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Given its suitability for the analysis of volatiles, it might be thought that GC would not be associated with the study of bacteria. However, volatile

organic compounds are being explored as biomarkers for early diagnosis of diseases including respiratory, gastrointestinal and urinary tract

infections. For example, Clostridium difficile infection (CDI) a nosocomial-infection prevalent around the world, may be determined by a new,

novel approach employing a designer enzyme substrate to liberate a unique VOC profile. This novel approach using HS-SPME-GC-MS could be

used alongside conventional methods for Cl. difficile detection, including toxin detection methods, which would allow any false negative results to

be eliminated.

The presence of volatile organic compounds
(VOCs) is ubiquitous in the world in which
we live. Without any known activation we
are able to detect a vast range of VOCs

via our olfactory senses. The nose, with its
inherent sensory array, coupled with our
data processor (brain) detect VOCs as a vast
range of smells and odours to which we then
ascribe a range of subjective descriptors e.g.
grassy, fruity, citrus, sweet, smoky, earthy and
sulphury. Our inherent ability to detect a vast
range of VOCs and ascribe some descriptor
is limited only by our choice of vocabulary.

In this context we are ‘exposed’ to VOCs

in a variety of contexts. For example, in the
domestic environment we encounter VOCs
as odours from a range of sources including
many household products e.g. washing-up
liquid (lemon / pine); cooking processes

e.g. food preparation (aromatic / herbal);
and, personal hygiene products e.g. soap
and anti-perspirant deodorant (herbal /
pine). In addition, we also readily identify

a range of odours that we find repugnant

i.e. malodour. In this situation we might
encounter such smells associated with our
daily ablutions (e.g. so-called toilet smells
emanating from our gastrointestinal tract)

as well as smells associated with our own
hygiene e.g. halitosis and sweat (foot and/or
underarm odour). [Note: Obviously we also
encounter VOCs in many other contexts, for
example, as environmental pollutants (i.e.
vehicle exhaust fumes, industrial processes
and atmospheric contamination). However,
in the context of this article these have

been ignored.] A range of VOCs and their
associated subjective descriptor are shown

in Figure 1. In fact the art of smell (because
that is what it is) requires some ‘training’;
ultimately we cannot be sure that we all
associate the same VOC with the specific
odour (even if we apply the same subjective
descriptor). As we know we normally
remove the subjectivity of people from the
determination of VOCs and use instrumental
approaches based on gas chromatography
(GC) or gas sensors. The exception to this

is the combined GC-olfactory detector
which combines the instrumental and
human interface to detect odour and its
concentration.

In the health-related research focus of this
article VOC determination has been done

in a range of contexts [1-12]. For example,
the detection of VOCs in exhaled air as
biomarkers of diseases including lung cancer
[1-6], gastrointestinal and liver disease [7];

as well as detection of VOCs emanating
from urine (e.g. as an approach for assessing
tuberculosis patients [8]) and faeces (e.g.
diagnosis of gastrointestinal disease)

[2,10]. In addition some excellent reviews
are available including a review of clinical
applications of VOC analysis for detecting
infectious diseases, specifically respiratory,
gastrointestinal and urinary tract infections
[11]; in addition, an extensive review of the
VOCs emanating from bacteria has been
published [12].

A range of different techniques have
been applied for the determination of
the VOCs including thermal desorption
gas chromatography mass spectrometry
[8], solid-phase microextraction gas

chromatography mass spectrometry [2, 5,
7,9, 13], headspace-GC-MS [8, 10], proton
transfer reaction mass spectrometry [14],
selected ion flow tube mass spectrometry
[15], ion mobility spectrometry [15] as well
as electronic noses [1, 3]. In our research we
have investigated a range of different VOCs
associated with specific bacteria, specifically
Cl. difficile [13].

Background to Cl. difficile

Clostridium difficile, originally named as
Bacillus diffficilis [16] was first described

in 1935. However, it was not for another

40 years that the importance of Cl.

difficile was determined [17]. Cl. difficile

is a Gram-positive, spore forming enteric
anaerobic pathogen associated with
pseudomembraneous colitis and is the
main infectious cause of nosocomial
diarrohea induced by antibiotic treatment.
Cl. difficile flourishes in the human bowel,
after antibiotic treatment, as a direct result
of the modification of the normal balance of
intestinal flora. Two exotoxins (enterotoxin
A and cytotoxin B) are produced by
pathogenic strains which lead to ClI. difficile
infection (CDI). One of the main clinical
symptoms of CDlI is diarrhoeal stools. These
have been defined as those that take the
shape of the container [18] or type 7 on the
Bristol Stool form scale [19].

