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Microbial volatile organic compounds as indicator s of fungi. Can an
electronic nose detect fungi in indoor environments?
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Abstract: The paper presents a review of several studieReddtection of microbial volatile organic
compounds (MVOCs) considered as indicators of fungatamination. As fungi produce specific profijles
fingerprints of volatile compounds, the electronase technology is a very promising opportunityrégid and
non costly detection of fungi in buildings. E-noses able to distinguish between mouldy and nontdyou
samples, and also to recognise certain speciasgf.fHowever, two limiting factors may appear daa for
employment of electronic noses in indoor fungi déts: low concentrations of MVOCs and presence of
interfering substances in indoor environments.
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1. Introduction

Moisture damage and subsequent microbial developarerone of today's most frequent causes of health
complaints in buildings. Most of the symptoms calisg moulds are not specific, and they can beasil
confused with symptoms provoked by other indoofypahts. Allergies, irritations, infections, toxédfects and
general symptoms are the complaints frequently egetbto fungal exposure. A relationship between the
dampness and/or fungal contamination and those teyngphas been documented in many studies [1-8].

Visual inspection may be sufficient in some casegsible massive development of fungi, for exampields
for mitigation action regardless the results oflgses or the presence/absence of symptoms. Hidunenes of
fungi are much more problematic. In such caseshtiilding inspection provides less pertinent infation. In
fact, building characteristics seem to lerely correlated with effective humidity protris, fungal
development, and/or health problems [9,10].

Fungal contamination in a building has traditiopdleen described as quantity of viable fungi debeesh from
air, settled dust, surface and building materiaiglas. This method presents however several incoenees,
like long time of analyse and possibility to detenty viable airborne spores.

Therefore other possibilities to evaluate fungaidtamination in indoor environment are searchedsé&he
possibilities include determination of levels ohflal components and products such as ergostef3)kbgta-
glucan, mycotoxins and microbial volatile organiergpounds (MVOCS).

2. Microbial volatile organic compounds
Recently, some trends to use MVOCs analyses irstigations of damp buildings have arisen.

Moulds are reported to produce a wide range oftidelarganic compounds (VOCSs). Alcohols, ketones,
terpenes, esters and sulphur compounds are thailprgwones [11-13]. The volatile production is hiig species
dependent [12-17]; traditionally it was used tcsslfy fungi to species level.

Some differences were also found among strainseo§ame species. In the study of Jelen et al. {i8]pattern
of volatile sesquiterpenes was characteristic astthdtive for both toxic and non-toxic strains. iNoxic strains
of Fusarium sambucinuproduced much less sesquiterpenes with less chiediveasity in comparison with
the strains producing the trichothe-cenes toxime fgroduction of volatile terpenes seems to bestinio the
formation of trichothecenes in tle sporotrichoidesultures, and thPenicillium verrucosunstrain that is
capable of synthesising ochratoxin shows an acelémproduction of volatile ketones compared witon-
toxigenic strain [19].

The substratum on which the fungi grow, and thérenmental conditions were reported in many stutbes
influence the volatile production [12, 13, 15, 2¢k:2Many of the volatiles are produced by only epecies, and
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often on only one medium [17]. In the study of Féecbt al. [22], more than 150 volatile substarbesved

from cultures of 12 fungal species have been dede&ach species had a defined MVOC profile, aad th
cultivation on different substrata changed the neinamd concentration of volatiles. Borjesson ef2dl]

showed that alcohol production Bgnicillium aurantiogriseurmvas highest during growth on oat grain, whereas
the production of terpenes was most pronouncedjansubstrates. This observation is concordant tivéh

report of Rose et al. [23] who analysed VOCs fi@nviridicatumandMethylobacterium mesophilicugrowing

on laboratory media and on component materialsitafraobile air conditioners. In comparison with lediory
media, fewer volatiles were detected from foam laison materials. On laboratory medRyiridicatum

produced mainly terpenes and alcohols; on insuiatiaterials, it produced offensive smelling alcshahd

