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Abstract

The analysis of volatile organic compounds (VOCs) emitted from biological fluids such as blood, urine, breath
and faeces, has been receiving more attention from researchers and clinicians due to their contribution to the
metabolome and potential use as diagnostic tools in clinical settings. The faecal metabolome represents the final
product of a complex interaction involving the gut microbiota and cell metabolism and an accurate measurement of
the faecal volatile organic metabolome enables a better understanding of disease-related metabolic pathways and,
eventually, identifying potential biomarkers. However, there is a lack of published evidence evaluating the sample
preparation steps for faecal metabolome analysis and no well-defined protocol has been established. Consequently,
different research groups employ diverse methodologies, which, ultimately, prevent comparison of results between
laboratories.

We evaluated different aspects of sample preparation when processing murine and human faecal samples
through a pipeline involving solid phase micro-extraction (SPME) coupled to gas chromatography-mass spectrometry
(GC-MS). We identified the sample volume, the SPME fibre coating, the extraction conditions and the vial volume
that produce the most accurate and reproducible results. Finally, we propose an optimized method for the direct
SPME-GC-MS analysis of VOCs in murine and human faecal samples.

To the best of our knowledge, this is the first work evaluating different aspects of sample preparation for direct
SPME-GC-MS analysis of VOCs and the first method proposed for the analysis of murine and human faecal samples.
In addition, our proposed method can be coupled to the Automated Mass Spectral Deconvolution and Identification
System (AMDIS) and the R software package, Metab, in order to produce results in a reliable and high-throughput

manner.
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Introduction

Metabolomics is considered one of the newest omics technologies
and has grown rapidly in the last 10 years. It involves screening a
large number of low molecular mass metabolites (<1.5Kd) present in
biological samples [1,2]. Metabolomic techniques have been largely
and successfully applied in the identification of biomarkers and the
dissection of metabolic pathways associated with specific diseases
[3]. More recently, a number of studies have emphasized the role of
volatile organic compounds (VOCs) in identifying disease-specific
metabolome patterns [4-8].

VOCs are a large and diverse group of carbon-based molecules
whose accurate identification has the potential to revolutionize patient
care. Most vapours emitted from biological samples (e.g. breath, sweat,
blood, urine and faeces) contain VOCs which may have a potential
link to specific diseases [9]. For example, 3-methylhexane, decane,
caryophyllene naphthalene have been detected at significantly lower
levels in the breath of breast cancer patients, while lauric acid and
palmitic acid have been detected at high levels in biopsied tissue from
melanoma patients [10,11]. In addition, VOCs analysis of urine, breath
or faeces is non-invasive and can be performed at a low cost, which
makes it suitable for use as a screening tool in clinical diagnosis and in
monitoring the efficacy of therapies [12].

The faecal metabolome is a result of the complex interaction

between the intestinal microbiome and the cell metabolism [13].
Therefore, the analysis of VOCs present in faecal samples is of particular
relevance when dealing with gastrointestinal (GI) diseases. Healthcare
professionals commonly observe unusual smells from the faeces of
patients suffering from GI diseases such as celiac disease, Crohn’s
disease, chronic pancreatitis or intestinal infections [14]. Therefore,
there is an increasing use of faecal metabolomics to investigate both the
pathophysiology of GI diseases and the role of the intestinal microbiota
in the metabolism in states of health and disease.

The analysis of VOCs relies on an accurate and reliable extraction
of metabolites from the biological sample [15]. A solid phase micro-
extraction (SPME) fibre is a solvent-free extraction technique ideally
suited to metabolite extraction, as it minimises contact with possible
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infectious agents from blood, stool and urine samples [16]. SPME
can be coupled to high-performance liquid chromatography (HPLC),
inductively coupled plasma (ICP) and gas chromatography-mass
spectrometry (GC-MS), however, SPME-GC-MS is considered one
of the most popular methods for the analysis of VOCs emitted from
faecal samples [16,17]. The different possible SPME configurations
and the distinct sample preparation steps directly affect the results
produced by SPME-GC-MS analyses [18]. Parameters such as the
SPME fibre coating, the extraction conditions (temperature and time)
and the sample volume used ultimately determine the number of VOCs
identified their abundances and the repeatability across replicates [18].
Therefore, an evaluation of each of these parameters is essential in order
to obtain reliable and reproducible results.

