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1. Introduction 

The indoor air quality is an ever-increasing aspect of the human health, since people spend most 

of their time inside working or spending their free time. Simultaneously, there has been increase 

in irritative and respiratory problems with inhabitants of these spaces. These symptoms are 

remarked as sick building syndromes or building related syndromes since there hasn’t been 

found a single common determinator other than the indoor environment of the houses. The 

causative, however, is very hard to interpret since there is multiple sources that can have an 

effect of some sort. In general, these sources can be categorized on human, microbial, material 

and burning related sources. All of these are naturally encountered in urban indoor environment, 

but in the case of excessive emissions of compounds and particles, the accumulation inside 

might cause side effects for inhabitants. However, the knowledge of concentrations that would 

lead to adverse health effects for humans are under questioning, therefore, the national 

legislations on the concentrations of these substances are mostly guiding in the right direction.  

Microbial sources are unique from other sources by being ubiquitous and, therefore, having 

constant effect on all living organisms. However, urban environment and materialistic lifestyle 

in coupled with the increasing time spend indoors have made the material and the traffic related 

pollution sources more present in everyday lives. Nevertheless, the microbial metabolism is 

responsible for a large range of secondary metabolites and formation of bioaerosols. For extent, 

the fungal emissions are the most prominent ones from the microbial sources, since the growth 

of the fungus in the suitable circumstances can lead to sizeable emission of particles and 

secondary metabolites. The production of these constituents, however, is heavily dependent on 

environmental factors, and substrate’s nutrient properties. Consequently, the concentrations 

encountered in the indoor environments are usually carried over from outside and are not 

substantial enough to have a noticeable side effects for most of the people. The circumstance, 

however, change drastically when there is an extended amount of moisture and proper 

temperature available beside the organic building materials. This creates perfect conditions for 

the fungal growth, therefore, allowing the excessive production of these harmful fungal 

byproducts. In addition to the building related emissions, packed environments can be a source 

for fungi. For instance, great number of people in the public places such as school environment 

can release sizeable amounts of skin yeast particles. These particles can transfer into air due to 

the resuspension of the dust, which is caused by the movement of the inhabitants. Consequently, 

the crowded indoor environments can lead to the inhalation of the yeast bioaerosols.   
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The traditional way of assessing the mold contamination requires professional inspector who 

investigates the interiors of the reported house with the aid of moisture detector. When finding, 

a suspected mold spot, the inspector performs visual inspection on-site and does the sampling 

for the microscopic/culture analysis. The process, however, would require invasive methods for 

the sample preparation; therefore, less destructive, and easier methods are explored. One of the 

possible ways would be to utilize the metabolic products of the organism, for instance collecting 

the airborne fragments from fungal origin. These aerosols can be gathered in the special 

collectors that would differentiate particles by their size fractions. The collected samples could 

be theoretically analyzed under the microscope, but the sample would contain bunch of other 

airborne materials such as dust particles which would hinder the quantification of these 

fragments. Therefore, instead of the direct visual analysis, the fragments are planted into the 

suitable cultivation media for the fungal growth. In about a week the formed fungal colonies 

per sampled air are calculated which is used then as the measure for the fungal contamination. 

This method, however, requires a lot of time and space and multiple sampling time points would 

be needed for the conclusive results. Alternatively, the collected aerosols could be treated with 

the specific reagents to analyze the DNA content of the particles, consequently identifying the 

fungal species. However, similarly as the cultivation of the particles, the DNA analysis would 

not be cost effective way to analyze the fungal content of the indoor spaces. Therefore, instead 

of the aerosol analysis, the possibility of using the chemotaxonomy for the fungal contamination 

is an object of interest. Especially, the microbial volatile organic compounds have been 

thoroughly studied as the identifiers of the fungal contamination. However, there are several 

interferences in this approach. Main ones being the low concentrations encountered in the 

indoor environments coupled with other sources that share the same compound emissions. 

