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Highlights

* Passive sampling of volatiles emanating from human skin surface using non-invasive PDMS bracelets and
anklets.

» Thermal desorption of bracelets and anklets and analysed by GC x GC-TOFMS.

» Method generates large numbers of biomarker candidates.

» Compounds linked to blood-host selection by anthropophilic mosquito species and resident skin microbiome
were identified.

* Relative abundances of compounds were compared between wrist and ankle and between individuals.

Abstract

Volatile organic compounds (VOCs) emanating from the surfaces of human skin are of great interest to
researchers in medical and forensic fields, as well as to biologists studying the ecology of blood-feeding insect
vectors of human disease. Research involving the comparison of relative abundances of VOCs emanating from
human skin is currently limited by the methodology used for sample collection and pre-concentration. The use
of in-house developed silicone rubber (polydimethylsiloxane (PDMS)) passive sampling devices constructed in
the form of bracelets and anklets was explored to address this need. The easy-to-use samplers were employed
as non-invasive passive sampling devices for the non-targeted collection and concentration of volatile human
skin emissions prior to thermal desorption thereof coupled with comprehensive gas chromatographic time-of-
flight mass spectrometric (GC x GC-TOFMS) analysis. Compounds collected were from a wide range of
compound classes. Several compounds, notably cyclic ketones, identified have not been previously reported in
skin volatile literature. Comparison of normalized unique mass peak area signals has revealed relative
quantitative differences and similarities between the samples collected from two individuals’ wrists and as well
as between an individual’s wrist and ankle. The sampling method was evaluated based on its ability to provide
many candidate compounds for potential biomarker discovery. The results show the ability of the new sampling
method for augmenting the current knowledge on human skin volatile emissions. The samplers are both easy
to use and economical. Applications explored include the study of the complex relationships between the

human skin microbiome and the attractiveness of individuals to anthropophilic blood host seeking mosquitoes.
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1. Introduction

Investigations into the volatile organic compounds (VOCs) making up the human skin’s volatilome are of
interest to researchers in many fields. Applications include metabolomics studies [1], the identification of
individuals in forensic science [2], exploring the symbiotic relationships between human hosts and resident skin
microflora [3], as well as studying the host seeking preference of blood-feeding mosquito vectors of human
disease [4]. The last mentioned application is of great interest in the ongoing search for new ways to efficiently
control mosquito transmitted pathogens which cause human diseases around the world through the

development of effective push-pull strategies for mosquito control [5].

Investigations of the human volatilome in a metabolomics context may draw on a variety of bodily secretions as
sources of metabolites. Studies focusing on volatiles emitted by urine, blood, exhaled breath and skin
secretions are widely reported [1]. Several publications have probed the human skin volatilome in recent years
[6]. Endogenous volatiles making up the human skin volatilome originate from both human cells and the
resident skin microflora [7]. The surface of human skin forms a unique microbiome which is colonized by a
cohort of endogenous microflora. The species composition and diversity of which can play a role in an
individual’s skin volatile profile [8] and attractiveness to the malaria vector mosquito species Anopheles
gambiae sensu stricto [9]. The study of external factors which affect the human skin microbiome abundance
and distribution and how these factors influence the attractiveness of human skin to blood host seeking insects

is still in its infancy with very few peer reviewed journal articles addressing the complex topic.

A wide range of sample collection approaches have been reported for the analysis of human skin volatiles,
most commonly, in combination with gas chromatography mass spectrometry (GC-MS) [10]. Researchers have
made use of glass beads or adsorptive textile materials, socks [11], teflon bags or sleeves [12], or cellusose
film bags [13], which are placed in contact with skin surfaces for the collection of skin secretions. The
corresponding analyses most often yield predominantly qualitative information, although comparisons of
relative abundances of skin VOCs between samples collected using both glass beads [14] and cotton patches
[15] have been reported. Relative abundances of skin VOCs, in addition to the qualitative identification of skin
volatiles, are of importance when investigating human semiochemicals and the role of the human skin
microflora in attracting blood-host seeking mosquitoes [16]. Differences in relative abundances of skin volatiles
have also been linked to differing attractiveness of human blood hosts to anthropophillic Aedes aegypti

mosquitoes [4].

Currently, research focused on the study of the human skin’s volatilome is limited by difficulties associated with
sample collection. Simple and reliable methods of collecting and screening of the relative abundances of skin
volatiles are required. Such methods may provide candidate biomarkers responsible for the interactions
between the skin surface microbiome and blood-host seeking mosquitoes prior to high throughput and robust

targeted analyses.

