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Abstract

We assessed the suitability of a frequently used sampling method employing cotton swabs for
collecting animal body odor for gas chromatography-mass spectrometry (GC-MS) analysis of
volatile organic compounds (VOCs). Our method validation showed that both sampling material and
sampling protocols affect the outcome of the analyses. Thus, among the tested protocols swabs of
pure viscose baked before use and extracted with hexane had the least blank interferences in GC-MS
analysis. Most critical for the recovery of VOCs was the handling time: the significant recovery losses
of volatiles experienced with this sampling procedure suggest that a rapid processing of such samples
is required. In a second part, we used swab sampling to sample the body odor of rhesus macaques
(Macaca mulatta), which lack scent glands. First results after GC-MS analysis of the samples collected
from these nonhuman primates emphasize that proper analytical performance is an indispensable
prerequisite for successful automated data evaluation of the complex GC-MS profiles. Moreover, the
retention times and the nature of the identified chemical compounds in our samples suggest that the
use of swabs is generally more appropriate for collecting semivolatile rather than VOCs.

Key words: body odor, GC-MS profiling, rhesus macaques, semivolatile organic compounds (sVOCs), validation of swab sampling,
volatile organic compounds (VOCs)

Introduction Primates use olfactory cues, for instance, to distinguish individuals
(Palagi and Dapporto 2006; Scordato and Drea 2007), sex (Drea
2015) and females’ fertility (Crawford and Drea 2015) as well as
group membership (Henkel et al. 2015). Hence, it is not surprising
that research on olfactory cues in primates increasingly pursues the

In recent years, it has become increasingly evident that nonhuman
primates widely use the olfactory sense, relying on the reception and
recognition of chemical signals, to assess their social and ecological

environment (e.g., Palagi et al. 2003; Matsumoto-Oda et al. 2007). . .
presence and function of such signals.
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Chemical signals range from volatile to nonvolatile compounds
transported via different media, for example, urine, feces, sweat, or glan-
dular secretions (Drea et al. 2013). A precondition for olfactory signal-
ing is that compounds are volatile under the environmental conditions
present during signaling between conspecifics. For the identification of
volatile organic compounds (VOCs) emitted from primates, for example,
as body odors, gas chromatography of vaporized compounds coupled to
mass spectrometry (GC-MS) is the method of choice (Drea et al. 2013).

GC-MS analysis has been successfully applied in studies investigat-
ing if odor compounds emitted from mammals contain information,
for example, on individual identity, group membership, health state or
genetic relatedness within a social group (for example, Bechstein’s bats
[Myotis bechsteinii], Safi and Kerth 2003; Giant pandas [Ailuropoda
melanoleucal, Zhang et al. 2008; Antarctic fur seals [Arctocephalus
gazella), Stoffel et al. 2015). In primates, GC-MS studies primarily
have been conducted in species with scent glands such as ring-tailed
lemurs (Lemur catta, Scordato et al. 2007) and mandrills (Mandrillus
sphinx, Setchell et al. 2011), but also in humans (Homo sapiens),
who do not possess distinct scent glands (Chen and Haviland-Jones
1999; Ackerl et al. 2002; Lenochova et al. 2009; Curran et al. 2010).
Body odors were typically collected with untreated cotton swabs or
swabs precleaned with diethyl ether or supercritical fluid extraction
by methanol modified carbon dioxide. After GC-MS analysis of these
samples, 3 volatile substances were identified, namely decanal (Zhang
et al. 2008) and 2 farnesenes (Scordato et al. 2007); most of the other
compounds were nonvolatile higher organic acids and their esters.

Therefore, here we systematically assessed the suitability of swab
sampling for collecting VOCs and subsequently analyzed body odor
samples from rhesus macaques, a nonhuman primate without scent
glands, as proof of concept. In order to establish an efficient method
for data evaluation of the complex GC-MS data obtained, we com-
pared the advantages and disadvantages of 2 different approaches,
the targeted and nontargeted screening approach (Hernandez et al.
2005), to analyze the GC-MS profiles of rhesus macaque samples.

Materials and methods

We examined various swab materials and sample preparation meth-
ods for possible contaminations and explored the recovery of volatiles
from swabs under different sampling conditions. Swab sampling was
applied for the first time to collect body odor from rhesus macaques.

Materials and chemicals

The following cosmetic fibers were used: 1) 100% viscose (vi), ebelin
cosmetics & more, dm; 2) 50% viscose and 50% cotton wool (vicw),
Rewe; 3) 100% cotton wool (cw) Lilibe Cosmetics, Rossmann;
4) 60% cotton wool, 25% microfiber from polyester and 15%
polyester (mix) Lilibe, Rossmann; 5) 100% organic cotton (bio)
from Lilibe Cosmetics, Rossmann; and 6) 100% cotton, Jean Carol
Beauty Cosmetic Naturelle, W. Pelz; ordered via Roth.

Methanol, 2-propanol (IP), n-pentane (CS5), dichloromethane
(DCM), ethyl acetate (EA), and diethyl ether (DE) were obtained
from VWR, Merck Darmstadt, Germany. Orange oil was purchased
from Bioherba Naturprodukte, Heimertingen, Germany. Limonene
and n-hexane (C6) were obtained from Sigma-Aldrich.

Contaminations from swab material, precleaning,

and extraction procedures

Variation in the quality of the swab material, chemicals used for
cleaning the swabs before sampling or those for finally extracting
the target compounds from the swabs all can introduce contamina-
tions potentially interfering with GC-MS analysis of such samples.