Therefore, alternative approaches could be beneficial to include for the identification of the 

fungal problems. 

In the experimental part of this thesis, the possibility of using less volatile fungal secondary 

metabolites as markers for sick houses was investigated. These compounds are thought to be 

enriched into the water of the room air and therefore, they could be analyzed by gathering 

moisture from the indoor air. In the conducted work, the indoor air moisture was collected with 

E-collector which utilizes dry ice for the water condensation. Since the concentrations of the 

fungal emissions are low, the solid phase extraction protocol was needed to enrich the 

metabolites. The final investigation included 23 metabolites which molar masses ranged from 

88 to 923. In addition to the validation of the solid phase extraction (SPE) and liquid 
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chromatography-tandem mass spectrometry (LC-MS/MS) methods for the quantitative 

analysis, the semi-quantitative scan analysis was conducted to find other suitable fungal marker 

compounds. In the end, nineteen compounds were successfully analyzed from the samples. 

Twelve of these were found to be elevated at indoors compared to the outdoor air and, 

furthermore, seven were not detected in the reference indoor air sample. From these seven 

compounds, three amino acids and caffeine are the most potential marker compounds for the 

fungal contamination since these compounds had consistently larger concentrations in the sick 

houses than outdoors. Furthermore, the precursor ion scan revealed nine more potential marker 

compounds.  

 

 

 

 

2. Literature review 

2.1 Indoor air quality and its effect to human health 

The healthiness of the indoor air is valuable since people spend increasing amount of their time 

indoors (even up to 90 %).1,2 Therefore, indoor air quality (IAQ) is an essential factor in our 

everyday lives. The bad quality of the indoor air is often referred as SBS (Sick building 

syndrome) due to adverse health effects it causes to the residents.3-5 The most common types 

of the symptoms are respiratory health problems, skin- eye- and nasal symptoms and general 

symptoms like headache and fatigue.6,7 Due to the general nature of these symptoms, they are 

categorized as BRS (Building-related symptoms) when no other connection to the symptoms 

than the house itself can be conducted.8 The lessening factors of the IAQ are numerous (Figure 

1): comfort determinants like temperature, humidity and 𝐶𝑂2, small gases like 𝐶𝑂, 𝑁𝑂2, 𝑂3 

and radon, organic compounds like VOCs (Volatile organic compounds) and MVOCs 

(Microbial volatile organic compounds), inorganic aerosol particles like black carbon, 𝑃𝑀2.5 

and 𝑃𝑀10 (particulate matter with the sizes of ≤ 2.5 µm and ≤ 10 μm in diameter), allergens 

such as mites, pet fur and pollen and bioaerosols of fungi and bacteria.  
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Figure 1. Indoor Air Quality factors 

The concern of the effect of the IAQ on the human health has risen in the past three decades 

since the prevalence of asthma has surged immensely during that time.9 For instance, the 

reports, from China and Taiwan are alarming, since they display over three-fold increase in 

asthma in 0-14 ages from 1990 to 2010 in the urban areas of the large cities10-12 and almost five-

fold increase of the childhood asthma in Shanghai during the 1990-2011 time period.13 To 

ensure human health in the future, EU (European Union) commission and WHO (World Health 

Organization) have taken an action and set limits for the concentrations of the known indoor air 

pollutants. These limits, however, are strongly reliant on the current understanding of the indoor 

air situation, which is heavily relying on a potential lacking knowledge of prolonged exposure 

to these pollutant concentrations. For instance, 𝑁𝑂2  and 𝑂3  gases have been associated with 

the sick building symptoms at lower concentrations than the suggested thresholds from WHO 

and national legislations.14 Whether the harmfulness is originating from the single compound 

or from the assortment of the multiple pollutants is also unknown and the surface is barely 

scratched in this area of research.  