Although SPME-GC-MS has been used extensively for the analysis
of VOCs from faecal samples [4,19-21], there is a lack of published
evidence evaluating sample preparation steps and potential SPME
extraction configurations prior to GC-MS analysis. Using human faecal
samples, Dixon and co-workers [22] investigated the effect of different
extraction times on VOCs when using 4 different SPME fibres. In
addition, they compared the number of VOCs identified when using
8 different SPME fibres and an extraction time of 20 min. Couch et
al. [23] studied 2 SPME extraction times (20 min and 18 hrs) using
3 different fibres. On the other hand, a thorough literature review
resulted in no published protocols or methods regarding sample
preparation for the direct SPME-GC-MS analysis of murine faecal
samples. Therefore, different research groups have to evaluate the same
method-related parameters prior to analysis of experimental samples.
In addition, there is a lack of standardization between laboratories
performing metabolomics. To the best of our knowledge, there is no
single gold standard method for the direct SPME-GC-MS analysis of
VOCs extracted from human and/or murine faecal samples, which
results in different findings when analysing the same subject [20-22]
and prevents comparing results between labs. Thus, there is a current
need for well-established method for the analysis of VOCs in murine
and human faecal samples.

Here, we have evaluated the effect of different parameters for
sample preparation and different SPME configurations on the analysis
of VOCs from murine and human faecal samples. The number of
VOC:s identified and their abundances have been assessed when using
different sample masses, distinct vial volumes, salting out of samples,
and the effect of leaving samples at 1°C whilst loaded onto auto-sampler
tray for 14 hours (overnight), applying different SPME extraction times
and temperatures and using distinct SPME fibre coatings. Finally,
we propose an optimized method for a reliable and high-throughput
analysis of VOCs present in faecal samples.

Materials and Methods
Mouse faecal samples

Four inbred wild-type C57BL/6 mice were purchased from Charles
River Laboratories (Margate, UK) at 9 weeks old and acclimatised under
standard specific pathogen free (SPF) animal house conditions at the
University of Liverpool for a minimum of 1 week prior to faecal sample
collection. Animals were housed in a single cage under conventional
conditions with food and water ad libitum and kept on a 12:12 hrs
light-dark cycle. Samples of 3, 5, 10 and 20 pellets of mice faeces were
collected during 3 consecutive weeks, placed in 10 ml glass vials and
stored at -20°C. An additional four male inbred wild-type C57BL/6
mice were purchased at 5 weeks old and housed individually in the

same conditions. Samples of 10 pellets were collected from each of these
four additional mice in a single week and used to assess the effect of vial
volume, extraction time and temperature and SPME fibre coating, on
the number and abundances of VOCs identified, as described below

Human faecal samples

Eleven faecal samples of variable masses were collected fresh from
5 premature babies hospitalized across the UK. The 5 donors were
chosen at random from a larger cohort study. In accordance to a clear
protocol, samples were collected by nurses and stored at -20°C. The
sampling took place after written parental consent, with research ethics
committee approval (11/WM/0078).