We therefore tested 5 different commercially available swab materi-
als (vi, vicw, cw, mix, and bio), mainly cotton and viscose mixes,
for potential contaminations. All swabs were cut to pieces of ~2cm
diameter held with metal tweezers that were washed in 99 % ethanol
and air-dried before use.

In addition, we tested 7 different analytical grade solvents for
“washing” the swabs before use as a precleaning procedure, namely
water, methanol, isopropanol, ethyl acetate, diethyl ether, dichlo-
romethane, and #-pentane, or baked the swabs at 130 °C for 30 min
in a dry cabinet. The cleaning solvents were selected to dissolve a
wide range of contaminants of different chemical nature. Each swab
was washed with >10mL of 1 of the 7 solvents and left to dry over-
night under the fume hood.

For GC analysis of volatile compounds using liquid injection,
the extraction solvent is not only required to dissolve the targeted
substances but also needs to have a boiling point sufficiently lower
than the target compounds to ensure a good separation by GC. We
therefore tested diethyl ether and 7n-hexane as very volatile extrac-
tion solvents. Each swab was soaked for 10 min in the corresponding
solvent (1.2 mL) and the extract was sequentially transferred to a GC
vial with a 200 pL insert and was reduced to 60 pL under a gentle
stream of air (Sample Concentrator). Each possible combination of
swab type (N = 5), precleaning (N = 8), and extraction procedure
(N = 2) was analyzed by GC-MS with 2 replicates per combina-
tion, respectively. The final experimental design is summarized in
Supplementary Table 1.

In addition, we assessed volatile contaminations from cotton
swabs cw and swabs of the type mix after precleaning by baking,
whereby the swabs were 1) baked and stored for 1.5 years in a closed
glass jar (not airtight), 2) baked and stored for 1.5 years in a closed
glass jar (not airtight) and baked again before processing, 3) baked
before processing, or 4) washed with 3x4mL of methanol:DCM
(1:1) and dried under the fume hood. After each treatment, swabs
were analyzed without solvent extraction by means of headspace
sampling for GC-MS. Each combination of treatment and extrac-
tion procedure was analyzed thrice (4 precleaning procedures x 3
replicates).

Recovery of volatiles from swabs using limonene as
test standard

We tested swabs (vi and vicw) prepared by baking for their abil-
ity of adsorbing volatiles and for the effects of storage of samples.
Orange oil was used as a model mixture with limonene as the most
abundant VOC (>90%), a common volatile cyclic terpene present
in many flavors. Its recovery was determined within each step of
the sampling protocol, namely after concentrating the sample as
well as after sampling from different surfaces after different time
intervals.

Recovery losses by the extract evaporation were determined
comparing 1:10000 diluted orange oil with an extract of 600 pL of a
1:100000 dilution concentrated to 60 pL. To assess limonene recov-
ery from different surfaces, 60 pL of diluted orange oil (1:1,000) was
applied onto 1) a Petri dish, 2) a defined area on the human forearm,
or 3) directly onto a swab. After intervals of 0, 1, 5, and 30 min, for
1) and 2) a swab was used to absorb the applied sample by 10s of
wiping. The swabs were extracted using 600 pL hexane and were
analyzed by GC-MS. Each combination of swab type, sampling sur-
face and time interval was analyzed thrice. The corresponding dilu-
tion of orange oil in hexane served as a control.

Cotton swab odor samples are usually stored in gas-tight ves-
sels at =80 °C (Lenochova et al. 2009) to avoid recovery losses
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during their transport to the GC-MS laboratories. Therefore, we
assessed the recovery of limonene after different storage times at
-80 °C: swabs were spiked with 10 pL of a 1:1000 limonene dilu-
tion in hexane and immediately deposited in a 4 mL screw top vial
or, alternatively, in a 4mL glass ampoule sealed by heat. After a
storage time of 1, 2, 7, 28, 56, and 74 days, respectively, swabs
were extracted with 1.2mL hexane as described above and ana-
lyzed by GC-MS. Each combination of vessel and storage time was
analyzed thrice. In addition, swabs spiked and extracted imme-
diately and a 1:10000 dilution of orange oil in hexane served as
controls.

Rhesus macaque samples

Odor samples were collected from the rhesus macaque population
living on the island Cayo Santiago, Puerto Rico (USA), managed
by the Caribbean Primate Research Center (CPRC). This semifree
colony was established in 1938 and currently consists of about 1200
individuals living in several naturally formed groups (for more details
see Widdig et al. 2016). Although the macaques forage up to 50%
on natural vegetation (for example foliage, fruits, insects, and soil,
see Marriott et al. 1989), they are daily provisioned with commer-
cial monkey chow (0.23 kg/monkey/day) (Teklad NIB Primate Diet
8773, Teklad Harlan), limiting the potential influence of nutrition
on variation in individual body odors (Henkel et al. 2015). From
January to March 2011 we trapped and sampled 65 adult individu-
als (2 males and 63 females) between 6 and 21 years of age living in
6 different social groups (R, HH, S, KK, F, V). A total of 144 GC-MS
samples were obtained.

Odor samples were collected from the armpit region of the nar-
cotized macaques (ketamine, 10 mg/kg) using cotton swabs (Jean
Carol) precleaned with methanol and pentane and dried overnight
under a hood (Henkel et al. 2015). Swabs were rubbed for approxi-
mately 20s against the armpit of the sampling subject using ethanol-
cleaned forceps and were subsequently stored in precleaned glass
vials at -80 °C after return to the laboratory of the CPRC on the
mainland of Puerto Rico. Odor sample collection was performed
within 30min of anesthetization to minimize the possible influ-
ence of ketamine and stress on the body odor. Six blank swabs were
taken, stored, and analyzed as controls.