Generally, the indoor air pollutions build up from outdoor sources or is directly emerging from 

the house environment as such which in the end results in a complex mix of compounds and 

particles at low or relatively high concentrations. The concentrations are dependent on various 

factors such as the location and the ventilation properties of the house. Particularly, poor 

ventilation has been associated with SBS.15-17 Consequently, adequate ventilation rates like 10 

L/s per person can considerably reduce the incidence of SBS symptoms.18 Air condition on the 

other hand decreases the ventilation usage, consequently, the increase of SBS related problems 

can be detected in some cases.19 For example, Cheung et al. discovered that when the air 

conditioning was in use, the mean concentrations of 𝐶𝑂, 𝐶𝑂2 and VOCs increased 312 %, 86 %, 
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and 22 % respectively.20 The most notorious outdoor source for indoor pollution is traffic 

related emissions. Therefore, the location of the building is a large factor for a future indoor 

environment, since living next to the high-traffic road in comparison to the less population 

dense area will result in a notable difference in IAQ.10,21 

Traffic and all kind of burning is a substantial source for particulate matter, VOCs, and small 

gases like nitrogen oxides and carbon oxides. Particularly, the burning of the fuels inside the 

house, for example during cooking, and usage of fireplaces, candles, or cigarettes, coupled with 

the bad ventilation can lead to elevated indoor concentrations of these detrimental 

substances.22-24 As for the adverse health effects, the traffic related air pollutants have been 

associated with reduced lung functions and prevalence of childhood asthma.21,25 Especially, 

particulate matter has been linked in the increase of cardiovascular and respiratory 

mortality.26,27 It is suggested that the adverse health effects from PM might not be triggered 

from the particles itself, but rather from absorbed organic and inorganic compounds in those.28-

30 Traffic is, furthermore, related to the creation of tropospheric ozone which forms during the 

reaction chain, requiring nitrogen oxides, VOCs, and sunlight.31 

Materials used indoors are responsible for most of the VOCs that are detected in the interior of 

the houses. The VOCs are being released from diverse sources, such as building materials, 

paints, cleaning agents, furnishings, fabrics, plasticizers, adhesives, floor and wall coverings 

and even from laser printers.32-35 Exceptional high concentrations of VOCs, for example, are 

linked into newly build houses where the concentrations, however, have been observed to 

decrease over time.36 In addition to the age of the residence, the temperature and humidity seem 

to have an important role for the increased emission of the VOCs from the materials.34,37,38 

Overall, it has been difficult to formulate correlations between the adverse health effects, and 

low level of individual VOCs encountered in indoor environments. However, the respiratory 

symptoms have been observed to be increasing with the number of VOCs detected.15,39 

Therefore, raising suspicion that the adverse health effects would be the consequence from the 

combination of different VOCs rather than from a single compound.40,41 Therefore, the total 

concentrations of the VOCs concept has been proposed to resolve this dispute, but the results 

from this hypothesis have been contradictory.41,42 As for the materials, there have been studies 

making associations between amount of plastic material or PVC floor coatings and dampness 

to childhood asthma in dwellings.43,44 
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While dampness is already linked for the increased VOCs releases from the materials, at 

favorable conditions it might have a larger impact on the IAQ, since it lays out the foundation 

for the fungal growth. Consequently, high humidity coupled with low air exchange could lead 

into the fungal infestation on organic material interiors,45 in which even house remediation 

might not be able to decrease the levels back to the normally encountered levels.46 During the 

lifespan of fungi species, spores, fragments, and variety of compounds called secondary 

metabolites are being released into the indoor air. The exposure to these fungal byproducts has 

been linked to respiratory diseases, exacerbations of asthmatic symptoms and atopic 

dermatitis.47-49 However, there is also evidence that the low concentrations of the airborne fungi 

would not have significant role on the risk of airway/allergic illnesses in childhood50 or even 

contradictory knowledge that the exposure at higher levels of bio-contaminants would be 

associated with lower risk for asthma in childhood.51 

The possible adverse effects of the indoor air are mostly studied on children ranging from 4 to 