Polydimethylsiloxane (PDMS) is a material which has shown promise for its functionality, in the form of patches
placed on the skin surface, as an absorbent material for the passive sampling of skin chemicals [17 — 20]. This
material is ideal for passive sampling applications due to its ability to sequester a broad range of volatile

analytes from the surrounding atmosphere during sampling. In addition, the ability for the material to exclude



water during sampling and compatibility with thermal desorption sample introduction techniques makes it ideal
for non-targeted screening of skin volatiles with relatively few steps involved during the sample collection
process. The use of PDMS material for the comparisons of time weighted average abundances of skin
chemicals between different skin regions has not been previously reported to the best of our knowledge. The
goal of this study was to explore the number and diversity of compounds collected during passive sampling, as
well as to compare relative abundances analytes emanating from the wrists and ankles of human skin. This
was performed by application of an in-house developed PDMS loop passive samplers in combination with
comprehensive two-dimensional gas chromatography time-of-flight mass spectrometry (GCxGC-ToFMS). In
doing so, the relative abundances of collected volatiles may be evaluated in the context of their link to the
human skin microbiome and semiochemicals affecting the blood host selection of anthropophilic mosquito
species.

2. Material and methods
2.1 Chemicals

Methanol (AR 99.5%), acetone (AR 98.0%), and acetonitrile (AR 99.5%), were purchased from Merck, South
Africa. For GC linear retention index determination, n-alkanes Ci12-C2g were used (Merck, Pretoria, South
Africa).

2.2 In-house constructed PDMS sorptive passive sampler

Passive sampler loops were manufactured by cutting lengths of polydimethylsiloxane tubing (Class VI USP
Medical Grade Silicone tubing, 0.305 mm ID, 0.635 mm OD, Technical Products Inc. of Georgia, USA) to pre-
determined lengths which would allow for their easy and comfortable use as bracelets and anklets. Wrist and
ankle samplers were constructed from tubing of lengths 180 and 240 mm respectively. A small piece of
uncoated silica capillary column (0.25 mm ID) (SGE Analytical Science, Separation Scientific (Pty) Ltd, South
Africa) was inserted to connect the two ends of the tube in order to form a closed loop (Figures 1 and 2). The
masses of the PDMS material were 0.0573+0.0025 g and 0.0750+0.0024 g for bracelet and anklet samplers

respectively.

Figure 1. PDMS loop sampler inserted into a thermal desorption tube.



Figure 2. Wrist (Left) and ankle (Right) sampling using a PDMS loop passive sampling device.

Prior to use all samplers were cleaned and conditioned. Samplers were subjected to three rounds of solvent
extraction using a mixture of acetone and methanol (1:1, v/v). Glass vials containing the solvent and samplers
were sonicated for five minutes between solvent exchanges. The samplers were placed in 17.8 cm long glass
desorption tubes (4 mm ID, 6 mm OD) (Gerstel, Chemetrix, South Africa) and then conditioned with hydrogen
gas (Afrox, South Africa) at 100 mL/min for ten hours at 280°C in an off-line tube conditioning system (Gerstel,
Chemetrix, South Africa) after which three more solvent extractions were performed using acetonitrile. The
samplers were tapped against the inside wall of a glass beaker to remove excess solvent before being sealed

in a glass vial until deployment.

2.3 VOC collection
2.3.1 Duration-based skin sampling

In order to investigate the performance of the passive sampling and analysis approach under temperature

controlled conditions, sampling of skin volatiles was first performed in a laboratory environment for different
durations of time. This was achieved by analysis of samplers worn on the non-dominant wrist of a Caucasian
male volunteer (Subject 1, age 26) for a total duration of nine hours. During this time a sampler was removed
and immediately analysed every ninety minutes. Sampling was conducted in a temperature controlled
environment to reduce the effect of this variable on skin volatile absorption by the passive samplers. In
addition to skin volatile samples, unused sampler blanks and background laboratory air were also sampled for

the full nine hour duration of the experiment.



2.3.2 Collection of replicate samples from ankles and wrists of two individuals

A set of skin volatile samples were collected from a Caucasian male (Subject 1, self-described as not attractive
to mosquitoes), age 26, using the PDMS passive sampling loops (Figure 2). The ambient temperature during
the simultaneous sampling of the individual’'s wrist and ankle was maintained at 21 °C. Passive samplers were
worn for a duration of four hours in direct contact with the subject’s skin on the non-dominant wrist of the
subject and corresponding ankle. Five replicate samples were collected from each sampled region. Two
sampler blanks and three laboratory background samplers were also analysed. In addition, a single sample
was collected from the same wrist and ankle of the sampled individual in an alternative environment, namely
the subject’s office. Samplers from the individual’s wrist and ankle were analysed by GCxGC-ToFMS in
alternating order to avoid bias in the results due to length of storage time. Samplers were individually sealed in
glass vials and kept at -80 °C for no more than 72 hours before analysis. This method of storage was adopted
since it has been shown to result in no statistically significant changes in the abundances of human skin
analytes collected in PDMS passive samplers stored for up to 21 days [17].

In an additional two separate sample collections, two sets of samples were collected from the non-dominant
wrist of a second Caucasian male volunteer (Subject 2, self-described as attractive to mosquitoes), age 24.
Passive samplers were worn by the subject for a duration of four hours while the subject slept. No effort was
made to control any environment parameters during sampling. Three background samples were collected in
the room where the subject slept on each occasion, as well as quality control samples. In addition, samples
were collected in an alternative environment, namely, the subject’s office work place. The two sets of samples
were collected three months apart during the winter and spring seasons. All samples from both sampling

sample sets were kept at -80 °C and analysed within 24 hours of being collected.