All research procedures followed the institutional and national
guidelines for the care and use of animals approved by the CPRC
and the Institutional Animal Care and Use Committee (IACUC) of
the University of Puerto Rico (protocol number 4060105).

GC-MS analysis
For blank assessment, storage time and rhesus samples, GC-MS
analyses were carried out on an HP6890 Series GC System cou-
pled to the Mass Selective Detector HP5973, MSD (Agilent) with
electron-impact ionization (EI) at 70eV and 250 °C, the scan range
was set to m/z 50-550. The instrument was equipped with a J&W
Fisher DB35-MS capillary column (30 m, 0.25 mm id, 0.25 pm film,
Agilent) and a 5 m deactivated fused silica guard column. In general,
4 nL of the sample was injected at a temperature of 250 °C in split-
less mode with helium as the carrier gas (flow rate 1.7 mL/min). The
oven temperature program started at 35 °C held for 2 min, followed
by a ramp of 10 °C/min up to 320 °C, held for 10 min. The GC con-
ditions for the experiment on the storage time were optimized for
limonene: 70 °C for 1min; 20 °C/min up to 120 °C, then 7 °C/min
up to 190 °C, held for 1 min.

GC-MS analysis of the blank samples after headspace sam-
pling instead of solvent extraction was carried out on a Shimadzu

QP-2010 ultra GC-El-quadrupole-MS with the ion source at
200 °C and 70eV and the analyser scanning from m/z 29-500.
The instrument was equipped with a J& W Fisher DB5-MS column
(30 m, 0.25mm id, 0.25 pm film, Agilent) connected to an HS-20
headspace injector (Shimadzu). Headspace injection was done in
loop mode (0.25 min load time and 1min injection time) with a
split of 10:1 at a helium flow of 0.95 mL/min; the oven was set to
200 °C, sample and transfer line to 300 °C with a pressurizing gas
pressure of 95 kPa and 1min pressurizing time. The GC program
started at 35 °C for 1 min, ramped with 10°/min to 250 °C held for
another 5 min.

For assessment of limonene recovery from swabs, 1 pL sample was
injected in splitless mode at 230 °C onto a MAT 95 XP double focus-
ing sector field MS coupled to a Trace GC Ultra (ThermoFinnigan)
with a Trx 5-MS column (30 m, 0.25mm id, 0.25 pm film, Thermo
Scientific) and a deactivated 5 m guard column using helium as car-
rier gas at 1 mL/min. The initial oven temperature was set to 40 °C
for 1min, then heated with 10 °C/ min to a final temperature of
330 °C held for another 5min. The EI source (70eV) operated at
250 °C, the analyser with a scan range of m/z 50-800 and a scan
rate of 0.5s/d.

Data evaluation

Blanks

Full scan signal intensities were calculated as the sum of all sig-
nal intensities represented by the total ion current (TIC) per scan
obtained from the chromatograms TIC text file. Peak detection
was accomplished using the deconvolution algorithm of AMDIS
2.71 (Automated Mass-spectral Deconvolution and Identification
System, Stein 1999) with one adjacent peak subtraction, medium
resolution and sensitivity, and low shape requirements. The best
10 hits of a NISTOS library search (National Institute of Standards
and Technologies) in conjunction with the retention time (Rt)
were used to establish tentative identifications of blank contami-
nations for comparison with the rhesus samples (Supplementary
Table 2).

Limonene recovery

The area of the m/z 68 peak (base peak) was used for quantitation
(Agilent Chemstation software B.01.00 or XCalibur 1.4, respec-
tively). Peak areas were divided through the corresponding area
obtained from the designated control sample and multiplied by
100% to obtain the relative recovery values.

Body odor samples from rhesus macaques

A common approach to analyze unknown multi-component mix-
tures is to identify all signals present in a set of samples before further
processing of the data (“targeted approach,” e.g., Hutschenreuther
et al. 2012, 2013; Milkovska-Stamenova et al. 2015), which involves
a substantial workload. To reduce this workload, knowledge about
sample characteristics can be used to find signals of interest and iden-
tify only those (“nontargeted approach”). In this approach, signals
are quantified with respect to their selective mass traces at a particu-
lar retention time (mass spectral tag, used as entry in our automated
peak evaluation) without previous identification of the compounds.
Data assessment then is accomplished unsupervised, which means
finding a structure in the data by grouping similar samples, or fol-
lows a hypothesis-driven approach and sample knowledge is used to
identify interesting target compounds (Figure 1). For example, one
particular signal that is always relatively smaller in males compared
with females could be regarded as an indicator for sex. Subsequently,

9T0Z ‘TT A2\ U0 SB11B120S Jo ApNIS |dIA e /BJo'sfeulnopioxoasweyd;/:diy wouy papeojumoq


http://chemse.oxfordjournals.org/lookup/suppl/doi:10.1093/chemse/bjw056/-/DC1
http://chemse.oxfordjournals.org/lookup/suppl/doi:10.1093/chemse/bjw056/-/DC1
http://chemse.oxfordjournals.org/

Chemical Senses, 2016, Vol. 00, No. 00

GC-MS analysis

Targeted approach Non-targeted approach
Library search for tentative identifications =
removal of contaminants