10-year-olds, since children are perceived to be in higher risk group for air pollution, due to the 

higher metabolic rates, undeveloped lungs, low immunity and higher inhaled breath per unit of 

mass.52-55 Particularly, prenatal, and early postnatal exposure has been linked with asthma, 

allergy, and several infections.56 The most studied indoor environments are therefore schools, 

nurseries, dwellings, and hospitals. For studies focusing to find the causation between the IAQ 

and health adverse effects, the symptoms of the participants and sometimes social parameters 

(age, gender, race, employment etc.) are collected with a questionnaire. The information of the 

survey is coupled with measurements from few indoor pollutants, and comfort determinants, 

which is then followed by, data analysis and model fitting are used to generate the relationships 

of the causation. The proposed causations can be then confirmed with other studies and possibly 

identify the potential causative for symptoms aka biomarkers. In the following paragraphs, four 

IAQ studies are looked at more closely.  

Mondal et al. conducted cross-sectional study consisting of 247 743 children under 5 years from 

India.57 The study looked at relation of acute respiratory infection to the burning of the fuels 

during cooking and heating. In addition to the information about respiratory symptoms from 

the last two weeks, the survey included questions about the three variables: location of the 

kitchen, fuel used for cooking and smoking habits of inhabitants. Authors hypothesized, that 

houses without separate kitchen would lead to a higher exposure to the indoor pollutants from 

fuel burning and, therefore, there would be increased number of respiratory infections for 

children. The results complied with their assumptions: From the study population, around 2.7 % 
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had acute respiratory infection symptoms. Households without separate kitchen had 22 % 

increase in symptoms compared to houses with the separate kitchen. The use of the biomass 

fuels compared to clean fuels increased the prevalence of the symptoms by 10 % and smoking 

person in the household increased the risk by 6 %. Although the study constructs the positive 

implication between indoor air pollution, fuel burning and acute respiratory infection, it lacked 

the measurements of the particulate matter concentrations to make the association between PM 

and respiratory problems.  

Kwon et al. studied whether the exposure to the higher levels of the ambient VOCs in the newly 

build building could lead to the airway inflammation.58 The study involved 34 persons, with 

the median age of 57, moving from old rehabilitation hospital to newly built one. The new 

house was located within thousand meters of the old one, thus the outdoor air quality was 

expected to be similar between the studied location and therefore not having significant effect 

into IAQ. The allergic diseases of the study population were inquired and SBS related functions 

such as lung function, and inflammatory and oxidative stress markers were assessed. The total 

concentration of VOCs and five individual VOCs (benzene, toluene, ethylbenzene, styrene and 

o-, m- and p-xylenes) were measured from both buildings slightly before the moving. 

Furthermore, urine samples were obtained from participants seven days before and after the 

move, for the determination of metabolites and markers. The results showed that the total 

concentration of the VOCs was about 10 times higher in the new building compared to the old 

one and all of the five individual VOCs were elevated. However, from the VOC metabolites, 

only metabolite of  o-, m- and p-xylene was found to be elevated in blood after the seven-day 

residency in the new building. In contrary, the metabolite of benzene was found at decreased 

concentration. No more changes were observed in other VOCs or oxidative stress markers. 

From inflammatory markers, FeNO (Fractional exhaled nitric oxide) slightly decreased in the 

new building, but on the other hand, the ratio of uLTE4/FeNO (Urinary leukotriene E4) clearly 

increased between the houses, suggesting changes in the airway inflammation. Otherwise, the 

participants did not have alterations in lung function and only the severity of eye dryness and 

eye irritation had increased from the BRS. They concluded that the seven-day exposure to 

ambient VOCs had affected the airway inflammation of the study population but there could 

have been alternative air quality variables changed between the houses, since their assessment 

was excluded from the research. Consequently, kwon et al. point out the difficulties in the 