2.3.3 Ethical Considerations

All subjects who were sampled during the course of this work gave written consent to participate and no special
hygiene or dietary requirements were imposed. Ethical clearance was provided by the ethics committee of the

Faculty of Natural and Agricultural Sciences at the University of Pretoria (Reference number EC160606-044).

2.4 Instrumentation
2.4.1 Desorption of analytes in a thermal desorption system (TDS)

Compounds concentrated in the samplers were thermally desorbed by heating the samplers in a thermal
desorption system (Gerstel TDS) from 30 °C (hold 3 min) at 60 °C/min to 280 °C (hold 10 min) with a
desorption flow rate of 100 mL/min at a vent pressure of 10 psi (helium 5.0, Afrox, South Africa). The TDS
transfer line temperature was 350 °C. The desorbed analytes were cryogenically focused at -100 °C using
liquid nitrogen (Afrox, South Africa) in a cooled injection system (CIS) (Gerstel CIS 4) with an empty, baffled,

deactivated glass liner. After desorption a splitless injection (purge on 1.5 min, purge flow 30 mL/min, solvent



vent mode) was performed by heating the CIS from -100 °C at 10 °C/s to 250 °C and held there for the duration
of the GC run.

2.4.2 Analysis by GCxGC-ToFMS

Separation of compounds was performed on a LECO Pegasus 4D GCxGC-ToFMS system. The system
consists of an Agilent© 7890 GC (LECO Africa (Pty)) Ltd., Kempton Park, South Africa) modified to contain a
dual stage modulator and secondary oven. Nitrogen gas cooled with liquid nitrogen was used for the cold jets
and synthetic air for the hot jets. The primary column was connected to the secondary column with a press-tight
column connector (Restek, Bellefonte, PA, USA). ChromaTOF software (Version 4.50.8.0 optimised for
Pegasus, LECO Africa (Pty) Ltd.) was used to operate the instrument, for data capturing and data processing.
A column set consisting of Rxi-1 MS, 30 m x 0.25 mm ID x 0.25 pm film thickness in the first dimension (1D)
and Rxi-17Sil MS 1 m x 0.25 mm x 0.25 pym film thickness in the second dimension (2D) (Restek, Bellefonte,
PA, USA) was used.

The primary oven temperature programme was 40 °C (held for 1.5 min) then ramped at 10 °C/min to 300 °C
(held for 8 min). The GC run time was 35.5 min. The secondary oven was offset by +5 °C relative to the primary
oven. The modulator temperature was offset by 15 °C relative to the secondary oven temperature. The
modulation period was 3 s (hot pulse time of 0.80 s). The carrier gas (helium 5.0, Afrox, South Africa) flow rate
was 1.4 mL/min in the constant flow mode. The MS transfer line temperature was set at 300 °C. The electron
ionization (EI) ion source temperature was 230 °C, the electron energy was 70 eV, the detector voltage was set

at 1570 V, data acquisition rate was 100 spectra/s and the mass acquisition range was 35-500 Da.

2.5 Data processing
2.5.1 Chromatographic peak alignment

Peak table data generated during initial data processing were aligned using ChromaToF Statistical Compare
software (LECO (Pty)). A minimum mass spectral similarity match of 600 was used with variation in retention
times being limited to one modulation period in the first dimension (1D) and 0.1 s in the second dimension (2D).
Peak finding was performed using an initial S/N threshold of 100 and a secondary threshold of 20 for peaks not

aligned during the initial alignment.

2.5.2 Peak area normalization

Two approaches to the normalization of peak areas in skin volatiles were compared during the development of
the method. Normalization was based on (i) the mass spectral total useful signal (MSTUS) of each sample [21]
and (ii) the mass of PDMS in each individual sampler. Normalization involved using the chromatographic peak

area corresponding to the unique mass for each analyte peak as a numerator. This value was then divided by,



either, (i) the MSTUS, which corresponds to the sum total of all unique mass peak areas of all potential skin
volatiles in each sample, or (ii) the mass of PDMS in each sampler. Comparisons of chromatographic peak
areas found in skin samples to the corresponding peaks found in background samples were based on

normalization to the mass of PDMS used in each sampler.