GC/MS conditions

A Perkin Elmer Clarus 500 GC/MS quadruple bench top system
(Beacons field, UK) was used in combination with a Combi PAL auto-
sampler (CTC Analytics, Switzerland) for the analysis of all samples.
The GC column used was a Zebron ZB-624 with inner diameter
0.25 mm, length 60 m, film thickness 1.4 pum (Phenomenex, Maccles
field, UK). The carrier gas used was helium of 99.996% purity (BOC,
Sheffield, UK). The SPME fibres used were CAR-PDMS 85 pm and
DVB-CAR-PDMS 50/30 um (1 c¢m) (Sigma-Aldrich, Dorset, UK).
Both fibres were pre-conditioned before use, in accordance with the
manufacturer manual. Vials with magnetic caps of 2 ml (Crawford
Scientific, Lanarkshire, UK) and 10 ml (Sigma-Aldrich, Dorset, UK)
volume were used. The fibre desorption conditions were 5 minutes at
220°C. The initial temperature of the GC oven was set at 40°C and held
for 1 minute before increasing to 220°C at a rate of 5°C/min and held
for 4 min with a total run time of 41 min. A solvent delay was set for the
first 6 min and the MS was operated in electron impact ionization EI+
mode, scanning from ion mass fragments 10 to 300 m/z with an inter-
scan delay of 0.1 sec and a resolution of 1000 at FWHM (Full Width
at Half Maximum). The helium gas flow rate was set at 1 ml/min. The
sensitivity of the instrument was determined with 2-pentanone only
and will vary for other compounds. The limit of detection, as being 3
times the signal/noise ratio, of the method for 2-pentanone with DVB-
CAR-PDMS is 16 ppm and with CAR-PDMS is 40 ppm.

Sample mass optimisation

Thenumber of VOCsidentified and their abundances were evaluated
according to different sample masses. Murine samples of 3, 5, 10 and 20
pellets, in triplicate, were pre-incubated at 60°C for 30 min before VOC
extraction using a CAR-PDMS SPME fibre at 60°C for 20 min prior to
desorption into the GC oven. Only VOCs identified in every sample
were then used for comparing the VOC abundances according to the
sample mass used. The same procedure was applied to human faecal
samples, where one single sample was initially divided into triplicates
of 100, 450 and 700 mg. Then 4 additional samples were divided into
triplicates of 50 and 100 mg. A pilot study (data not published) using
human faecal samples between 130 and 1320 mg showed a plateau in
the number of VOCs identified initiating at 700 mg. Therefore, sample
masses greater than 700 mg were not investigated here.

Vial volume optimisation

The number of VOCs identified and their abundances were
evaluated according to different vial volumes used for SPME-GC-MS
analysis. For each vial volume of 2 and 10 ml, murine samples of 10
pellets (n=4) and aliquots of 100 mg from one human samples (n=4)
were analysed. Each sample was pre-incubated at 60°C for 30 min
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before VOC extraction using a CAR-PDMS SPME fibre at 60°C for 20
min prior to desorption into the GC oven.

Salting-out optimisation

The number of VOCs identified was evaluated according to the
addition of 0, 0.5 or 1 ml of saturated sodium chloride solution. Three
human faecal samples were divided into 9 aliquots of 100 mg, stored in
10 ml vials and analysed with either 0 (n=3), 0.5 (n=3) or 1 ml (n=3)
of sodium chloride solution added. Each sample was pre-incubated at
60°C for 30 min before VOC extraction using a CAR-PDMS SPME
fibre for 20 min at 60°C prior to desorption into the GC oven.

Leaving samples at 1°C overnight (14 hrs)

The abundances of identified VOCs were evaluated according to
waiting time periods of 0 and 14 hrs at 1°C prior to SPME-GC-MS
analysis. One human sample was divided into six aliquots and stored
in 10 ml glass vials at -20°C. Three aliquots were analysed immediately
after being taken from -20°C freezer (0 hrs), while three aliquots were
analysed after being left at 1°C on the auto-sampler tray overnight (14
hrs). Each sample was pre-incubated at 60°C for 30 min before VOC
extraction onto a CAR-PDMS SPME fibre at 60°C for 20 min prior to
desorption into the GC oven.

Extraction time optimisation

The number of VOCs identified was evaluated according to
different SPME extraction times. Murine samples of 10 pellets were
pre-incubated at 60°C for 30 min before VOC extraction using a CAR-
PDMS SPME fibre at 60°C for 10 (n=3), 20 (n=3) or 30 min (n=3) prior
to desorption into the GC oven.