Current methodology to diagnose Cl.
difficile-associated disease

A range of approaches have been
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Figure 1: Examples of volatile organic compounds and their odour
Table 1: Quantitative data for volatile organic compounds from Cl. difficile
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investigated and developed to allow products (e.g. glutamate dehydrogenase, typing and toxin testing, and antibiotic
diagnosis of CDI. These include non- volatile fatty acids and toxins), detection sensitivity testing) [18]. The most common
microbiological methods (e.g. clinical of CI. difficile genes (e.g. 16s rRNA, toxin methods of routine testing in laboratory
assessment, endoscopy, faecal leukocytes genes) and isolation and typing of CI. diagnosis are those related to the detection

and lactoferrin), detection of Cl. difficile difficile (e.g. culture and identification, of Cl. difficile products, and specifically




u C ATOIGRAPHY

toxins, in stool samples. Currently the most
common testing procedure is immunoassay
[18, 20, 21]; this is due to its relatively low
cost, rapid turnaround, and high specificity
[22]. Enzyme immunoassay does still suffer
from low sensitivity leading to false negative
results [22]. As a consequence isolation

of Cl. difficile by culture (and subsequent
demonstration of toxin production) is
regarded as the 'gold’ standard in spite of
the delayed time period to obtain a result
(48 hours) [23].

The role of gas chromatography for
identification of Cl. difficile

One approach that was proposed and
investigated in the 1980s was whether it was
possible to utilise the separation potential
and capability of gas chromatography (GC)
to detect the volatile metabolites which may
be indicative of Cl. difficile. It is interesting
to note that most studies at that time used
packed column GC which led to inferior
separation compared to modern fused silica
column technology (which were actually
developed in 1979)[24]. Several approaches
were adopted to investigate the suitability
of GC for Cl. difficile identification based on
VOC determination and these were: broth
media; bacterial colonies from agar plates;
and, direct stool sample analyses.

Moss and Nunez-Montiel [25] used the new
fused silica capillary column to separate
short-chain fatty acids derived from CI.
difficile. The bacteria were grown in a basal
broth medium (trypticase yeast extract-
salts broth) for 5 days prior to liquid-liquid
extraction, of the spent growth medium,
with diethyl ether. The acids present were
then derivatised to form their trifluoroacetyl
butyl esters. Extracts were analysed by
both GC-FID and GC-MS. The results from
a spent broth culture medium from Cl.
difficile strain CDC A567 were identified to
contain acetic, propionic, isobutyric, butyric,
isovaleric and isocaproic acids. In addition,
other major compounds identified were
phenylacetic acid and hydrocinnamic acid,
together with moderate amounts of indole-
acetic acid and 2-ketobutryric acid as well
as a small amount of p-hydroxyphenylacetic
acid. Two unidentified sulphur containing
compounds were also eluted from the
column but not identified. In all cases
identification was obtained by confirmation
of both El and Cl mass spectral databases
with authentic standards.

The same group [26] used a norleucine-
tyrosine (NT) broth for the identification of
Cl. difficile on the basis of caproic acid and
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p-cresol evolution. In a similar approach,
liquid-liquid extraction was used to extract
the compounds from the broth, using
either ether or chloroform, and analysing
the resultant extract with packed GC-TCD.
A total of 120 strains of Cl. difficile were
investigated including 2 stock strains and
a further 118 strains isolated from faecal
samples. All strains investigated produced
caproic acid and p-cresol in the NT broth
within 24-48 hours of incubation. Other
compounds identified included acetic,
isobutyric, butyric, isovaleric, valeric and
isocaproic acids. The authors proposed
that the identification of both caproic acid
and p-cresol from NT broths was sufficiently
reliable for identification of CI. difficile.