esters, such as 2-methyl-1-propanol and 3-pentein-2-

The highest MVOC production associated with seconflmgal metabolism (specifically terpenes and
sesquiterpenes) seems to occur prior to and dagogulation and mycotoxin production [25]. In gealer
conditions favouring growth also favour the prodluetof secondary volatile metabolites [26], buttfas that
favour the production of one VOC may be unfavouablthe production of another one [27]. VariousG&D
are products of microbial activity, however no $ngOC seems to be a reliable indicator of bioconitetion
in building materials [28]. Some of the volatilenspounds are detected more often than others, aisé th
compounds could eventually indicate fungal contatidm in buildings. In fact, VOC analysis by GC/SMa
building with a history of Sick Building Syndromgmptoms and microbial growth revealed unusual Eoél
several MVOCs: 2-methyl-1-propanol, dimethyl digiéf dimethyl trisulfide, dimethyl tetrasulfide agd
ethylhexanol [29]. The authors found that using M8&as mould growth indicators necessitates sonted{in
control or "normal” levels for the selected voktilompounds. This is difficult because few MVOGs amique
for microbial growth, and some of them (geosmin andethylisoborneol, for example) are often noedgdd.

From several so-called MVOCs analysed by Elke.g88] in damp and mouldy houses, 3-methylbutar;1-0
hexan-2-one, heptan-2-one and octan-3-ol were fouibé the most reliable indicators for mould fotioa A
correlation was found betwedspergillus spand heptan-2-one, hexan-2-one, octan-3-ol, octane3and
alpha-terpineol, while the occurrencekafrotium spwas correlated with higher indoor air concentratioh3-
methylbutan-1-ol, 3-methylbutan-2-ol, heptan-2-dman-2-one, octan-3-ol and thujopsene.

Strém et al. [31] investigated VOCs as a mean®ted the occurrence of fungi and bacteria withiilding
constructions. Fifteen compounds considered teleetvely produced by fungi and bacteria were meskin
houses suffering from indoor complaints, in refeeehouses, and outdoors: 3-methylfuran, 3-methyltanol,
3-methyl-2-butanol, 2-methyl-1-propanol, 2-pentar@shexanone, 2-heptanone, 3-octanone, 1-butanol, 3
octanol, l-octen-3-ol, 2-octen-1-ol, 2-methy-lisobeol, geosmin and 2-isopropyl-3-methoxypyra-zihe.
significant increase was observed in the conceatraf MVOC in houses with microbial odour problems
compared with unaffected houses and outdoor aipkesm

Some recent studies have shown that commonly us&d®4 indicate the presence of excess moisture in
building materials rather than exclusive fungalvgio[32]. However, considering the high frequenty o
microbial growth in humid materials, MVOCs can tsd in detection of hidden biocontamination as alin
detection of moisture problems, risk of fungal depenent and odour complaints in buildings.

The great diversity of microbial volatile produgctichat has been reported in the literature, makesélection of
fungal indicators quasi-impossible. The selectiendmes especially difficult by the fact that no pamnd was
found to be produced by every species in any cimmdit The detection of moulds cannot be thus basdtie
presence of a single substance but on the coegestarseveral relevant compounds. Actually, it besn
suggested that MVOC diagnosis should be basedeoprésence of several compounds forming charatiteris
patterns [11,22,32-34]. These compounds, most offported in different studies, are alcohols, kefn
terpenes, furanes, and sulphur compounds (Table 1).

In all mentioned studies, the detection of MVOCswarried out by sampling into carbon-based or TENA
adsorbents, and analysing by gas chromatographynasd spectrometry. This method, very specific and
sensitive, requires however experience and splatiatatory equipment, takes time and is relatiegensive.
In looking for rapid and simple methods to deteatrobial contamination, researchers got interestexh
instrument called "electronic nose". Regardingwloeking principle of electronic nose, this instrumhshould
be able to recognise the patterns of compoundteceta the presence of fungi or excessive moisture.
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Table 1: Microbial volatile organic compounds frequently ogfed in the literature

Chemical group Compound Reference

Alcohols 2-methyl- 1-propanc[11,35,12,16,36,39,31,17,13,42]

3-methyl- 1-butanol [11,12,28,16,36,39,31,17,13,40-42]
2-methyl- 1-butanol [11,12,17]

3-octanol [12,37,31,17]
[-octen-3-ol [11,35,12,28,36,19,39,31,17,40,41]
1-hexanol [28,16,13]
1-pentanol [28,36]
2-methyl-isoborneol [19,31]
Geosmin [35,16,39,31,17]
Terpenesand Limonene [11,28,19]
Pinene [11,16,19]
Sesquiterpenes [17,42]
Ketones 3-octanone [28,16,36,38,39,31,17,40]
2-heptanone [35,16,31,13,42]
2-pentanone [16,13,42]
Furanes 3-methylfuran [19,31,17]