Extraction temperature optimisation

The number of VOCs identified was evaluated according to
different SPME extraction temperatures. Murine samples of 10 pellets
were pre-incubated at 60°C for 30 min before VOC extraction using a
CAR-PDMS SPME fibre at 50 (n=3), 60 (n=3) or 70°C (n=3) for 20 min
prior to desorption into the GC oven.

SPME fibre optimisation

The number of VOCs identified was evaluated according to two
SPME fibres. Murine samples of 10 pellets were pre-incubated at 60°C
for 30 min before VOCs extraction using CAR-PDMS (n=5) or DVB-
CAR-PDMS (n=5) SPME fibres at 60°C for 20 min prior to desorption
into the GC oven. The same procedure was applied to a single human
faecal sample divided into 10 aliquots of 100 mg.

Repeatability and multiple analyses

In order to assess the repeatability of the final method proposed in
this paper, the VOC profiles of ten human samples were further used
to calculate the variation within samples. Each individual sample was
divided in triplicate, stored in 10 ml vials and pre-incubated at 60°C for
30 min before VOCs extraction using a CAR-PDMS SPME fibre for 20
min at 60°C prior to desorption into the GC oven. The abundances of
the VOC:s identified within each sample (n=3 per sample) were used to
calculate their coefficient of variation. Finally, 3 of these human samples
were reanalysed 3 additional times in order to determine the effect of
multiple analyses of a single sample.

Data processing

All GC-MS data were processed using the Automated Mass Spectral

Deconvolution System (AMDIS-version 2.71, 2012) in conjunction
with the NIST mass spectral library (version 2.0, 2011) and the R
package Metab [24]. VOCs were identified using an in-house library
built with AMDIS in combination to the NIST library. All statistics were
performed using R version 3.0.2 [25,26]. A t-test or a one-way analysis
of variance (ANOVA) followed by Tukey’s HSD test were applied to
test differences between data classes. A principle component analysis
(PCA) was used to show similarities within data classes. Final p-values
were adjusted for multiple comparisons using Bonferroni correction.
P-values<0.05 were considered as significant.

Results

Sample mass optimization

In order to optimize the sample mass for direct SPME-GC-MS
analysis, we compared the number and abundances of VOCs identified
in murine faecal samples (mean + SEM) of 3 (40.0 + 14.1 mg), 5 (76.7 +
25mg), 10 (133.3 £ 7 mg) and 20 (233.0 + 25 mg) pellets; and in human
faecal samples of 100 mg (100.3 £ 0.6 mg), 450 mg (455.1 + 1.1 mg) and
700 mg (700.6 + 2.8 mg) (Figure 1) and then 50 mg (52.4 + 0.4 mg) and
100 mg (102.5 + 0.2 mg) (Figure 2). Murine samples of 3 pellets showed
a significantly lower number of VOCs than 20 pellets (p=0.05), with
no significant difference in the number of VOCs between 10 and 20
pellets (p=0.87). Six compounds (pentanal, pentane, propanal, hexanal,
2,3-butandione and benzaldehyde) were consistently present in every
murine sample with the compounds pentane and pentanal detected at
significantly lower abundances in 3 and 5 pellets compared to 10 and 20
pellets. The compound propanal was present at significantly different
levels between 3 and 20 pellets. In human samples, 450 and 700 mg
showed a significantly higher number of VOCs than samples of 100
mg. There was no difference in the number of VOCs between 450 and
700 mg. Eight compounds were identified in every human sample (2,
3-butanedione, tetrahydrofurane, ethyl ester propanoic acid, n-propyl
acetate, 2-pentenal (E), propyl ester propanoic acid, 2-methylpropanal,
1-propanol) and their intensities were significantly higher in samples
of 450 and 700 mg than samples of 100 mg. The additional comparison
between 50 and 100 mg showed no difference in both the number
of VOCs identified (data not shown) and their abundances. All the
statistical analyses for sample mass optimisation were performed by
ANOVA followed by Tukey’s HSD test and Bonferroni.