Further developments by the group [27]
led them to explore a range of amino acid
broths as culture media for CI. difficile

(and specifically strain CDC A-567). CI.
difficile was cultured in trypticase yeast
salt broth supplemented with L-leucine,
L-norleucine, L-isoleucine, L-tyrosine or
L-trypotophan. The spent medium was then
extracted using either chloroform or ether.
The extracts were then derivatised with
either trichloroethanol, heptafluorobutryic
anhydride or heptafluorobutryic anhydride
ethanol and analysed using packed GC
with a frequency pulsed electron capture
detector (provides extra sensitivity for
halogenated compounds). It was found that
isocaproic acid was produced in relatively
high concentration irrespective of the
growth medium used. It was proposed
that this approach could form the basis

of a rapid detection system for isocaproic
acid in Cl. difficile in stool samples. It was
noted however that reliance on detection
of isocaproic acid may be problematic

as Cl. bifermentans, which also produces
isocaproic acid, can also be present in
stool samples. The authors suggest that
the identification of compounds other than
carboxylic acids should provide the basis to
differentiate between CI. bifermentans and
Cl. difficile.

A similar approach was adopted by Johnson
et al. [28] in which stool samples from 746
patients, from two different medical centres,
were tested for the presence of Cl. difficile.
Stool samples were cultured for 48 hours in
Beckton Dickinson supplemental peptone
broth to which cefoxitin was added. A 1 mL
aliquot of the broth was then removed and
subjected to methylation in acid solution

at 56°C for 30 min. This sample was then
extracted in to chloroform and analysed

by packed GC-FID. In the presence of Cl.
difficile four distinctive peaks could be

identified: an unresolved peak immediately
prior to isovaleric acid; phenylacetic acid;
isocaproic acid; and, hydrocinnamic acid.

It was noted that as phenylacetic acid and
hydrocinnamic acid are not volatile acids
their identification would not be possible
except without methylation of the extract.
The authors proposed that this approach
eliminated the need to sub-culture for tests
requiring a pure isolate. They proposed that
the success of the method in detecting four
fatty acids, resulting from the metabolic

end product of ClI. difficile, was dependent
upon the precise preparation of the sample;
specifically the use of freshly thawed
cefoxitin. Failure to adhere to the procedure
would result in false positive results being
obtained.

Sivsammye and Sims [29] adopted the idea
of Levett and Phillips (1985) by using broth
supplemented with p-hydroxyphenylacetic
acid for the presumptive identification of

Cl. difficile in a more rapid timescale i.e.

18 hours. p-Hydroxyphenylacetic acid was
targeted for this broth as it has been shown
that ClI. difficile decarboxylates it to p-cresol
[30, 31]. A total of 282 organisms was tested
including 47 stock strains of Cl. difficile,

180 test organisms isolated on brain heart
infusion agar-cefoxitin from 80 patients, Cl.
difficile ATCC 43593 and ATCC 43594, as
well as 53 negative control species, were
analysed. The broth used was pre-reduced,
anaerobically sterilised (PRAS) peptone yeast
glucose (PYG) broth supplemented with
p-hydroxyphenylacetic acid for a one step
identification of CI. difficile based on the
analysis of p-cresol by packed GC-FID. It was
found that all 49 stock and reference strains
of Cl. difficile and 19 organisms confirmed as
Cl. difficile produced p-cresol. It was noted
that ClI. difficile did not produce p-cresol

in the broth (PYG) without the addition of
p-hydroxyphenylacetic acid; also, p-cresol
was not detected in uninoculated broth or
broth with p-hydroxyphenylacetic acid.

In order to speed up the identification
process of Cl. difficile from faeces an
alternative approach was adopted by Levett
and Phillips [32]. The identification of Cl.
difficile from faeces via selective media

and procedures involving the isolation of
pure cultures and biochemical testing can
take up to 5 days. Therefore any approach
that can speed up the early diagnosis of

Cl. difficile is beneficial in the diagnostic
laboratory. In their research they obtained
190 stool samples, from hospitals around
the UK, from patients with diarrhoea
thought to have resulted from the presence
of Cl. difficile. All samples were cultured




on modified cycloserine cefoxitin fructose
agar (CCFA) medium plates and incubated
for 48 h at 37°C. For the packed GC-FID
analysis a plug of agar was removed from
an area of the plate containing growth of
suspected Cl. difficile. To this sample was
added 1 drop of water which was left for

