive-
ness of volatiles from different body parts to the malaria mos-
quito Anopheles coluzzii is affected by deodorant compounds.
Sci. Rep. 2016, 6, 27141.

Voss, A.; Witt, K.; Kaschowitz, T.; Poitz, W.; Ebert, A.; Roser, P.; Bar,
K. ). Detecting cannabis use on the human skin surface via an
electronic nose system. Sensors 2014, 14,13256-13272.

Wang, C.; Mbi, A. A new acetone detection device using cavity
ringdown spectroscopy at 266 nm: evaluation of the instru-
ment performance using acetone sample solutions. Meas. Sci.
Technol. 2007, 18, 2731-2741.

Wang, C.; Mbi, A.; Shepherd, M. A study on breath acetone in
diabetic patients using a cavity ringdown breath analyzer:
exploring correlations of breath acetone with blood glucose
and glycohemoglobin A1C. IEEE Sensors J. 2010, 10, 54-63.

Wedekind, C.; Seebeck, T.; Bettens, F.; Paepke, A. J. The intensity
of human odors and the MHC: should we expect a link? Evol.
Psychol. 2006, 4, 85-94.

Wisthaler, A.; Weschler, C. J. Reactions of ozone with human skin
lipids: sources of carbonyls, dicarbonyls, and hydroxycarbonyls
inindoor air. Proc. Natl. Acad. Sci. 2010, 107, 6568—-6575.

Wojtas, ).; Bielecki, Z.; Stacewicz, T.; Mikotajczyk, J.; Nowakowski,
M. Ultrasensitive laser spectroscopy for breath analysis.
Opto-Electronics Rev. 2012, 20, 26-39.

Wongchoosuk, C.; Lutz, M.; Kerdcharoen, T. Detection and classifi-
cation of human body odor using an electronic nose. Sensors
2009, 9, 7234-7249.

Yamazaki, S.; Hoshino, K.; Kusuhara, M. Odor associated with
aging. Anti-Aging Med. 2010, 7, 60—-65.

Yao, L.; Laing, R. M.; Bremer, P. J.; Silcock, P. ).; Leus, M. ). Measuring
textile adsorption of body odor compounds using proton-trans-
fer-reaction mass spectrometry. Text. Res. J. 2015, 85, 1817-1826.

Zeng, X. N.; Leyden, J. J.; Lawley, H. ).; Sawano, K.; Nohara, I.; Preti,
G. Analysis of characteristic odors from human male axillae.

J. Chem. Ecol. 1991, 17, 1469-1493.

DE GRUYTER

Zeng, X. N.; Leyden, ). ).; Spielman, A. I.; Preti, G. Analysis of charac-
teristic human female axillary odors: qualitative comparison to
males. J. Chem. Ecol. 1996, 22, 237-257.

Zhang, Z.; Cai, J.; Ruan, G.; Li, G. The study of fingerprint charac-
teristics of the emanations from human arm skin using the
original sampling system by SPME-GC/MS. J. Chromatogr. B
2005, 822, 244-252.

Zhao, Z.; Tian, F.; Liao, H.; Yin, X.; Liu, Y.; Yu, B. A novel spectrum
analysis technique for odor sensing in optical electronic nose.
Sens. Actuators B-Chem. 2016, 222, 769-779.

Zuniga, A.; Stevenson, R. J.; Mahmut, M. K.; Stephen, I. D. Diet qual-
ity and the attractiveness of male body odor. Evol. Hum. Behav.
2016. doi.org/10.1016/j.evolhumbehav.2016.08.002.

Bionote

Sunil Kr. Jha

Department for Management of Science and
Technology Development, Ton Duc Thang
University, Ho Chi Minh City, Vietnam; and
Faculty of Applied Sciences, Ton Duc Thang
g University, Ho Chi Minh City, Vietnam

o \‘M drsuniljha@tdt.edu.vn

Sunil Kr. Jha received his BSc and MS degrees in physics from
Purvanchal University, India, in 2003 and 2005, respectively, and
his PhD degree in Physics from Banaras Hindu University, India, in
2012. From 2012 to 2014, he was a postdoctoral researcher at the
Kyushu University, Japan, and Hanyang University, Korea. Since
February 2015, he has been an assistant professor with the Faculty
of Computer Science and Engineering, University of Information
Science and Technology, Macedonia. His research interests include
chemical sensors, data mining and pattern recognition applications,
renewable energy, visualization, and animation.