Vial volume and salting-out optimisation

Vials of 2 ml showed a higher number of VOCs than vials of 10
ml when analysing murine samples (Figure 3A). However, there
were no significant differences in VOCs abundances between vials
(T-test; p-value>0.05). On the other hand, human samples showed
no significant differences in both the number and the abundances of
VOCs detected (T-test; p-value>0.05) (Figure 3B and 3C). The addition
of sodium chloride showed no significant differences in the number
and abundances of VOCs (ANOVA followed by Tukey’s HSD test and
Bonferroni; p-value>0.05) (Figure 3D).

Leaving samples at 1°C overnight (14 hrs)

Although there were no significant differences in the number of
VOC:s identified (T-test; p-value > 0.05) there were three compounds
detected at slightly lower abundances at 14hrs (Figure 4D).

Extraction time and temperature optimization

Although there was no difference in the number of VOCs reported
by the exposure times tested, 20 minutes produced the highest number
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Figure 1: Sample mass optimisation.(A-B) The number and abundances of volatile organic compounds (VOCs) identified in murine faecal samples of 3, 5, 10 and
20 pellets, with VOC abundances normalized to their abundances in samples of 20 pellets. (C-D) Human faecal samples of 50, 100, 450 and 700 mg (n=3/group), with
VOC abundances normalised to their abundances in 700 mg samples; ANOVA with Tukeys HSD followed by Bonferroni; *p<0.05, **p<0.01 and ***p<0.001.
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Figure 2: Abundances of volatile organic compounds (VOCs) in samples
of 50 and 100 mg. Scatterplot comparing the average log values of VOCs
abundances from human faecal samples of 50 and 100 mg (n=4). The diagonal
black segment represents the function x=y, where compounds detected at
similar levels between 50 and 100 mg are located inside of the 5% tolerance
region represented by the grey area.

of VOCs (p=0.5) (Figure 4A). The exposure temperatures of 60
and 70°C showed a significantly higher number of VOCs than 50°C
(p=0.03). Although there was no significant difference between 60 and
70°C (p=0.33), the exposure temperature of 60°C produced the highest
number of VOCs (Figure 4B) (ANOVA followed by Tukey’s HSD test
and Bonferroni).

SPME fibre optimization

DVB-CAR-PDMS showed a significantly higher number of VOCs
when analysing murine samples (T-test; p=0.04). Seven compounds
were exclusively detected by DVB-CAR-PDMS, while 2 compounds
were exclusively detected by CAR-PDMS. Human samples showed
no significant difference between SPME coatings, although five
compounds were exclusively reported by CAR-PDMS and another five
compounds were exclusively reported by DVB-CAR-PDMS (Figure 4C
and Table 1).

Optimized method

Based on the results presented above, we propose a SPME-GC-MS
method for analysing murine and human faecal samples (Figure 5). We
suggest murine samples are analysed using 10 to 20 pellets, stored in
2 ml glass vials, incubated for 30 min at 60°C and extracted by DVB-
CAR-PDMS for 20 min. Alternatively, human samples of 450 mg
should be stored in 2 or 10 ml glass vials, incubated for 30 min at 60°C
and extracted by CAR-PDMS or DVB-CAR-PDMS for 20 min.
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Figure 3: Vial volume optimisation and salting-out. (A) Faecal samples collected from murine (n=4/volume, N=3) and human (n=4/volume; 10 mi=102.8 £ 1.7 mg, 2
ml=101.9 £ 1.2 mg, N=3) using two different vial volumes, 2 ml and 10 ml (mean + SEM; t-test). (B-C) Comparison of the two vial volumes studied, showing the mean
of the abundance for each identified compounds (murine=11, humans=26) per size of vial (n=4/time) for both murine (B) and human samples (C), plotted against the
other. The grey area indicates the 5% tolerance around the optimal function x=y. (D) Faecal samples collected from an individual human treated with 0.5 ml NaCl and
1 ml NaCl and compared to a control sample (n=3/treatment; control=97.9 + 2 mg, 0.5 ml NaCIl=100.4 + 3.6 mg, 1 ml NaCl=99.5 + 3.2 mg) (mean + SEM); ANOVA with
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Murine