10 min at room temperature. Then, 1 pL

of the aqueous extract was analysed by
GC-FID. Analysis of pure cultures of Cl.
difficile on the modified CCFA medium,
without antibiotics, identified isocaproic
acid, caproic acid and p-cresol. In addition,
analysis of Cl. bifermentans, Cl. sordellii
and ClI. sporogenes identified isocaproic
acid, caproic acid, gamma-amino butyric
acid and d-amino valeric acid. Isocaproic
acid, caproic acid and p-cresol were not
detected in uninoculated CCFA medium;
these compounds were also not identified
in cultures of Cl. butyricum, CI. glycolicum,
Cl. innocuum or ClI. paraputrificum. However,
it was possible to identify isocaproic acid
and p-cresol (but not caproic acid) from Cl.
scatologenes NCTC 9800. Cl. difficile was
isolated in 35% of all stool samples analysed
i.e. 66 samples. A characteristic pattern of
peaks was identified for the presence of
isocaproic acid, caproic acid and p-cresol

in 66 of the stool samples; all of these
samples produced a growth of Cl. difficile.
It was noted that no other inoculated plates
contained all of these metabolites. The
authors proposed that the use of a plug of
modified CCFA medium facilitated definitive
identification of CI. difficile within 24-48
hours.

An approach to use GC as a screening

tool for toxigenic ClI. difficile in diarrhoeal
stools was used [33]. In this case a portion

of the stool sample (1.5 mL) was mixed

with phosphate-buffered saline (PBS) and,
after acidification, extracted with ether.

The resultant extract was then analysed by
packed GC-FID. Fatty acid compounds were
identified by comparing their retention times
with those of known standards. A total of 154
stool samples were analysed; of these, 129
samples produced no significant peak (< 1.2
cm) for isocaproic acid and were also found
to be toxin-negative. The authors concluded
that the lack of a ‘significant’ isocaproic

acid peak was a rapid screening test for
excluding Cl. difficile infection; moreover
positive results (i.e. a ‘significant’ isocaproic
acid peak identified) must then be checked
by toxin testing and culture for the presence
of Cl. difficile (and its associated toxin).

In direct contrast however, Levett [34]
reported that the GC analysis of fatty acids
or p-cresol in faeces was not satisfactory

as a screening test for the presence of Cl.
difficile. In this work 110 stool samples

were obtained from around the UK from
patients suspected of suffering from CDI.

A 50% (w/v) suspension of faecal samples
was mixed with PBS, and after acidification,
extracted with diethyl ether, and analysed
by packed GC-FID. The author reported

no association between the presence of Cl.
difficile or cytotoxin and acetic, propionic,
isobutyric, butyric or valeric acids. However,
significant associations were found between
Cl. difficile and the presence of isovaleric
acid (isovaleric acid detected in 85% of
stool samples), ClI. difficile and isocaproic
acid (isocaproic acid detected in 41% of
stool samples) and Cl. difficile and p-cresol
(p-cresol detected in 52% of stool samples).
However, no correlation was found between
Cl. difficile and the combined presence of
isovaleric acid, isocaproic acid and p-cresol.
The author concluded that the high rate

of false negatives associated with the
detection of isocaproic acid and p-cresol
coupled with the fact that other organisms
(Cl. bifermentans, Cl. sordellii and ClI.
sporogenes) can produce isocaproic acid
makes the GC approach unreliable as a
screening test.

However, further support for the use of
isocaproic acid as a marker for the screening
of CDI was reported [35]. In this study [35]
90 stool samples were investigated using
packed GC-FID and the results compared
with both culture on a selective medium
and cytotoxin assay in tissue culture. Faecal
samples were extracted in either acidified
ether or acidified PBS in ether. Identification
of eluted compounds was done using
known standards and their retention times.
Using a combined determination of both
isocaproic acid and butyric acid (butyric acid
was chosen arbitrarily as representative of
volatile fatty acids as it was present in almost
all samples; 8 samples did not contain
butyric acid) the authors were able to
identify three categories: positive, negative
and indeterminate. A positive result was
indicated by isocaproic acid having a peak
height > 0.5 cm; for samples with a peak
height < 0.5 cm were also considered
positive provided the peak height for butyric
acid was < 5 cm. Negative samples were
characterised by having either no signal

for isocaproic acid or a signal < 0.5 cm and
butyric acid > 5 cm. Samples were classed
as indeterminate if they had no discernible
peak for isocaproic acid and a peak for
butyric acid of = 5 cm. By excluding the
indeterminate group it was possible to use
the predictive capability of GC to confirm

87% of positive cases and 85% of negative

cases compared to culture on a selective
medium (cycloserine-cefoxitin-fructose
agar) and 71% of positive cases and 95% of
negative cases compared to cytotoxin assay.
The authors identified that the number of
false positives was relatively small (11%)
when compared to the culture method;
however, the percentage of false negatives
was large (41%). In comparison with the
cytotoxin assay however the percentage
of false negatives was fewer (27%). They
concluded that their semi-quantitative
approach using isocaproic acid and butyric
acid provided a rapid provisional diagnosis
with a high predictive value in at least
2/3rds of cases. They suggested that their
GC approach could be helpful to decide
whether to start prompt and appropriate
treatment while obtaining definitive
diagnosis of Cl. difficile associated disease
by alternative approaches e.g. cytotoxin
assay, along with further decisions about

patient treatment.