Sulphur compounds Dimethyl disulfide  [35,17]

3. Electronic nose

An electronic nose tries to mimic the three phade¢be human olfactory system: detection, signatpssing
and recognition/interpretation of odours. The sesmiemployed in electronic noses are non-specifimelans
that they are not selective to a given chemicalpaund, but sensible to nearly all compounds, aigthtty

more to one chemical family, such as organic sdbdatty acids, sulfurous gases, etc. This wag résponses
of the sensors produce patterns characteristiegon chemical mixture presented to the sensor.a8say
presenting many different chemicals to the sensalyaa database of patterns or signatures is il his
database is used to train the pattern recognitistem, and afterwards it allows recognising onenftbe odours
stored in the memory.

As an odour is a mixture of gaseous compounddatwely low concentrations, the electronic nosigiple
can be applied in detection and monitoring of aagegpus mixture, even if this mixture does not smell

Electronic noses are already used in several danaiainly in food industry. They found application
discriminating between different kinds of coffer dietecting spoiled fish, in classifying cheesgetable oil or
beer, etc. In the past few years, some studiesesthaonility of electronic nose to detect diseasesefabolic or
microbial origin. Ping et al. [43] analysed thedtfeof 18 diabetic and 14 normal volunteers be#or after
meal. The results showed that analysis of expiiedfter the test meal might be a reliable monitigrmethod.
Odours over the headspaces of leg ulcers havedredysed with an electronic nose comprising 20 aotide
polymers [44]. A two-dimensional odour map demaatsttl clear differences between ulcers infected with
Staphylococcus aureasd withStreptococcuspecies. In 1997, Hanson and Steinberg [45] reghdinie use of a
32-sensor array electronic nose to diagnose theepoe of pulmonary infections. He obtained a good
discrimination between nine infected and ten urutefe intensive care patients.

These and several other studies [46-51] proveath&lectronic nose reacts on volatile productsiofahial
metabolism, and that it can detect the presenag@i@borganisms in different kinds of samples.

4. Electronic nose for fungal detection

Electronic noses seem to be particularly usefgkireal grains qualification. The information onextxse or
presence of fungi and mycotoxins is required immtsdly, and commonly used biological methods giee th
results only after few days. Therefore the possil to use electronic nose for fungal detecti@menexamined
mainly in this domain. The studies show that seas@ys and different techniques of statisticalysis should
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allow detecting and classifying selected fungakegm

Jonsson et al. [48] used an electronic nose, dingisf different types of sensors, to analyse dampf oats,
rye, barley and wheat with different odours, difetr levels of ergosterol and colony forming un@&ys). A
pattern recognition technique based on an artificéaral network (ANN) could predict the odour des of
good, mouldy, weakly and strongly musty oats withigh degree of accuracy. In wheat, ANN predictinese
correlated with measured ergosterol and with fuagal bacterial CFUs.

Olsson et al. [38] examined the possibility of gsélectronic nose or gas chromatography combinéu mwass
spectrometry (GC-MS) to quantify ergosterol and Glinaturally contaminated barley samples. Thieto
samples were misclassified using data from thereleic nose, while data from analysis of the vdgati
compounds detected with the GC-MS led to six misified samples. Regression models (partial lepstres
(PLS)) were built to predict ergosterol- and CFueks with data from the GC-MS and electronic nose
measurements. PLS models based on both GC-MS ecitaglic nose data could be used to predict the
ergosterol levels with high accuracy and with lowan square error of prediction. CFU values couldoeo
predicted with the same degree of confidence.

In 2002, Olsson et al. [52] compared the presehosyaotoxins with the presence of VOCs in grain paas.
The samples were evaluated with regard to moistoméent, fungal contamination, ergosterol context lavels
of two mycotoxins: ochratoxin A and deoxynivalenédtlatile compounds were analysed using gas
chromatography and an electronic nose. Data weakiaed by multivariate data analyses such asipeghc
component analysis (PCA) and PLS. Using the velatimpounds detected and quantified by either GGMS
the electronic nose, it was possible to classiéyghmples according to the content of mycotoxitsvber

above the maximum limit established by the Swetliational Food Administration (for ochratoxin A: kg
cereal grain). The electronic nose misclassifiagsewhereas the GC-MS system misclassified thf&& o
samples.