Human

CAR-PDMS DVB-CAR-PDMS

CAR-PDMS DVB-CAR-PDMS

2,2-dimethylpropanoic acid 2-methyl-1-propanal

propanoic acid 2-methyl-2-butenal

2-methylpentanal 2-pentanone

2-methylpropanoic acid butanoic acid, propyl ester

2-methylfuran

2,2-dimethylpropanoic acid cyclopentane

2-nonenal N,N-dimethylacetamide 2-pentenal, (E)
3-methylbutanal 1-propanol 2-ethyl-1-hexanol
1-penten-3-ol
2-heptanal

Table 1: SPME fibre optimisation. Murine and human faecal samples were analysed using a CAR-PDMS (n=5) or DVB-CAR-PDMS (n=5) SPME fibre. There were 2
and 5 specific compounds found exclusively by CAR-PDMS in murine and human samples respectively, and 7 and 5 found exclusively by DVB-CAR-PDMS in murine and

human samples, respectively.

Repeatability and multiple analyses

In order to assess the repeatability of our proposed method, we
performed a principal component analysis (PCA) on the VOC profiles
of 10 human faecal samples, each divided in triplicate (Figure 6). In
addition, the mean, standard deviation and coefficient of variation

(CV) were calculated across triplicates for each sample (Table 2). The
PCA yielded results showing that each sample was clustered together.
In average, 31.3 + 10.5 VOCs were identified per human sample (mean
+ SD). The standard deviation for each sample was 2.9 + 1.3 compounds
and, in average, 90% of the VOC abundances showed a coefficient of
variation smaller than 30%, which is considered adequate for diagnostic
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Figure 5: Proposed optimised methods. A diagram summarising our
proposed optimised methods for solid phase micro-extraction coupled to
gas chromatography-mass spectrometry (SPME-GC-MS) analysis of volatile
organic compounds (VOCs) in murine and human faecal samples. Ideally,
multiple SPME fibre coatings should be applied in order to extract a higher
diversity of VOCs.

sensitivity [27]. Furthermore, the effect of analysing a single sample
multiple times was assessed. The number of VOCs identified and their
abundances were compared across 4 GC-MS runs (Table 3). There was
a significant decrease in the number of VOCs identified (Figure 7)
and 40% of these VOCs were detected at significantly lower or higher
abundances after 4 GC-MS runs (ANOVA; p-value<0.05).

Discussion

In this section, we discuss the results obtained when evaluating
different aspects of sample preparation and SPME configurations for
direct SPME-GC-MS analysis. Murine and human faecal samples
have shown similar behaviour regarding the mass selection; however,
they differed considering SPME coatings affinity and the vials volume
optimisation.

Sample mass optimization

The sample mass optimization showed the same pattern for murine
and human samples (Figure 1). An increase in sample mass led to an
increase in both the number of VOCs detected and their abundances,
therefore reaching a limit of VOCs identified; a result of fibre overload.
However, as the amount of mass per sample may be limited according
to the study being conducted, we searched for the minimum sample
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Figure 6: Principal component analysis (PCA) for method repeatability. The results of a PCA applied to the volatile organic compounds (VOCs) profile of 10
biological replicates, each divided in triplicates and analysed by solid phase micro-extraction coupled to gas chromatography-mass spectrometry (SPME-GC-MS).

Samples Number of VOCs + S.D. VOCs with CV <30%
(VOCs in every (%)
technical replicate)
Sample 1 24 £ 3 (19) 100
Sample 2 23+1(18) 100
Sample 3 20+£2(12) 92
Sample 4 48 £ 5 (36) 89
Sample 5 37 +4 (26) 81
Sample 6 50 + 4 (39) 95
Sample 7 32+2(21) 90
Sample 8 26 £ 4 (18) 67
Sample 9 26+ 2 (19) 95
Sample 10 27+ 2 (18) 94