quantification of the biomarkers and in the distinction between other possible sources in the 

interpretation of the BRS.58 
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Veenaas et al. investigated VOCs differences between the rooms related with BRS symptoms 

to the rooms without reported symptoms.40 The study population consisted of 51 hospital 

workers, aged between 24-66 years, who went through medical examination to exclude the 

other potential sources for the symptoms. The population answered BRS symptoms 

questionnaire, and the studied rooms were divided to control (34), and sick rooms (51) based 

on frequency of BRS symptoms experienced in those rooms. Results indicated that the sick 

rooms were mostly associated with traffic related petrochemical compounds like benzene and 

naphthalene and plastic related plasticizers like phthalates (*Figure 2). The control rooms on the 

other hand, were associated with flavor and fragrances such as terpenoids. However, the 

concentrations of the compounds were under the threshold known to cause health effects, 

therefore, raising suspicions whether the perceived health effects would be the consequence 

from the combination of the VOCs or perhaps from the mix with other IAQ factors. 

 

 

*Figure 2. Partial least-squares discriminant analysis graph (left), where control rooms are open circles 

and full circles represents rooms related with BRS symptoms. Loading plot (right), where different 

colors represent different compound groups e.g., flavor and fragrances have yellow and petrochemicals 

red color. The compounds that were most present in the sick rooms are presented in left corner and the 

compounds that were most present in the control rooms in right corner.  

 

 

 

 

*Reprinted from Science of the Total Environment, 720, C. Veenaas, M. Ripszam., B. Glas, I. Liljelind, A. -S. Claeson, P. 

Haglund, Differences in chemical composition of indoor air in rooms associated/not associated with building related 

symptoms, 137444, 2021, with permission from Elsevier. 
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Baloch et al. conducted European wide study on the IAQ in school environment.15 The study 

involved 54 cities from 23 countries with population of 5175, 7-14-year-old children, from 115 

different schools. The study measured VOCs, 𝑃𝑀2.5, 𝐶𝑂, 𝐶𝑂2, radon, relative humidity, 

temperature, and ventilation rates relation to the SBS symptoms, which were gathered with a 

questionnaire that covered the past 3 months of the participants life. Results revealed, that over 

10 % of study population had endured systematic disorders and upper airway symptoms. The 

gender related differences were also observed in the prevalence of skin disorders (higher for 

female) and upper airway symptoms (higher for male). In generally, the high VOCs 

concentrations increased BRS. The concentration guidelines of WHO and EU were exceeded 

in the cases of benzene, limonene, 𝑃𝑀2.5, and 𝐶𝑂2, whereas Benzene, 𝑃𝑀2.5, limonene, 𝐶𝑂, 

ozone, and radon were linked to the increased risk on the upper and lower airways, eye, and 

systematic disorders. They concluded that temperature and ventilation control could reduce the 

occurrences of the BRS.   

Generally, most of the IAQ studies are focusing only to one or few classes of indoor air 

pollutants, consequently, the lack of multi-pollutant approach consisting of comfort parameters, 

chemical and biological contaminants affect the finding of the genuine causation of the 

perceived symptoms. Furthermore, the sample sizes are frequently too small for the conclusive 

results. To establish better IAQ and lower the occurrence of the BRS in future, the following 

guidelines should be pursued: ensuring a good balanced air exchange with a means of natural 

and mechanical ventilation, avoidance of burning indoors and residency near the high traffic 

areas, enforcement of proper building techniques to minimize the dampness related problems 

and the general knowledge of the emissions from materials and cleaning products that are used 

indoors. 
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2.2 Analysis of fungal markers 

Fungi and microbes are microorganisms that are omnipresent in living environments. During 

the lifetime of the fungus, it uses available substrate to produce microbial biomass and 

secondary metabolites ranging from non-volatile to highly volatile compounds.59-61 