The use of GC to identify the VOC profile
from CI. difficile in a clinical environment
was however rapidly rejected as a suitable
way forward [18, 32] due to the contradictory
results reported [32]. Nevertheless
development in GC technology including
the ability to effectively separate multi-
component mixtures and the use of the
mass spectrometer, as the detector of
choice, has meant that some research

has re-emerged in recent years [37, 38].
While the paper by De Preter et al. [38]

is concerned with the optimisation of the
purge and trap system for screening faecal
samples; data is provided however on the
identities of VOCs from 11 stool samples
from healthy volunteers. The analysis of the
faecal samples identified 135 different VOCs
of which 22 were found in all volunteers.

In contrast, Garner et al. [37] investigated,
using SPME-GC-MS, VOCs profiles from
both healthy donors and those patients
with gastrointestinal disease (including Cl.
difficile). In total 111 stool samples were
obtained of which 22 were from patients
suffering from Cl. difficile. The research
identified 297 VOCs across all samples

of which the following were present in all
samples: ethanoic acid, butanoic acid,
pentanoic acid, benzaldehyde, ethanol,
carbon disulphide, dimethyldisulphide,
acetone, 2-butanone, 2,3-butanedione,
6-methyl-5-hepten-2-one, indole and
4-methylphenol. Specifically 145 VOCs
were found in stool samples from patients
diagnosed with Cl. difficile. Discriminant
analysis was done on selected VOCs (32
specific and identified compounds) from the
stool samples of asymptomatic volunteers,
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Figure 2: Headspace-solid phase microextraction gas chromatography mass spectrometry (HS-SPME-GC/MS) of
(A) Cl. difficile culture +ve; toxin +ve, (B) Cl. difficile culture +ve; toxin —ve and (C) Cl. difficile culture —ve; toxin
-ve stool samples.

NOTE: The main peaks are 11.7 mins (butyric acid)), 13.7 mins (isocaproic acid), 14.4 mins (2-fluoro-4-methylphe-
nol) and 16.6 mins (p-cresol).
[The peak at 12.3 mins is N-methyl-pyrrolidone, the solvent used to dissolve amphotericin. The peak at 6.4 mins

and other smaller peaks are either unknown compounds evolving from the broth or background noise from the
SPME fibre.]

patients with either Campylobacter jejuni,
Cl. difficile or ulcerative colitis, and was
found to produce clustering of cases into 4
distinct groups. The authors indicated that
SPME-GC-MS is an effective approach for the
rapid qualitative analysis of the VOC profile
of stool samples. They also postulated that it
should be possible to differentiate between
diseases by identification of a small number
of compounds.

Development of a gas
chromatography based approach for
identification of CI. difficile

A new approach was therefore required

if GC was to have any potential for

early diagnosis of CI. difficile. The new
approach sought to utilise previous work
[30, 31] that had indicated that CI. difficile
decarboxylates p-hydroxyphenylacetic acid
to p-cresol. The basis of the developed
approach was to add a designer enzyme
substrate to the sample that would be
liberate a unique VOC characteristic of
Cl. difficile only. The selected designer
enzyme substrate was 3-fluoro-4-
hydroxyphenylacetic acid (FHPAA) which
would decarboxylate in the presence of
Cl. difficile to liberate the VOC 2-fluoro-4-
methylphenol.