Table 2: Repeatability of method. Ten biological replicates of human faecal
samples were divided in triplicates and analysed by solid phase micro-extraction
coupled to gas chromatography-mass spectrometry (SPME-GC-MS). The average
number of volatile organic compounds (VOCs) and the standard deviation
associated to each biological replicate is presented together with the number of
VOCs in every technical replicate and the percentage of compound abundances
showing a coefficient of variation (CV) smaller than 30%.

mass that would produce the highest number of VOCs with the highest
abundances. Murine samples of >20 faecal pellets were not included
in this present study as no significant difference was found between
samples of 10 and 20 pellets and it was found experimentally difficult
to collect >20 pellets from individual mice. Therefore, we would predict
that any number of murine faecal pellets higher than 20 would also
produce a non-significant result. Figure 1C showed an increase in the
number of VOCs identified between samples of 100 and 450 mg and
between samples of 100 and 700 mg. The lack of difference between
samples of 450 and 700 mg indicates that the SPME fibre reached its
limit of absorbance at 450 mg. Therefore, samples of 10 pellets and

samples of 450 mg showed the best results for murine and human
samples respectively. Although human samples of 450 mg showed
higher number of VOCs identified and higher abundances, samples of
this mass are not always available. For example, studies with premature
babies generally involve samples of 100 mg or less [28-30]. Therefore,
we compared the results between samples of 50 and 100 mg in order
to find the lowest possible sample mass able to produce a reasonable
number of VOCs and reproducible abundances. Results showed no
significant differences, which suggests that samples from 50 to 100 mg
are appropriate in these cases (Figure 2).

Vial volume and salting-out optimisation

Although no significant differences were observed between the
vials tested when analysing both murine and human samples (Figure
3), 2 ml vials showed a much higher number of VOCs identified than
10 ml vials when analysing murine samples. However, when analysing
human samples, 10 ml vials showed a slightly higher number of VOCs
identified than 2 ml vials (2 ml=24, 10 ml=26 VOCs). Therefore, 2 ml
vials are recommended for the analysis of murine samples and 2 ml or
10 ml vials when analysing human samples. This difference of behaviour
might be explained by sample concentration. Certain compounds
are more concentrated and at higher abundances in human samples
compared to murine samples. Therefore, if the volume of headspace
decreases then the levels of compounds in human samples will remain
mostly unchanged whereas in murine samples the concentration
increases leading to better coverage of the VOCs profiles in the samples.
In addition, no significant differences were observed when salt was
added to the samples. This could reflect the solid or semi-solid nature
of the sample, which is only partially dissolved in the sodium chloride
solution.
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Figure 7: Effect of multiple analyses of samples on the number of VOCs identified. Three human faecal samples were divided in triplicate and analysed 4
consecutive times by solid phase micro-extraction coupled to gas chromatography-mass spectrometry (SPME-GC-MS). The number of VOCs identified in each
analysis is presented for the three samples individually (n=3) and combined (n=9) (mean + SEM); ANOVA with Tukeys HSD followed by Bonferroni; *p<0.05, **p<0.01

and ***p<0.001.

SPME-GC-MS analyses VOCs present in Percentage of

triplicate significantly different
abundances(%)
Sample 1 16 56
Sample 2 14 64
Sample 3 10 40

Table 3: Effect of multiple analyses of samples on the abundances. Three human
faecal samples were divided in triplicate and analysed 4 consecutive times by
solid phase micro-extraction coupled to gas chromatography-mass spectrometry
(SPME-GC-MS). The number of volatile organic compounds (VOCs) present
in at least 2 consecutive analyses is presented together with the percentage of
compounds for which the intensities differed significantly after 4 analyses.

Leaving samples at 1°C overnight (14 hrs)

There were no significant changes in VOC abundances when
samples were left for 14h at 1°C prior to SPME-GC-MS analysis (Figure
4D), which indicates that samples can be analysed overnight without
significantly changing the VOC profiles or abundances. This result is
particularly important for those experiments using GC-MS combined
to auto-samplers that have a cooling tray with a minimum temperature
of 1°C, where samples are generally sitting for up to 14 hours prior to
injection.