I Peak picking and collection of mass spectra

I I Peak picking and collection of all mass spectra I

Peak integration for selective mass traces of the
collected spectra

Peak integration for selective mass traces of the
collected spectra

Correlation of the quantified signals with known
biochemical characteristics of the sample

Correlation of the quantified signals with known
biochemical characteristics of the sample

Identification of the compounds which signals
correlate with known biochemical characteristics of
the sample
(co-injection of authentic standards)

Identification of compounds correlating with known
biochemical characteristics of the sample
(tentative identification by library search, co-injection
of authentic standards)

y

Figure 1. Workflow of the 2 different data evaluation strategies, denoted as targeted and nontargeted approach.

this compound may be tentatively identified by library search, its
identity confirmed by spiking with an authentic standard, and finally
can be subjected to bioassays to confirm the presumed relationship.
The main difference between the 2 applied data evaluation proce-
dures is that in the targeted approach only manually selected signals
are quantified, whereas in the nontargeted approach all automati-
cally detected signals are quantified.

AMDIS 2.71 was used for peak picking by signal deconvolu-
tion. The targeted approach started with the manual confirmation
of the detected peaks and identification after library search against
NIST08, manually deselecting multiple identifications and known
contaminants such as siloxane peaks und adding the peaks unrec-
ognized by the software. Selective mass traces of these manually
confirmed signals were used to create an automated quantitation
method in XCalibur 2.0.7 based on peak area integration. Correct
integration from this procedure was manually confirmed or estab-
lished where needed. The time-consuming, manually performed
steps for confirmation of the obtained results were unavoidable par-
ticularly for correct integration of coeluting compounds with similar
fragmentation patterns.

In the nontargeted approach, all deconvoluted signals by AMDIS
2.71 obtained at an area threshold >2000 and a retention time devia-
tion among the chromatograms of <0.1 min for the same compound
were collected in a compound library and 2 selective 7/z, the most
abundant below and the highest m/z with a relative abundance in
the spectrum >10%, were used to create an automated quantitation
method in XCalibur based on peak area integration. Correct inte-
gration from this procedure was manually confirmed or established
where needed.

Data from both approaches were median-normalized by division
through the median signal intensity within the corresponding chro-
matogram (Hutschenreuther et al. 2012).

Signal intensities in the obtained data sets were subjected to an
unpaired #-test comparison between male and female samples to test
the feasibility of both approaches to obtain similar results. However,
given the very different sample size of male and female samples and
apparent pseudoreplication (replicates of the same animal individ-
ual) of the male samples (8 samples from 2 individuals), this #-test

is regarded useful only to illustrate the course of action for the non-
targeted approach and to provide evidence if both approaches are
capable to extract the same sample differences in a given data set;
a biologically meaningful conclusion could not be confirmed with
respect to the available data.

Results

Contaminations from swab material, precleaning,

and extraction procedures

The different combinations of swab types, precleaning methods and
extraction solvents exhibited contaminations of various intensities
with the lowest noises in off-white (print version) or green (online
version) and the most contaminated blanks in black (print) or red
(online) color (Figure 2). Sums and averages of the obtained signals
over each chromatogram had highly similar patterns, indicating that
the differences were not just determined by single peaks of high
abundance. Exceptions were the combinations of C5 and water pre-
cleaning for most swab types and baking of mix swabs, both with
C6 extraction (Figure 2).

The purity of the blanks depended mostly on the swab mate-
rial and extraction solvent used. The swab material had the highest
impact, with cotton-containing materials exhibiting the most intense
contaminations, while swabs with a higher viscose content were less
contaminated. Swabs from pure viscose virtually exhibited no con-
taminations (Supplementary Figure 1).

Signal intensities of the contaminations were usually less intense
by orders of magnitude if samples were extracted with hexane com-
pared with diethyl ether (Figure 2); because most of the detected
impurities of the diethyl ether samples were already detected in the
solvent blank, these contaminations are expected to originate from
the solvent itself. However, although diethyl ether introduced mainly
volatile contaminations, it still may provide a better extraction effi-
ciency for semivolatile compounds such as the sterols, carboxylic
acids, and alcohols considering the higher polarity of diethyl ether as
a solvent compared with hexane.

Different precleaning protocols produced different contami-
nations. For example, although pentane and baking effectively
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Swab material  bio cw mix vi vicw bio c¢cw mix vi viewvi  vicw

extraction solvent DE  DE DE DE DE

6 C6 C6 (C6 C6 DCM DCM

swabs_washed
methanol
methanol
2-propanol
2-propanol
c5

Cc5

dest. water
dest. water
DCM

DCM

EA

EA

DE

DE

baking
baking

sum DE/ sum C6
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w

swabs_washed
methanol
methanol
2-propanol
2-propanol
c5

(o)

dest. water
dest. water
DCM

DCM

EA

EA

DE

DE

baking
baking

mean DE / mean C6

3
2
H]

2.3

Figure 2. Heat map illustrating the signal intensity of contaminations of the blanks using the grey-scale (printed version)/traffic light color-coding (online version):
off-white (print)/green (online) as the least contamination (minimum intensity across the data set), black (print)/red (online) as the highest contamination
(maximum intensity across the data set) and grey (print)/yellow (online) as the intermediate levels. Sum (top) and averages (bottom) over all detected signals are
illustrated. Ratios of chromatogram intensities after diethyl ether extractions by intensities after hexane extractions are given below each figure. All abbreviations

are given in the experimental section. n = 2 each.

removed volatiles potentially adsorbed during storage by cotton
material, methanol rather removed the late eluting contaminations
(Supplementary Figure 1).