Six spoilage fungi (fouEurotiumsp., aPenicilliumsp. and aWallemiasp.) isolated from cereal grain were
cultivated on laboratory medium and analysed witkelectronic nose consisting of 14 polymer seng8k
Normalized data were analysed by PCA, discrimifiamttion analysis (DFA) and cluster analysis. Fo¥¢he
species could be differentiated using this approatiile the related species Bfirotium amstelodanandE.
herbariorumcould not, at an early stage of growth (48 h). &etietection patterns were observed after 72 h
incubation. With the same electronic nose systeashii et al. [54] were able to differentiate betwee
mycotoxigenic and non-mycotoxigenic straind~asarium moniliformendF. proliferatum,and thus to answer
whether the grain is not dangerous for consumption.

5. Electronic nose for indoor mould detection

The ability of electronic noses to distinguish bedw good and mouldy cereals permits thinking tiey tan
find application in indoor fungal detection. The&is quite new, and has not been well examinddrs&ome
recent studies prove however that this new apjbicas feasible.

Schiffman et al. [55] investigated the possibititydetect and classify five fungal species commdniynd in
indoor environments, using an electronic nose. ayaof 15 metal oxide sensors was used for meagwdour
in air samples, and the data were analysed witbiagbedeveloped signal processing algorithms. hine
discriminant analysis (LDAX nearest neighbours (KNN) and least square andlySiswere employed to
classify the data. The electronic nose was capatftdéscriminating among the fungi with up to 96%¢a@cy. It
was also able to recognise selected five VOCsateemitted by fungi (ethanol, 2-methyl-1-propariel,
pentanone, 3-octanol and 3-octanone).

Persaud et al. [56] used an array of 32 sensodef@ction of dry rot wood decay fungi. The systéilises
solid phase microextraction headspace sampling@ctdcombination with metal oxide semiconductars®
technology. Mass spectrometry detection resultpifoe in the early stages of infection have idédifvolatiles
that are mostly terpenoid in nature, the most preédant of which are: carene, fenchone, camphogieme
and 3-isopropyl toluene [57]. Laboratory trials bandicated that sensor sensitivity to VOC emission
accompanyingerpula lacrimangnfection of pine timber was sufficient to enablsadimination between
infected and uninfected samples (Fig. 1).

Schreiber [58] investigated the possibility to exdé perceived indoor air quality and to detectpttesence of
fungi in buildings with electronic noses. He used tommercial e-noses—MOSES Il and KAMINA. The
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results of the experiments with MOSES Il showed #massessment of the perceived air quality wasiple
with the e-nose. In the experiment with three maddciesAspergillus niger, A. versicolandCladosporium
sphaerospermumgrown on malt-extract agar, the PCA permitted tiedeinate that a mould is present, but it
did not permit to differentiate among different sjgs. The author suggested that the results shx@ulchproved
by indirect sampling and another more reproduciigeriment set-up.

Fig. 1: Principal component analysis of normalised sens@ponses for Serpula lacrymans infected and
uninfected samples (from Persaud et al. [56]).
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6. Discussion and trends

VOCs seem to be interesting indicators of moulag@nee in buildings. In comparison with biologicathods,
a classical analyse of MVOCs by GC-MS is fastecssithe results can be obtained the same day. ldsing
electronic nose could even shorten this time tesdminutes. MVOCs analyse permits to detect fimgfeir
early stage of development, before the productfcspores. Furthermore, it allows detecting moulds tio not
produce much spores or don't liberate them intatheas well as moulds growing in poorly accesstid
invisible areas, for example behind a wall papefatt, barriers such as vinyl wallpaper and pdiyktne
sheeting may impede spore transport whereas thaptdorevent the diffusion of MVOCs [31]. In sudhses,
biological methods will give negative results, ahd presence of fungi can be detected only witkrothethods.

One of the difficulties to use MVOCs as mould iradars is the great variety of substances produgddrii.
The choice of the compounds is a difficult task ahduld be based rather on a complex of substdoeig a
kind of "fingerprints" characteristic for mould$an on individual compounds. Electronic nose teldmo
responds well to this requirement since it utiligesdifferences of compounds' profiles to distisjiamong
different chemical mixtures.

Low concentrations found generally indoors can bmiing factor necessitating a preconcentratibthe
sample. Strom et al. [31] measured, using gas cimgnaphy—mass spectrometry, concentrations of MYOC
in houses with microbial odour problems, in refeehouses and outdoors. In contaminated buildthgsotal
concentration of 15 VOCs considered to be seldgtipwduced by micro-organisms varied between 5D an
100pg/m. In reference houses, the total concentratioh@same compounds was only slightly higher than in
outdoor samples, and was about 10 fg/Fhe laboratory of Air Quality Sciences in the US#ported, on base
of 600 samples from different buildings, that therge total MVOC level was 27 pgfmith a maximum of
2000 pg/m [59].