Extraction time and temperature optimization

Typically, the SPME extraction process is considered complete
when the analyte concentration has reached distribution equilibrium
between the sample matrix and the fibre coating. Until the distribution
equilibrium is not reached, the extraction process is considered in pre-
equilibrium state. Our results showed that an increase in extraction
time and temperature resulted in higher numbers of VOCs identified
(Figure 4A and 4B). However, extraction times higher than 20 minutes
and extraction temperatures higher than 60°C showed no improvement.
These results indicate that in the pre-equilibrium state, a small change in
extraction time and temperature result in a large change in the amount
of analyte being absorbed. However, once the distribution gets close
to the equilibrium, there are either no changes or only small changes
in the amount of analyte absorbed. Therefore, the extraction time and
temperature are not critical once equilibrium is nearly reached. These

results are in agreement with previous work from our group and others
(Figure 4A and 4B) [4,22,31].

SPME fibre optimization

Although there were no differences between the SPME fibres tested
when analysing human samples, five compounds were exclusively
detected by each specific fibre. On the other hand, the DVB/CAR/PDMS
fibre was able to identify a higher number of compounds than the CAR/
PDMS fibre when analysing murine samples (Figure 4C), with seven
compounds exclusively identified by DVB/CAR/PDMS. Therefore,
when possible, we suggest the use of different SPME fibres in order to
extract a greater diversity of compounds, which is in agreement with
previous work from Dixon and collaborators [22]. However, if a single
SPME fibre must be used, we suggest DVB/CAR/PDMS for murine
studies whereas both types of SPME fibre can be equally applied for
human samples.

Optimized method

Our optimized method (Figure 5) shows two main differences when
applied to murine or human samples. When a single fibre is available,
murine samples should be analysed by DVB/CAR/PDMS fibre and
using 2 ml vials, while human samples can be analysed by DVB/CAR/
PDMS or CAR/PDMS and using 2 or 10 ml vials. Our proposed method
involves almost no sample preparation steps and results in reproducible
and reliable VOC identification and quantification. Furthermore, our
method can be easily combined to AMDIS software and Metab package
in order to frame a powerful pipeline able to analyse VOCs in faecal
samples in a reliable and high-throughput manner.

Repeatability and multiple analyses

The PCA results (Figure 6) showed technical replicates clustering
together, which indicates low variability across samples and high
reproducibility. The PCA results are consistent with the low standard
deviation across technical replicates (Table 2) and with the fact that
the great majority of VOC abundances (90%) showed a CV lower
than 30%. Finally, multiple SPME-GC-MS analyses of a single sample
showed significant influence on the results, with a significant decrease
in the number of identified VOCs (Figure 7) and difference in the
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intensity of at least 40% of the VOCs (Table 3) after 4 SPME-GC-MS
re-runs of each sample. These differences confirmed the hypothesis
that the sample’s headspace is affected by its analysis. Heating the faecal
samples releases the majority of VOCs into the headspace air which
are extracted and removed during the first SPME-GC-MS analysis.
During the second, third and fourth analysis, the diversity and levels of
specific VOCs are decreased, as confirmed in Figure 7. Therefore, each
sample should be analysed once. The inter-individual variation between
samples should also be taken into consideration, explaining the lower
number of identified VOCs in sample 3 compared to sample 1 and 2
(Figure 7).

This proposed optimised method for the analysis of human and
murine faecal samples using SPME-GC-MS is specific for the GC-MS
conditions described in the ‘Materials and Methods’ section. Therefore,
any change introduced by altering these configurations may result in
different outcomes compared to those described in this study.

Conclusion

We have evaluated several aspects involving the direct VOC
analysis of murine and faecal samples via SPME-GC-MS. As a result,
we proposed a new optimised method and demonstrated its high
repeatability across technical replicates. To the best of our knowledge,
this is the first study evaluating different aspects of SPME-GC-MS
analysis of murine and human faecal samples and the first study
suggesting an optimised method. Furthermore, our proposed method
can be combined to the data analysis tools AMDIS and Metab in order
to produce reliable results in a high-throughput way.
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