2.5.3 Data analysis

Processing of the data generated after the analysis of skin volatile samples collected at ninety minute
intervals for a total duration of nine hours (2.3.1) involved the initial peak alignment of the six skin samples
and respective quality control samples. The resultant list of chromatographic peak markers was further
reduced to include only those peaks observed exclusively in skin sample chromatograms. This data could be
further categorized by classification of peaks according to their retention time on the primary column (Tr1)
during the separation. Processing of the data collected during the second set of experiments (2.3.2) involved
several steps. Since the passive samplers were exposed to the exogenous atmosphere during sampling, the
first steps involved in the processing of chromatographic data aimed to remove peaks which arise due to the
sampling environment and contamination during analysis of samplers. For this purpose, chromatographic
peaks which were not found in at least 80% of skin samples collected from respective sampling sites, as well
as the corresponding skin sample in an alternative sampling environment were removed from the aligned
chromatographic peak data as the first step of data analysis. Furthermore, chromatographic peaks which were
found in the background sampling environment samples which had peak areas greater than 10% of the
corresponding average peak area in skin samples were excluded from comparisons of relative peak areas
between samples. This threshold was used as a conservative starting point in order to focus data processing
on volatiles emanating from the skin surface. Peak table entries were assigned tentative identifications based
on mass spectral library similarity scores above 750 for entries in the NIST/EPA/NIH Mass Spectral Library (El)
(2016). In addition, the linear temperature programed retention index (LTPRI) was calculated using the average
first dimension retention time for each peak marker in the aligned sample data sets using Van den Dool’s

equation [21] in order to further confirm these tentative identifications by comparison to literature values.

2.5.4 Peak area comparisons

In addition to the tentative identification of analytes emanating from the skin surface, selected compounds’
relative abundances were compared between samples after normalization. Technical variability in the
measured peak areas was assessed by calculating the relative standard deviation of peaks between replicate

samples from the same sample batch and skin region.



3. Results and discussion
3.1 Duration based skin sampling

Alignment of the six skin samples and respective quality control samples resulted in the generation of a
chromatographic peak list containing 2624 peak markers. Removal of peak markers also found in quality
control blanks and laboratory background samples reduced this number to 332 entries. The total humber of
peaks which were successfully found and aligned in each configuration and for each time interval was
quantified. The skin volatile peaks collected in each sample were grouped into three groups according to their
retention by the PDMS stationary phase of the first dimension of the chromatographic set-up. Groups were
arbitrarily chosen to include those peaks with primary retention times (Tr1) between 0 - 750 s, 750 — 1600 s and
1600 — 2100 s. The number of peak table entries in each retention time window and their contribution to the
total number of peak table entries after each sampling duration are colour coded in Figure 3. From these
results, it can be observed that the numbers of peak table entries from all three retention times windows are
similar after 4.5 hours of sampling. The major differences between the total number of peak table entries before
this threshold duration of sampling are due to the number of peak table entries present in the low and medium
retention time windows, green and red bars respectively. It is thus evident that sampling times of at least 4.5
hours are required in order to achieve detectible signals, of as broad a range of unknown skin volatile
compounds as possible, including those with low partitioning coefficients between the atmosphere and the

PDMS passive sampler.
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Figure 3. The number of chromatographic peaks detected exclusively in skin samples relative to the duration of sampling.
Bars are colour coded according to the total numbers of entries which fall between specific retention times in the first
dimension (1D). These are peak table entries with retention times between 0 — 750 s (green), 750 — 1600 s (red) and 1600
— 2100 s (blue).



3.2 Untargeted screening

Analysis of the volatile compounds absorbed by the PDMS loop samplers during sampling of human skin was
performed by GCxGC-ToFMS analysis. This approach gives access to time-weighted average abundances of
a broad range of analytes which are analysed simultaneously. During the initial development performed by our
group for the use of PDMS loops as collection devices for skin volatiles, different arrangements of skin
samplers were investigated. This included arrangements of the PDMS loops in both direct contact with the skin
surface or held in a sampling device (not shown here) which limits the direct contact of the loops with the skin
surface. The different arrangements where compared based on the complexity of the chromatograms obtained
with respect to the resolution of chromatographic peaks and performance of the alignment software in each
case. This work lead to the conclusion that the deconvolution process and peak alignment was affected only
minimally by the added complexity of chromatograms obtained from samplers used in direct contact with the
human skin. For these reasons the direct skin contact sampling approach was selected as the simplest. This
approach also is the least invasive to the sampled subject as well as the topography and microbial ecosystem
of the skin surface. Passive sampling using this approach yielded in the region of a thousand chromatographic
peaks, from each sampled region of skin, after peaks were categorised as potential skin volatiles during initial
data processing. Compounds from a broad range of chemical classes were tentatively identified based on
library matches and further confirmed by corresponding first dimension linear retention indices during
untargeted screening of the chromatograms (Table 1). Peaks corresponding to cosmetic products were

removed from the data set. Annotated chromatograms of a human wrist sample (Figure 4) and a human ankle
(Figure 5) are shown. Many of the peaks in the chromatograms did not yield satisfactory mass spectral
similarity to compounds in the libraries and thus are not discussed further in this report.

Table 1. Chemical compounds as originating from the wrist and ankle skin surfaces of two sampled individuals after
TD-GCxGC-ToFMS analysis of PDMS passive samplers.