The detection limit of most sensors exceeds severséveral tens of pgArif a single sensor was sensible on
all MVOC:s, their total concentration should be ggiohigh to provoke the sensor's reaction. Howeagthe
sensors show some selectivity, they will react oly some of the compounds, and the concentratibtteo
microbial compounds may appear too low to be detedh order to increase the sensitivity of thettic
nose, a system of sample pretreatment can be aegess

Two different sample pretreatment methods have bgamined with e-noses: preconcentration, and agpar
of compounds. Sample preconcentration should laéng result the concentrations of compounds enbiggh
to provoke sensors' reaction. Separation, on tmer dtand, should allow the compounds of intereptigs
through while preventing interfering substancesstich the sensors.
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Membrane separators are often employed in analytissmuments, where they can function as sepasatod
purifiers. Nafion membrane separator is an exampteich a system. Nafion is a fluoropolymer with io
exchange capacity, and removes not only waterlbatwlatile alcohols and some other polar solveststter
et al. [60] used a Nafion drier to remove waterowagfrom samples. Using the Nation membrane imptove
sensitivity of the electronic nose (MOSES II) tdeste and discriminate coliform bacteria [60,61]€Th
improvement in the analytical capability was ob¢gihere by suppressing the background that was oonon
all samples. The components removed by Nationigodattly alcohols, are one of the most importaristances
that could allow differentiating between healthglanould infected buildings. Thus, the Nation drigit not be
a suitable sample preparation in the case of futgigction in indoor environments.

A great number of analytical methods use precomagonh techniques. The compounds are adsorbed on an
adsorbent, and then chemically or thermally deshrbeermal desorption systems are commonly used for
analyses of trace air contaminants by gas chromeby.

Such systems are however too big for portable r@leict nose applications. Strathmann [62] have desigand
tested several thermal desorption set-ups. Thédatap was made up of a small tube containingrag®f a
commercially available adsorbent raisin (e.g. T¢nawo heater elements enclosed the tube and ehsuen
temperature distribution along the trap. The sysiers capable of reaching 230°C within 2:30min. This
preconcentration set-up improved the sensitivitthefsensor system.

Glass or stainless steel capillaries packed witldthg adsorbent were tested by Lu et al. [63] in
preconcentrators prior to an array of polymer-coatérface acoustic wave sensors. The system pednitt
efficient chromatographic separation and low-pags-billion detection limits. It thus appear adetguiar
indoor air quality assessments for VOCSs.

7. Conclusion

Recent studies prove that detection of moulds layyamg microbial volatile organic compounds (MVQ@s
possible. In laboratory experiments, electronicesasould distinguish between sterile and contamdhat
samples. Mould detection in indoor environmentsawever more complex. A great number of substances
emitted by different sources inside buildings aaterifere in the analysis. In fact, many substapceduced by
fungi are also emitted by building materials, amel quantities produced by micro-organisms may behmu
lower than those emitted by other sources. Thisiggarticularly important for the e-nose techylaince the
sensors' sensibility may appear too low to det@etischanges in concentrations of compounds betantgi the
same chemical group. Sample preconcentration shioydcbve the results of the e-nose. Of the sampling
techniques offering a noticeable concentrationcgfi@dsorption followed by thermal desorption appede
most suited for electronic noses. Commercial thédasorbers presently used are not adapted foirefec
noses—they are big and complicated, and need atielq®ratory equipment. Small systems able ténatitee
temperature of 250 °C in few seconds should beldped, and the home-made prototypes seem enough
powerful.

Preconcentration of searched compounds means howe¥er concentrations of interfering substancewell.
These interfering substances are emitted by mamges, including the support on which fungi gromwsbme
cases, interfering substances may appear prepadeisuch a degree that the MVOCs become "hiddginte
the sensors used in e-noses are nonspecific, thlectmcentration of a particular chemical groupl laé more
relevant than concentrations of every substancesuming that MVOCs contribute significantly inabt
concentration of particular chemical groups, thiggpa of compounds in presence of moulds should be
sufficiently distinct to be recognised by an elentc nose. This aspect has not been evaluated,sanfd it
should become a prior subject in the investigatmirslectronic noses used for mould detection.
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