Experimental
Chemicals and reagents

Isobutyric acid (99%), butyric acid (=

99%), isocaproic acid (99%), caproic

acid (99%), p-cresol (99%) and 3-fluoro-
4-hydroxyphenylacetic acid (98%) as

well as D-cycloserine, amphotericin and
cefoxitin sodium salt were purchased from
Sigma-Aldrich (Poole, UK). 2-Fluoro-4-
methylphenol (98%) was obtained from Alfa
Aesar (Morecambe, UK). All solvents were
of analytical reagent grade and purchased
from Fisher Scientific (Loughborough,

UK). Cooked meat granules and CCEY
agar (cycloserine cefoxitin egg yolk agar
or Brazier's agar) were obtained from
BioConnections (Wetherby, UK). Brain
heart infusion (BHI) broth and Columbia
blood agar were purchased from Oxoid
(Basingstoke, UK) and Taurocholic acid,
sodium salt (= 90%) from Calbiochem
(Nottingham, UK). The chromogenic agar
chrom ID CI. difficile used for determining
method sensitivity was obtained from
bioMérieux (Marcy I'Etoile, France).

SPME fibres (85 pm polyacrylate (PA)) for
extracting bacterial VOCs were purchased
from Supelco Corp. (Bellefonte, PA, USA).
All fibres were conditioned in the GC




injection port prior to use as directed by
manufacturer’s guidelines. All fibres were
used with a manual holder.

Instrumentation

Gas chromatography/mass spectrometry
(GC/MS) analysis was performed on a
Trace GC Ultra and Polaris Q ion trap

mass spectrometer (Thermo Scientific,
Hemel Hempstead, UK) with Xcaliber 1.4
SR1 software. Separation of VOCs was
carried out using a 30 m x 0.25 mm ID x
0.25 pm VF-waxMS capillary column (Varian,
Agilent Technologies, Stockport, UK). The
temperature program used was: 50°C held
for 2 min then increased at a rate of 10°C/
min to 220°C with a final 2 min hold. The
split-splitless injection port was held at
230°C for desorption of volatiles in split
mode at a split ratio of 1:10. Helium was
used as the carrier gas at a constant flow
rate of 1.0 mL/min. MS parameters were
as follows: full-scan mode with scan range
50 - 650 amu at a rate of 0.58 scan/s. The
ion source temperature was 250°C with an
ionising energy of 70 eV and a mass transfer
line of 250°C.

Identification of VOCs was achieved using
the National Institute of Standards and
Technology (NIST) reference library (NIST
Mass spectral library, version 2.0a, 2001)

as well as the comparison of the retention
times and mass spectra of authentic
standards. In addition, a dedicated mass
spectral library was built in-house using mass
spectra of authentic compounds to confirm
the identity of detected VOCs.

Microbiology

Cl. difficile ribotypes R-015, R-106 and
R-064 were obtained from the Microbiology
Department, Freeman Hospital, Newcastle
upon Tyne. All bacteria were sub-

cultured on Columbia blood agar with 5 %
defibrinated horse blood and incubated

at 37°C under anaerobic conditions.

Stool samples were clinical samples and
were obtained from the Microbiology
Department at the Freeman Hospital where
they were confirmed as Cl. difficile culture
positive, toxin positive or Cl. difficile culture
positive, toxin negative or Cl. difficile
culture negative, toxin negative. All stool
samples were tested for GDH (glutamate
dehydrogenase) which is an enzyme
produced by CI. difficile. To culture CI.
difficile, samples were first subject to alcohol
shock. This included emulsifying a small
volume of sample with an equal volume of
96% ethanol and left at room temperature

Table 2: Concentration of volatile organic compounds in Cl. difficile stool samples (mean + standard deviation) (ppm)

vOC Clostridium difficile | Clostridium difficile | Clostridium difficile

culture +ve; culture +ve; culture -ve;

toxin +ve toxin -ve toxin —ve

n | Mean = SD n Mean = SD Mean = SD
2-Fluoro-4-methylphenol | 52 | 11.1 £ 9.9 12 | 5.6+48 0 N/A
Butyric acid 15 | 94.1 +103.3 2 227.5+2439 |2 133.5 £ 82.1
Isocaproic acid 40 | 80.3+71.9 7 1348 + 1441 | 2 19.7 £ 0.91
Caproic acid 8 [163+105 18117 0 N/A
p-Cresol 48 | 0.56 +0.59 1.11+£1.33 16 1 0.13+0.10

for 30 minutes. Then, 50 plL of this
suspension was inoculated onto CCEY agar
and plates were incubated anaerobically

at 37°C for 48 hours. Growth of ClI. difficile
was identified by colonial appearance,
fluorescence under UV light and MALDI-
TOF- mass spectrometry (Bruker, Coventry,
UK). To test if samples were Cl. difficile
toxin positive or negative, samples were
put through the VIDAS toxin A/B detection
system (bioMérieux, Marcy |'Etoile, France).
This involved sub-culturing Cl. difficile into
a cooked meat broth and incubating for

48 hours. An aliquot of this broth was then
centrifuged at 13,000 rpm for 5 minutes. The
supernatant was then tested with the VIDAS
toxin A/B detection system.