Number Compound Unique CAS 1D! Rt(s) 2D?Rt(s) Rlcac® Rlyit
Mass (Da) number 4

Saturated straight chained carboxylic acids

1 Acetic acid 60 64-19-7 154 0.64 646 646
2 Propanoic acid 74 79-09-4 193 0.71 704 715
3 Butanoic acid 60 107-92-6 253 0.77 792 795
4 Hexanoic acid 60 142-62-1 425 0.90 975 973
5 Heptanoic acid 60 111-14-8 512 0.91 1067 1063
6 Octanoic acid 60 124-07-2 598 0.93 1158 1158
7 Nonanoic acid 60 112-05-0 681 0.95 1255 1268
8 Decanoic acid 60 334-48-5 759 0.96 1352 1347
9 Dodecanoic acid 60 143-07-7 906 0.98 1547 1556
10 Tridecanoic acid 60 638-53-9 975 0.97 1645 N/A®
11 Tetradecanoic acid 60 544-63-8 1041 0.99 1745 1748
12 Pentadecanoic acid 73 1002-84-2 1103 0.98 1842 1839
13 Hexadecanoic acid 89 57-10-3 1164 1.01 1945 1942
14 Heptadecanoic acid 60 506-12-7 1221 0.97 2045 2039
15 Octadecanoic acid 227 57-11-4 1275 0.98 2144 2142
Other carboxylic acids
16 Butanoic acid, 3-methyl- 60 503-74-2 298 0.79 841 851
17 Hexanoic acid, 2-ethyl- 61 149-57-5 553 0.89 1110 N/AS
18 9,12-Octadecadienoic acid (Z,2)- 67 60-33-3 1257 1.08 2111 2106
19 Benzoic acid 122 65-85-0 594 1.21 1154 1160
Saturated straight chained aldehydes
20 Hexanal 57 66-25-1 240 0.86 773 780
21 Heptanal 91 111-71-7 331 0.92 876 874
22 Octanal 105 124-13-0 429 0.96 978 981
23 Nonanal 57 124-19-6 525 0.97 1081 1081
24 Decanal 57 112-31-2 618 0.97 1181 1184

Unsaturated straight chained aldehydes



2-Butenal, (E)-

2-Octenal, (E)-

2-Nonenal, (E)-

2-Decenal, (2)-

2-Undecenal

Miscellaneous aldehydes
Furfural

2-Furancarboxaldehyde, 5-methyl-
Benzaldehyde
Benzeneacetaldehyde

Saturated straight chained ketones
2-Heptanone

2-Octanone

2-Nonanone

2-Decanone

2-Undecanone

2-Dodecanone

2-Tridecanone

2-Pentadecanone
2-Hexadecanone

Unsaturated branched chained ketones
5-Hepten-2-one, 6-methyl-
6-Methyl-3,5-heptadiene-2-one
2-Undecanone, 6,10-dimethyl-
Geranyl acetone

Other ketones

Acetophenone

Benzophenone

2,3-Pentanedione
1-Hydroxy-2-butanone

Furyl hydroxymethyl ketone
4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-
methyl-

Ethanone, 1-(2-furanyl)-
Ethanone, 1-(4-methylphenyl)-

Five member ring ketones
Cyclopentanone
2-Cyclopenten-1-one
Cyclopent-4-ene-1,3-dione
2-Cyclopenten-1-one, 2-methyl-
2-Cyclopenten-1-one, 3-methyl-

Saturated straight chained aliphatic alcohols

1-Butanol

1-Octanol

1-Nonanol

Saturated branched chained aliphatic
alcohols

1-Hexanol, 2-ethyl-

7-Octen-2-ol, 2,6-dimethyl-
Benzene ring containing alcohols
Phenol

Phenol, 2-methyl-

Benzyl alcohol

p-Cresol

Benzenemethanol, a,a-dimethyl-
Lactones

2(3H)-Furanone, 5-methyl-
Butyrolactone

2(5H)-Furanone

2(3H)-Furanone, 5-butyldihydro-
2(3H)-Furanone, 5-hexyldihydro-
2(3H)-Furanone, 5-heptyldihydro-
Terpenes

Linalool

a-Pinene

Limonene

Nitrogen containing compounds
Benzonitrile

Pyrrole

Pyridine

Indole

Indole, 3-methyl-
5,10-Diethoxy-2,3,7,8-tetrahydro-1H,6H-
dipyrrolo[1,2-a:1',2'-8]pyrazine
Sulphur containing compounds

57
59

94
108
108
107
121

103

79
117
130

70

123-73-9
2548-87-0
18829-56-6
2497-25-8
2463-77-6

98-01-1
620-02-0
100-52-7
122-78-1

110-43-0
111-13-7
821-55-6
693-54-9
112-12-9
6175-49-1
593-08-8
2345-28-0
18787-63-8