The sampling method we used to collect the body odor of rhe-
sus macaques was adopted from earlier studies on primates, where
cotton precleaned with methanol and pentane was used (Scordato
and Drea 2007; Scordato et al. 2007). We therefore evaluated these
blanks in detail. Pentane-washed swabs exhibited higher abun-
dances of a series of higher alkane residues (C ~C, ). From meth-
anol-washed swabs, on the other hand, early eluting short-chain
ether structures such as ethyl acetate and trimethyl dioxalane were
extracted whereas long chain alkylic structures, hexadecanol, oleyl
alcohol, C,, and C,, carboxylic acids, and phytosterols such as sitos-
terol were found among the less abundant contaminations with both
precleaning solvents (Supplementary Figure 1).

Baking proved to be effective for precleaning the swabs, restricted
to the viscose-type materials though. Analysis of the dry but not air-
tight stored cotton swabs showed accumulation of multiple volatile
compounds that could be removed again by baking (Figure 3A).
Thus, for the swabs that were stored for 1.5 years at room tempera-
ture after baking, we detected high abundances of ketones and short
chain carboxylic acid esters (tentatively identified by NIST search)
that were not detected when the swabs were freshly baked before
analysis.

However, baking did not remove several other contaminations
from cotton swabs. We detected peaks with tentative identifications
of, for instance, nonanal (9.79 min), decanal (11.36 min), and nona-
noic acid (12.17 min) as contaminants (Figure 3B). These peaks were
present with a higher abundance in the DCM precleaned blanks as
well, thus suggesting that these contaminations may indeed originate
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Figure 3. Headspace GC-MS analysis of the thermodesorbed sampling swabs (no solvent extraction), example chromatograms. (A)Three overlaid chromatograms
with an offset; upper chromatogram: 1.5 years stored after baking; first offset, centered chromatogram: 1.5 years stored after baking, rebaked before usage;
bottom chromatogram: fresh swab baked before use. (B) Three overlaid chromatograms with an offset; upper chromatogram: DCM cleaned; first offset, centered
chromatogram: 1.5 years stored after baking, rebaked before usage; bottom chromatogram: fresh swab baked before use. n= 3 each.

from the swab material with the solvent aiding its subsequent
evaporation.

For preconditioning by baking, we tested the extraction of swabs
with dichloromethane as a third alternative solvent for GC-MS
analysis of volatile compounds, which produced blanks of similar
quality as with hexane; however, the DCM extracts of the polyester-
containing material 7ix had a glassy appearance and led to destruc-
tive jamming of the GC injection syringe so that this combination of
extraction solvent and swab material should be avoided.

Recovery of volatiles from swabs using limonene as
test standard

For the optimal swab material viscose, the recovery of limonene as
a test volatile compound was investigated after evaporation and
adsorption from different surfaces (Figure 4).

The evaporation of the extraction solvent only slightly decreased
the recovery of the volatile target compound to ~90% (Figure 4A),
while sampling from different surfaces provoked serious recov-
ery losses (Figure 4B) even though we tried to avoid time losses
between spiking and sampling. Notably, recoveries of samples from
(human) skin, the anticipated surface for future odor sampling, were
below 10%.

Although we obtained better recoveries with viscose, we inves-
tigated the cotton-containing material in more detail because the

results were expected to better resemble the rhesus sampling that
was done using cotton swabs. According to the results with the cot-
ton-containing material, handling time was even more critical for
the recovery of VOCs (Figure 4C) compared with the surface; when
extraction was performed 1 min after spiking, 40% of the compound
was still recovered, whereas after 10 min the signal was below the
quantitation limit.

In addition to this low recovery, we found a high variance in
the obtained values. Although this protocol featured an approximate
relative standard deviation (RSD) of 50% (Figure 4), it rose above
100% for operators using this protocol for the first time, introducing
an inacceptable variance to the obtained data.

When testing the storage of the swab samples at -80 °C in screw
top vials, recoveries of limonene decreased from ~80% within the
first 2 days to ~30% after the first week, and remained fairly con-
stant thereafter (Figure 5).

The initial recovery after storage in the ampoules was already
at ~40% and thus quite low from the start, but appeared to remain
constant thereafter. From 1 week of storage on, recoveries were simi-
lar for both types of vessels.

Rhesus macaque samples
Initial analyses of 12 samples from rhesus macaques with headspace
sampling suggested that VOCs could not be recovered from the
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Figure 5. Mean relative recovery of limonene by storage time over various
periods of days (d) and type of vessel (vial versus ampoule). n = 3 each.

cotton swabs (not shown). Therefore, liquid injection after solvent
extraction of the swabs was used instead to include also the semi-
volatile compounds sampled from the animals (compounds with
boiling points between 240-400 °C). A set of ~410 entries (unique
combinations of retention time and m/z, 2—4 entries on average per
substance) corresponding to 140 chromatographic peak signals was
quantified over the whole data set. The number of entries detected
in a single chromatogram ranged from 143 to 382, whereby >300
entries (corresponding to ~90 substances) could be quantified in
more than half of the 144 chromatograms.