HS-SPME GC/MS procedure

Bacterial volatile organic compounds

were extracted from the headspace of
samples and concentrated via SPME before
desorption in the hot GC injection port.

All samples were held at 37°C in a water
bath for 30 minutes prior to VOC extraction
and kept at this temperature throughout
sampling. A fused-silica SPME fibre with
PA coating pierced the PTFE septum and
was exposed in the headspace of the vial
for 10 minutes. All fibres were conditioned
according to manufacturer’s guidelines prior
to use. Immediately after VOC extraction
the SPME fibre was exposed in the hot GC

Table 3: Statistical Analysis of Dataset.

injection port for 2 minutes for desorption of
bacterial VOCs.

Results and Discussion

Identification and quantification of bacterial
VOCs

Calibration graphs of the VOCs p-cresol,
2-fluoro-4-methylphenol and the fatty acids
isobutyric acid, butyric acid, isocaproic acid
and caproic acid were prepared by spiking
VOC standards of known concentration
into 10 mL cooked meat broth to which

2.5 g/L sodium taurocholate, 250 pg/mL
D-cycloserine, 8 pg/mL cefoxitin and 4 pg/
mL amphotericin were added, followed

by incubation of spiked blank at 37°C and
subsequent extraction of VOCs. HS-SPME
procedure and GC/MS parameters were
consistent with those used for bacterial
VOC analysis. VOCs were quantified using
external calibration and the values for limit
of detection (LOD) and limit of quantification
(LOQ) were determined as the peak area 3
times the signal to noise ratio and 10 times
the signal to noise ratio, respectively. The
results are shown in Table 1.

Application of method to stool samples

The developed method for analysis of stool
samples was as follows: all samples were
subjected to alcohol shock, centrifuged at
13,000 rpm for 5 minutes, ethanol removed

vocC Cl. difficile culture | Cl. difficile culture | Cl. difficile culture
+ve; toxin +ve +ve; toxin -ve -ve; toxin —-ve
A B A B A B
2-Fluoro-4-methylphenol | 52 100 12 100 0 0
Isobutyric acid 1 1.9 2 16.7 0 0
Butyric acid 15 28.8 2 16.7 2 8.7
Isocaproic acid 40 76.9 7 58.3 2 8.7
Caproic acid 8 15.4 2 16.7 0 0
p-Cresol 48 92.3 9 75.0 16 69.6

A = number of Cl. difficile positive samples

B = percentage of Cl. difficile positive samples
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and solid inoculated into 10 ml cooked meat
broth. The broth contained 250 pg/mL
D-cycloserine and 8 pg/mL cefoxitin, 4 ug/
mL amphotericin, 100 pg/mL FHPAA and
2.5 g/L sodium taurocholate. The method
was applied to 100 stool samples in a blind
study with quantification of VOCs. A 10
mL blank cooked meat broth was analysed
during every day of sampling. Post (HS-
SPME-GC/MS) analysis the stool samples
were confirmed as 60 culture positive,
toxin positive; 17 culture positive, toxin
negative and 23 culture negative, toxin
negative. Typical chromatograms, obtained
by HS-SPME-GC/MS of stool samples, for
Cl. difficile culture +ve and toxin +ve; Cl.
difficile culture +ve and toxin —ve; and,

Cl. difficile culture —ve and toxin —ve are
shown in Figure 2. Table 2 summarises the
concentration of the six VOCs per stool
sample while the statistical analysis of the
entire sample dataset is shown in Table 3. It
is concluded that 2-fluoro-4-methylphenol
provides a unique identifier between CI.
difficile positive and Cl. difficile negative
samples. It is not possible to differentiate
between Cl. difficile positive toxic positive
and toxic negative. No other fatty acid or
p-cresol offers any form of selectivity to
differentiate between Cl. difficile positive
and negative samples.

Conclusions

The developed method allowed confirmation
of the presence of Cl. difficile with very high
specificity (100%) after 18 h. This innovative
approach of exploiting novel enzyme substrates
that release unusual VOCs that are not normally
found in bacterial cultures, may find application
in the detection of other bacterial pathogens in
clinical or food microbiology.
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