110-93-0
1604-28-0
1604-34-8
3796-70-1

98-86-2
119-61-9
600-14-6

5077-67-8
17678-19-2

28564-83-2

1192-62-7
122-00-9

120-92-3
930-30-3
930-60-9
1120-73-6
2758-18-1

71-36-3
111-87-5
143-08-8

104-76-7
18479-58-8

108-95-2
95-48-7
100-51-6
106-44-5
617-94-7

591-12-8
96-48-0
497-23-4
104-50-7
706-14-9
104-67-6

78-70-6
80-56-8
138-86-3

100-47-0
109-97-7
110-86-1
120-72-9
83-34-1
Not
available

144
480
573
663
753

265
384
381
456

324
420
516
606
693
77
852
996
1062

414
522
786
819

480
933
166
222
495

558

336
591

227
264
306
330
383

162
501
591

462
504

416
482
456
501
504

294
321
324
642
813
893

528
378
468

399
210
208
678
756

1107

0.78
1.05
1.05
1.04
1.09

1.24
1.37
1.35
1.44

0.91
0.95
0.96
0.97
0.97
0.96
0.96
0.95
0.95

1.03
1.19
0.93
1.06

1.43
1.72
0.75
0.98
151

1.39

1.28
1.40

1.09
1.32
1.44
1.28
1.47

0.69
0.92
0.93

0.88
0.87

1.15
1.21
1.35
1.19
1.24

1.28
1.93
1.96
1.55
1.43
1.38

0.94
0.75
0.86

1.45
0.95
0.93
1.76
1.69

2.77

631
1032
1132
1233
1344

808

931

928
1006

869

969
1071
1168
1270
1374
1473
1677
1777

963
1077
1385
1429

1032
1584
664
747
1049

1116

881
1152

755
806
850
875
931

658
1055
1152

1013
1058

965
1034
1006
1055
1058

838
866
868
1207
1420
1529

1084
925
1019

947

729

726
1252
1304

1850

624
1032
1137
1229
1346

804

926

925
1011

863
966
1070
N/AS
1274
1373
N/AS
1682
1778

963

1076
N/A®
1426

1033
1577
669
748
1056

1107

882
1157

749
799
846
881
923

657
1061
1151

1013
1058

959
1033
1007
1051
1057

836
864
871
1208
1414
1521

1081
931
1020

940
727

726
1257

N/A®

10



86 Dimethyl sulfone 79 67-71-0 327 2.18 872 N/A®
87 Dimethyl trisulphide 126 3658-80-8 393 1.26 941 943
88 Benzothiazole 131 95-16-9 624 1.68 1187 1187

IFirst dimension retention time and 2second dimension retention time. 3Linear Retention Index values calculated for average first dimension
retention times (1D) of replicate skin samples (n=10). “Values correspond to references: [23 -55]. SLinear retention index not available.

¢

Figure 4. Total lon Chromatogram (TIC) obtained from the GCxGC-ToF analysis of subject one’s wrist. Compounds of
interest are numbered according to Table 1. Compounds are grouped according to class, namely, carboxylic acids (light
blue), aldehydes (red), ketones (light green), alcohols (orange), lactones (purple), terpenes (black), nitrogen containing
(yellow) and sulphur containing (dark green).
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Figure 5. Total lon Chromatogram (TIC) obtained from the GCxGC-ToF analysis of subject one’s ankle. Compounds of
interest are numbered according to Table 1. Compounds are grouped according to class, namely, carboxylic acids
(light blue), aldehydes (red), ketones (light green), alcohols (orange), lactones (purple), terpenes (black), nitrogen
containing (yellow) and sulphur containing (dark green).

3.3 Data analysis - Normalization

In order to compare the relative abundances of selected compounds between different skin regions and
individuals, a process for the normalization of peak areas is required. This is essential to reduce the effects of
methodological variability and to compensate for the different sorptive volumes and surface areas of bracelet
and anklet samplers. The use of PDMS loops as passive samplers for human skin volatiles does not easily
allow for the inclusion of spiked standards which can be evaluated for recovery and used for normalization of
signals, therefore an alternative strategy must be used. For this reason a global normalization of all
chromatographic peak areas in each sample was performed. The four sets of replicate skin analyses were

compared when normalized using (i) the MSTUS of each chromatogram in a sample set or (ii) the masses of
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each individual PDMS sampler loop. The %RSDs of peak areas for replicate samples in each case are
summarized as box-and-whisker plots in Figure 3.
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Figure 6. Box-and-whisker plots for reconstructed ion chromatogram (RIC) peak area %RSDs of approximately 900 skin
volatile chromatographic peaks found in samples collected from the ankle and wrist of Subject 1 (Textured) and the wrist of
a sampled Subject 2 (White) (n=5). Peak areas were normalized based on the mass of PDMS in each sampler (Left) or the
Mass Spectrometry Total Useful Signal, MSTUS, (Right).

Normalization using the mass of PDMS in each sampler or the MSTUS of each sample show similar trends for
the variability in the areas of peaks of replicate analyses in both sampling environments. Chromatographic
peak areas in all samples compared showed lower and more consistent variability in the peak areas when
normalized using the MSTUS for each sample. This result is consistent with that reported for the normalization
of exhaled human breath volatiles [21].