Problems occurred in quantitation due to bad chromatographic
performance of free carboxylic acids, steroids, and other compounds
featuring polar chemical substituents. These unsuitable peak shapes
often failed to be recognized as a signal by automated integration
procedures and needed to be manually corrected. Indeed, often we
failed at identifying selective m/z for coeluting similar compounds
such as for instance the wax esters, so that several peaks could not
be separately integrated by automated methods in a reproducible

manner. Moreover, the chromatogram intensities exhibited a very
high variation considering that the overall signal intensities (sums
of peak areas) differed between the chromatograms by a factor as
high as ~130. The highest RSDs (>100% for all selective mass traces)
were observed for the peak areas of nonanal, decanal, and several
162 182 9'C18
methyl). Deviations <50% for at least one selective mass trace were

carboxylic acids (C,, C,, methyl and propyl, C,; methyl, 9-C
obtained for many wax esters, nonacosane, cholestenone, cholestadi-
enol, octacosanol, b-amyrin, ursadienone, and lanostenone.

In the rhesus samples, we were able to tentatively identify a
total of 68 compounds by spectral comparison with the NIST08
library (match > 900) and manual confirmation of the assignments
by spectral similarities to library hits and among the observed frag-
mentation patterns (Supplementary Table 2). Apart from steroid and
alkylic structures including alcohols, aldehydes and carboxylic acids
that are ubiquitously found in biological samples as structural units
of triglycerides (Charpentier et al. 2012), a pronounced series of wax
esters was detected, most probably valeric and isovaleric, and butyric
and isobutyric acid esters with saturated, long-chain alcohols. Wax
esters are typical for plants and their fruits; they were strongly coe-
luting and had highly similar mass spectra, and therefore, could
not all be accurately integrated for relative quantitation. Moreover,
many of the tentatively identified substances such as nonanal, deca-
nal, and long chain alcohols such as hexadecanol, octadecenol, and
octadecanol were already found in our blanks. Hence, these sub-
stances rather originated from the sampling material than from the
animal, which stresses the need of including an appropriate number
of blanks into biological sampling. Figure 6 illustrates the compari-
son of typical chromatograms obtained from the samples.

The chromatograms are depicted divided into 3 regions by the
retention times of the 3 main compound groups, namely fatty acids
and derivatives, wax esters, and steroids. In the chromatograms’
general appearance, the most prominent peaks were hexadecanol,
octadecanol, octadecenol, cholesterol, and sitosterol coeluting with
an unknown contaminant; the least abundant signals were found to
be a few less abundant wax esters and other compounds such as a
few higher alkanes, C,; and C,, acids and their methyl esters, nona-
nal, decanal, decanol and octacosanol, ursadienone, and tocoph-
erol acetate. Nonanal, decanal and decanol, as well as long chain
alkanes, alkanols and carboxylic acids, sitosterol, cholestadienol,
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Figure 6. Example chromatograms from 4 female individuals (top) and 2 blank samples (bottom) from swabs precleaned with methanol and pentane. The 3
main compound groups in the chromatogram, namely fatty acid derivatives <C18, wax esters and steroids, are highlighted by black frames. The first 2 rhesus
samples show a similar peak pattern differing in intensity by a factor of ~20; the 2 most abundant peaks (at 20.0 and 22.0 min) of the blank are here of only minor
intensity. The wax esters are not detected with the blanks and exhibit a similar pattern in all rhesus samples with a different intensity while the pattern of the
3 main steroids (cholesterol, sitosterol, stigmasta-3,5-dien-7-one) was different among the chromatograms. The following identifications are suggested for the
largest peaks: Rt 20.0 min hexadecanol; Rt 20.9min hexadecanoic acid; Rt 21.9/22.0 min octadecanol/octadecenol; Rt 22.8 min octadecenol; Rt 24.3min tributyl
acetylcitrate; Rt 31.6/33.5/35.3 min cholesterol/sitosterol/coelution of stigmasta-3,5-dien-7-one with an unknown.

cholestadiene and cholesterol (steroids), squalene, ursadienone and
amyrin (terpenoids) but also many wax esters were present in >140
chromatograms whereas octacosanol and 9,12-C,; methyl ester
were the only substances detected in <50 chromatograms. Notably,
already the visual inspection indicates a very different appearance of
peak patterns in the different chromatograms.

From the 6 largest peaks, only the wax esters and cholesterol
can be unambiguously accepted to originate from the skin of the
sampled animals and not from the swab material. Nonanal, decanal,
and decanol were indeed the only volatiles identified in the whole set
of chromatograms, considering a boiling point below 250 °C (stand-
ard conditions); all remaining compounds were semivolatile organic
compounds (sVOCs) with higher boiling points, most of them pre-
sent in the blanks as well. The majority of other signals (for example
the wax esters and most of the sterols) seemed to originate, if not
from the cotton blank, from other plants, possibly from the food of
the macaques or physical interaction with their environment. Apart
from the wax esters, just 7 out of 140 compounds (5%, all unknown
except a steroid and a steroid ester) were found only in the animal
samples, only 2 of which had a relative intensity larger than 0.1%
of overall chromatogram intensity, namely an unknown compound
and the tentative steroid ester (Supplementary Table 2). However,
other compounds may still originate from the animal skin or fur,
such as cholesterol and (3B,5a)-cholest-7-en-3-ol considering that
those were consistently more abundant in the animal samples com-
pared with the blanks.

Targeted and nontargeted data evaluation of rhesus
macaques’ samples

Applying the nontargeted approach, automated peak deconvolu-
tion extracted a total of 653 unique peak signals for our data set
compared with the targeted approach with 140 signals. The reason
for this very different number in signals is not only the fact that in

the targeted approach obvious contaminations from the system were
excluded. Within this context, a critical parameter in automated
peak detection is also its success in recognizing the same compound
in different chromatograms. However, the automatized nontargeted
approach decreased the workload of signal recognition dramatically.

When comparing the normalized signal intensities of samples
from 63 females and 2 males in the targeted approach, octadecenol,
(3B,50)-cholest-7-en-3-ol, cholesta-3,5-diene, cholesterol, cholest-4-
en-3-one, a cholesteryl ester, and hexadecanoic acid were different
by a factor of 2 between the sexes. Table 1 gives an overview of
the average signal ratios of the tentative steroid compounds between
female and male samples and the #-test P-values.

The results of the #-test between female and male samples for the
nontargeted data set are similar to those obtained for the targeted
approach above, suggesting the peaks corresponding to cholesterol,
cholestenol, cholestenone, and the 2 detected cholesterol esters as
significantly different between the 2 sex groups (not shown).

Possibly as a consequence of the very different sample size, all
steroid compounds except cholestadienone appeared to be more
abundant in the female samples. Moreover, given the apparent pseu-
doreplication, this #-test is used here only to provide an example for
the data processing procedure with the nontargeted approach and to
show that both approaches are feasible to extract the same sample
differences.

Discussion

Sources of contamination in blanks

The extraction procedure and the swab material had the most
obvious effects on the intensity of contaminations in blanks,
whereby the best results were achieved when viscose swabs were
extracted by n-hexane. Diethyl ether extraction introduced several
early eluting compounds that may lead to a bias in odor analysis
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Table 1. t-Test and ratio of means female/male for steroid
compounds in the data set obtained with the targeted approach
(female/male, min. number of replicates > 6, 2-sided, unequal
variance)

Tentative identification Ratio (female/male) P value
Cholesterol 1:2.2 <0.001
(3B,5a)-Cholest-7-en-3-ol 3.1 <0.001
Cholesta-3,5-diene 2.1 <0.001
Cholesta-3,5-dien-7-one 0.7 0.05

Cholest-4-en-3-one 7.1 <0.001
Steroid ester 1 1.8 <0.01

Steroid ester 2 2.7 <0.001

and should therefore be avoided. Extraction with DCM was simi-
larly suitable as hexane, however, DCM reacted unfavorably with
polyester-containing swabs.

Swabs from cotton introduced several contaminations of non-
industrial origin from the material itself that may also be present
on the skin or fur to be sampled and are therefore indistinguishable
from those. Consequently, we recommend avoiding the use of cotton
for the sampling of odor compounds.

Optimal precleaning procedures depended on the combination
with the swab material. Baking proved effective in removing any
blank contaminations of lower boiling points (Figure 3), making it
suitable for materials with negligible high-boiling contaminations
such as viscose. Eventually, a combination of baking with methanol
pre-cleaning removing the late eluting compounds may prove partic-
ularly useful when working with other than viscose-type materials.
Because baking enables a much easier handling combined with an
environment-friendly work up and the stability of all swab materials
including cotton during baking was satisfactory, we therefore recom-
mend the use of this particular preconditioning.

In conclusion, selecting a viscose-type batting material, baking
as sample preparation and extraction of the swabs after sampling
with hexane appeared to be the best combination for swab-based
sampling.

Notably, the overall quantitative reproducibility of blank con-
tamination analysis of the commercially available swabs was rather
poor (Supplementary Figures 1 and 2). Therefore, normalization of
sample signals to blank signal intensities seems not feasible; if doubt-
ful, any signals detected in blank samples should be excluded from
further analysis of target samples. Moreover, studies using swab
sampling should include a representative number of blank replicates
to enable a reliable assessment of any blank contaminations.

Recovery of volatiles from swab samples

The recovery of a volatile model compound, limonene, sampled
with swabs was generally poor and depended mainly on the time
between the application and sampling, but also on the surface from
which it was sampled and on the storage time of the sampled swabs.
Therefore, if swabs are used for volatile sampling, the samples
should be processed as quickly as possible to avoid any unwanted
recovery losses.

The recovery of limonene from human skin was poorer than from
glass, possibly because 1) skin has a higher temperature compared
with glass (~37 °C in mammals compared with ~22 °C room tem-
perature), leading to better evaporation (and therefore higher loss)
of VOCs, or 2) skin may be the better adsorber compared with glass.
Consequently, it can be assumed that when sampling animals with
swabs, only a very small proportion of the produced volatiles will

actually be sampled. In contrast, the fact that blank swabs adsorbed
volatile compounds during storage indicates that swab material gen-
erally should be able to adsorb compounds. However, considering
the low recovery of volatiles, the adsorption capabilities of swabs
may be either compound-specific or require a long interaction time.
Another possibility would be that we observed volatile break-down
products from the swab material after storage rather than volatiles
adsorbed from the air.

Recovery losses of limonene during storage suggest that swab
samples are best analyzed within the first 2 days after sampling.
However, thereafter the recovery did not change noticeably, so
that after this time samples might be stored for weeks or even
months without further loss. This is in line with data from ring-
tailed lemurs, where cold storage of samples for several years
did not negatively affect the chemical richness of the samples
(Scordato et al. 2007). Notably, storage of VOCs by sealing a glass
ampoule did not perform better than storage of VOCs in closed
screw-top vials stored at -80 °C. Rather, the heat applied during
sealing of the ampoule already seemed to cause fast initial losses
that resulted in lower recoveries from the ampoules compared
with the vials shortly after sampling. Consequently, as screw top
vials are easier to handle, they can be recommended to replace the
ampoules.