3.2 Peak area variability

Precision of an analysis is important for the validity of feature detection and potential biomarker discovery in
metabolomics studies comparing relative abundances of analytes between samples. In order to evaluate
PDMS loop passive samplers for the collection of human skin volatiles, the reproducibility of measurements
was assessed in controlled and uncontrolled environments. The validity of the data collected in a temperature

controlled laboratory environment was assessed by determining the precision of the method when analysing
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replicate skin VOC samples. Relative standard deviations (RSDs) for the approximately 900 chromatographic
peaks aligned in wrist and ankle samples were below 40% (n=5) for 75% of peaks when normalized using the
MSTUS of each sample (Figure 3). In comparison, the variation in normalized analyte peak areas of replicate
samples collected from an individual in a non-temperature controlled environment was much greater (Figure 3).
The %RSD for normalized peak areas was below 45% (n=5) for 75% of analyte peaks in these sample sets
when normalized using the MSTUS. The differences in repeatability of measurement between samples
collected in the two different environments are likely the result of temperature differences. The passive diffusion
of organic compounds into PDMS is a weak function of temperature [56]. The samplers which were worn in the
temperature controlled environment exhibit better repeatability. This highlights the importance for control over
external environmental parameters during the long time intervals involved for the passive collection of skin
volatiles in order to ensure that results from subsequent data mining and comparisons between samples are

representative of changes in the skin volatilome.

3.3 Human skin VOC profile

Many of the volatile compounds emanating from the surfaces of human skin originate from microbial growth on
the skin’s surface. The study of volatiles emitted by bacteria on the skin surface is currently limited by the
complications involved with growing representative bacterial colonies using traditional culturing techniques. Not
all bacterial strains found on the skin surface are amenable to laboratory based cultures [57]. In addition, the
growth media used for these cultures also has an influence on the volatile profiles of the bacteria colonies [58].
One potential application of skin volatile profiling is to facilitate in the identification of bacteria specific volatiles.
This has potential to aid the exploration of the complex relationships which exist between the human host,
resident skin microbiome and human blood host seeking insects. Carboxylic acids and ketones were found to
be the most abundant groups of compounds which were tentatively identified during the untargeted screening
of skin volatiles in both sampled subjects (Table 1). Many of the carboxylic acids tentatively identified have
been previously reported by researchers collecting human skin chemicals on glass beads in conjunction with
GC-MS analysis [59]. The branched 3-methylbutanoic acid is present in the headspace of a wide range of skin
borne Staphylococcaceae and some Corynebacteriaceae bacterial strains [3]. Among the ketones identified,
the odd numbered straight chained methyl ketones 2-nonanone, 2-undecanone, 2-tridecanone and 2-
pentadecanone (Table 1) have also been identified as volatiles released by several skin borne bacterial strains
[3]. A series of cyclic ketones (Table 1) were identified which have not been previously reported in skin VOC
literature to the best of the authors’ knowledge. This included cyclopentanone and a range of a,B-unsaturated
derivatives thereof. These compounds may be of bacterial origin [60]. Aldehydes tentatively identified in the
skin samples included a range of short chain length (Ce — C10) saturated straight chained aldehydes. High
emission rates for these compounds from human skin were reported [61]. The majority of alcohols identified in
the skin samples are well known to skin VOC literature [1, 7]. In addition, benzyl alcohol and 1-butanol have
been detected in the headspace of cultured S. epidermis [62]. A series of butanolides (Table 1) were identified
which have been previously reported in the volatiles found in the headspace of skin borne bacterial species
[63]. The terpenes limonene, a-pinene and linolool (Table 1) have been reported in many skin volatile studies.

Members of this class are however abundant in fragrances and food stuff [1]. Nitrogen containing compounds,

14



benzonitrile and pyrrole have been reported in the headspace of medically important pathogenic bacteria
species Pseudomonas aeruginosa [64]. Indole arises from the bacterial degradation of tryptophan [65]. The
tentatively identified 5,10-diethoxy-2,3,7,8-tetrahydro-1H,6H-dipyrrolo[1,2-a:1',2"-8]pyrazine has not previously
been reported in human skin secretions to the best of the authors’ knowledge. It has, however, been reported
as a bacterial natural product [66]. Bacterial action may convert methionine to dimethyl trisulphide [67], an
elevated level of this compound has been suggested as a marker for pathogenic Pseudomonas aeruginosa
[68].