Swab-based sampling of rhesus macaques’

body odor

From 140 compounds detected within the rhesus samples, only 3
had a boiling point below 200 °C whereas all other compounds can
be considered sVOCs with a limited potential of being used in olfac-
tory communication. The most abundant substances were hexade-
canol, octadecanol, cholesterol, and sitosterol; however, ~60% of the
identified compounds were present in the blanks as well, whereas
only ~5% of the detected compounds (mainly unknowns and 2 ster-
oid compounds) were unique to the animal samples. However, a few
of the identified compounds such as cholesterol and (3f,5a) -cholest-
7-en-3-ol may originate from swab material and animal skin or fur,
considering that those were consistently higher in the animal sam-
ples compared with the blanks.

According to Charpentier et al. (2012), saturated and mono-
and polyunsaturated fatty acids are ubiquitous in living organisms;
several sterols and terpenoids may be of mammalian origin as well.
Many studies on GC-MS analysis of scents presented similar results
exhibiting fatty acid derivatives as the most prominent representa-
tives in such samples (Thom and Hurst 2004; Smith 2006; Scordato
and Drea 2007; Scordato et al. 2007; Burgener et al. 2009; Karlsson
et al. 2010). However, given our results on blank contaminations,
the use of swabs made of plant material (cotton) might be an unfa-
vorable choice. Indeed, many of the detected sterols in the samples
were typical phytosterols such as sitosterol, stigmasteroids or camp-
esterol, or plant terpenoids such as the ursanoids, originating from
the swab material rather than the animal itself. This stresses the need
of a careful consideration and validation of the sampling protocol
prior to sampling.

The rhesus GC-MS profiles illustrated a considerable variation
among the samples which can possibly be related to variances in the
sampled amounts or otherwise introduced by the sampling proce-
dure and material. The median RSD of the samples over all analytes
describing the median variability of an analyte within the data set
was ~120%; within the normalized data set, it decreased to ~70%.
However, for 3 animals 5 replicates were analyzed; with those we
obtained a mean RSD of ~25%.
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The large variation introduced by the sampling procedure and
material may also be one reason that highly abundant contamina-
tions in some chromatograms were not detected in all chromato-
grams, thus exhibiting irreproducible responses. Consequently, a
small RSD of a particular signal was unfortunately not useful for
defining a compound as contaminant. Cotton is a biological material
and, as such, of course not standardized for the amount of extract-
able compounds. Within this context, it needs to be emphasized that
for cotton swab samples an automatable strategy to exclude com-
pounds as contaminants from data analysis without earlier, proper
identification of the compound was not feasible.

Targeted and nontargeted data evaluation

Although the nontargeted approach produces a higher noise in the
data, it is easier to automatize and decreases the workload of library
search and subsequent manual inspection of the obtained identifi-
cations. Furthermore, the nontargeted approach is able to extract
compounds that are hardly found by manual inspection (e.g., consist-
ently very low abundant and/or coeluting compounds, respectively)
but still may be important. However, it needs to be emphasized
that an optimized chromatographic performance preventing from
inappropriate peak shapes and coelution of compounds should be
established to reduce the workload for subsequent manual correc-
tion of automated peak recognition and integration. Although the
anticipated proper integration in case of our data set still required
experienced personnel for manual corrections and failed to reduce
the work load of manual assessment, we still expect the automated
approach to be highly efficient in conjunction with a reasonable
chromatographic separation and overall performance of analysis.

Implications for sampling body odors with swabs

Our results are generally in line with those of Drea et al. (2013), who
emphasized the importance of appropriate precleaning procedures,
choice of suitable extraction solvents and the use of blanks to help
separating contaminants from potentially biologically meaningful
substances. In addition to Drea’s methodological considerations, we
identified baking as a precleaning method suitable to remove volatile
contaminations and found that the swab material should be chosen
carefully to reduce contaminations. Importantly, the expected com-
position of an odor ultimately determines the appropriate manner of
scent investigation including the analytical procedures.

Many of the previous studies detected very few volatiles but
mostly semivolatiles (Thom and Hurst 2004; Smith 2006; Scordato
and Drea 2007; Scordato et al. 2007; Burgener et al. 2009; Karlsson
et al. 2010). Based on our study this may be due to the fact that
volatiles are largely intangible when using swab-based sampling and
many (potentially relevant) compounds are not sampled at all. We
argue that if swab-based or related sampling is the method of choice,
its limitations such as a careful assessment of sampling material, pre-
and post-sampling procedures and the appropriate number of blanks
to accurately account for the variation of contaminations should be
carefully considered before starting the experiments.

Conclusions

Swab-based sampling of body odor exhibited considerable contami-
nations introduced by swab material, cleaning, and extraction. If
swab-based sampling shall be used for volatile analysis at all, we rec-
ommend using viscose-type swabs cleaned by baking and extracted
in hexane, whereby samples collected that way should be analyzed
as soon as possible within the first 2 days after storage at -80 °C

in airtight vessels. In addition, we found swab-based sampling for
GC-MS analysis after liquid injection of hexane extracts appropri-
ate for analysis of semivolatiles rather than volatiles. Consequently,
we recommend the well-established sampling of volatile compounds
with thermodesorption tubes instead. Researchers should carefully
consider to select sampling methods suiting the anticipated type of
compounds. Finally, according to our experiences, chromatographic
performance should be thoroughly optimized before performing an
experiment to keep the required manual assessment to a minimum.

Supplementary material

Supplementary material can be found at http://www.chemse.oxford-
journals.org/
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