3.4 Investigation of anthropophilic mosquito semiochemicals

Another important application for the study of skin volatiles is the effect these compounds have on the blood-
host seeking behaviour of anthropophilic mosquito species. Olfaction is thought to play an important role in host
detection by blood feeding mosquitoes. Skin secretions play a critical role in the selection of human blood hosts
[69] and biting site preference [12] by these mosquitoes. Several analytes were selected from the skin VOC
data based on their reported ability to invoke either an electrophysiological or behavioural response from the
anthropophilic blood-host seeking mosquito species Anopheles gambiae sensu stricto or Aedes aegypti.
Relative abundances of these compounds were compared between the ankles and wrists of two sampled
individuals (Figure 4). Aliphatic carboxylic acids have been widely studied for their potential role in the host
seeking behaviour of anthropophilic blood feeding mosquitoes [70 — 74]. Among the aliphatic ketones 6-methyl-
5-hepten-2-one has attracted interest as a potential olfactory cue for An. gambiae [75 — 78] and Ae. aegypti [5]
mosquitoes, but has also been shown to exhibit a repellent effect [79]. Geranyl acetone and 6-methyl-3,5-
heptadiene-2-one have been detected in incubated sweat samples which elicit a response in
electroantennography (EAG) measurements for An. gambiae [76]. The branched aliphatic alcohols, 2-ethyl-1-
hexanol and 2,6-dimethyl-7-octen-2-ol, have been shown to generate a response in EAG studies involving Ae.
aegypti [5]. Compounds containing a phenol moiety have been found to generate a response in
electrophysiological studies for An. gambiae [75]. Benzaldehyde and linalool have been found to elicit a
response in EAG experiments involving Ae. aegypti [5]. The latter can also be a repellent for An. gambiae [76].
Indole and 3-methylindole have been shown to elicit a response in EAG studies involving An. gambiae
mosquitoes [75, 76] and indole has been found to have a concentration dependent role in the reduction of the
attractiveness of an attractant mixture of skin derived compounds in behavioural experiments [77]. Olfactory
neurons in Ae. aegypti and An. gambiae are sensitive to pyridine [80]. Benzothiazole elicits an EAG response
for An. gambiae [81].
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Figure 7. Log MSTUS normalized relative abundances of volatile compounds emanating from the surfaces of human wrists
(light red) and ankles (red) of Subject 1 (“repellant”) as well as the wrists of Subject 2 (“attractive”) over three months (light
(month 1) and dark blue (month 3) respectively) which have been reported to elicit a behavioural or electrophysiological

response for anthropophilic mosquito species. Error bars indicate the variation in peak area of five replicate analyses.

The comparison of log normalized average analyte peak areas (Figure 4.) reveals clear differences and
similarities in abundances of the selected compounds between the wrist and ankles of the sampled individuals
and as well as between individuals (Figure 4). Aliphatic carboxylic acids with short chain lengths, C2 — Co, were
found to have very similar abundances in both sampled regions while longer chain lengths, C10 — Cis, Were
more abundant in the wrist sample. Tetradecanoic acid (C14) has been found to play an important role in the
formulation of synthetic blends which are attractive to the major malaria vector An. gambiae [81]. Differences
such as this may play a role in the biting site preference of anthropophillic blood host seeking mosquito
species. Among the ketones, geranyl acetone and 6-methyl-3,5-heptadiene-2-one were more abundant in the
wrist sample than the ankle. Subject 2 (“attractive”) was observed to have higher abundances of medium length
long chained volatile fatty acids, Cio — C12, as well as geranyl acetone as part of their volatile profile when

compared to Subject 1 (“repellant”). Apart from the odd chain length carboxylic acids C7 and Co, relative
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abundances of the selected compounds were not observed to differ between the two seasons for Subject 2.
These odd chain length fatty acids are most likely of dietary origin which may contribute to the difference in
abundance between the samples [82]. Of interest is that linalool was present in the wrist and ankle sampled
regions of Subject 1 (“repellant”), but was not detected for Subject 2 (“attractive”). Furthermore, hexadecanoic
acid was present at significant higher levels for Subject 1 (“repellant”) compared to the lower levels detected for
Subject 2 (“attractive”), while 2-phenoxy-ethanol was present at higher levels for Subject 2 (“attractive”)

compared to Subject 1 (“repellant”).

4. Conclusions

Unravelling the human skin volatilome is still an enormous challenge as there seems to be no generally
accepted method to reliably sample and analyse the complex mixture of volatile compounds emanating from
the skin surface. The work presented here aimed to investigate PDMS loops (as bracelets and anklets) for the
passive sampling of human skin volatiles over extended periods of time under different environmental
conditions, as well as for their use in comparing relative abundances of analytes collected from different sample
regions and individuals. Compared to obtrusive skin sampling methods the simplified method reported here is
easy to use and has a minimal invasiveness to the skin surface, ensuring that the skin volatiles collected over
long sampling periods are not influenced by the presence of the passive samplers, it is extremely comfortable
to wear and does not impact on the dignity of the subject. The duration of sampling can be optimised to collect
a large number of compounds present in the skin volatilome including many with low partitioning coefficients in
PDMS. Comprehensive two-dimensional gas chromatography is a powerful technique for investigating complex
biological samples. This technique is able to effectively separate thousands of chromatographic peaks,
corresponding to compounds emanating from the skin surface, when used in combination with PDMS passive
sampling loops. The full potential of this technique has yet to be fully exploited for the analysis of human skin
emanations. However, potential was demonstrated by the tentative identification of several previously
unreported skin volatiles, such as series of cyclic ketones and lactones as well as nitrogen containing
compounds, all of which may be linked to the resident skin microbiome. The method shows acceptable
precision to facilitate biomarker discovery. The use of PDMS loop passive samplers in combination with
thermal desorption and two-dimensional gas chromatography thus shows promise as a method for augmenting
current knowledge of the human skin volatilome. The results presented here highlight the application of the new
sampling technique as a tool to study relationships between human skin and blood-host seeking mosquito

vectors of human disease.
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