Furthermore, fungi generate bioaerosols into environment, by either dismissing fungus’ 

fragments, or releasing conidia and spores for the reproduction purposes.62,63 Overall, the 

volume and the covered area of the microorganisms in indoor environment varies between 

102 − 109 microbes per 𝑑𝑚3 and 𝑐𝑚2 on surfaces.59 However, the amount of mold can 

drastically increase when water damage is present in the residency, consequently, causing the 

drastic increase of the fungus related substances indoors.64 The other concerning fungal related 

issue is food spoilage which can cause significant loses in the food storage, and without proper 

detection and prevention, it can lead to the potential adverse health effects when the corrupted 

products end in the hands of the consumers.65-67 Consequently, fungi secondary metabolites 

production rates on different media and chemotaxonomy are being studied to decrease health 

related risks.66,68 Frequently studied fungi are Aspergillus,45,59,65,69-81 Penicillium,64,65,69,70,72-

75,82,83 Trichoderma,64,72,73,75,84,85 Fusarium73-75,86-88 and Cladosporium species69,70,72-74,81 from 

which, Aspergillus and Penicillium are the most common species in indoors, although, water 

damage may lead to the higher occurrence of the different species.89,90 

Typically, fungal problem unfolds unawares and is later noticed as adverse health effects for 

inhabitants, or it can be suspected after the larger water exposure in interiors of the houses such 

as flood or leakage of pipes. The traditional taxonomy investigation of the suspected fungal 

contamination is done by the professional inspector who searches the trouble areas with the 

help of the moisture detection and performs fungal species determination in site by visualizing 

the fungal growth area for typical morphological characteristics.70 This approach, however, is 

heavily dependent on a human assessment that requires a lot of expertise, since the 

morphological features on the species are dependent on conditions and the abundance of the 

different phenotypes complicate the distinguishing between the species.88 For a closer 

examination, the samples of fungi must be collected and studied under the microscope.65 

Another way to detect the fungal contamination is by collecting fungal fragments and spores, 

also known as bioaerosols, from the indoor air.38,91 This approach takes the advantage of the 

small particles ability to take off and transfer through the indoor air. For a sample collection, 

the indoor air is sucked through the collector, where the air flow is forced through bended 
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trajectory.92 Due to the inertial impaction, the heavier particles cannot follow the same path as 

the air molecules, consequently, accumulate into device. The collected size fraction of the 

sample is then analyzed and the spores are counted, or the collected material is transferred into 

cultivation medium where formed colonies per cubic meter (CFU/𝑚3) of sampled air is 

calculated and the species identified under the microscope.12,38,93-98 However, the collection of 

the bioaerosols isn’t either the optimal way of detecting the presence of the fungi species since 

the particles present in the air hamper the counting of the spores, and the cultivation procedure 

would require additional work and five to seven days for the fungal growth.91 Furthermore, the 

concentration of the spores fluctuates greatly during the day and seasons and not all fungi 

species have collectable airborne spores.70,91  

More sophisticated approach would be to utilize chemotaxonomy, the identification of the 

fungal species by compounds that are present in the moldy interiors. For example, the particles 

collected from the indoor air could be extracted and treated with reactive agents for the 

measurement of the microbial cell wall agents (MCWA) such as ergosterol and β-glucan or 

with PCR/DNA (Polymerase chain reaction/Deoxyribonucleic acid) sequencing.64,98-100 The 

advantage of the MCWA detection is the high sensitivity and specificity that enzyme activity 

measurements allow for the identification of the problem houses.100 However, the analysis of 

the enzymes is generally expensive and tedious and therefore, generally not preferred for the 

detection. 

Simpler way would be to gather volatile compounds emitted by fungus, microbial volatile 

organic compounds (MVOCs), straight from the room air. This is achieved by gathering dust 

particles or letting air interact with the suitable sorbents during the active or passive sampling 

of the indoor air. On the case of dust analysis, the VOCs absorbed into the dust particles are 

first off released with heat and reabsorbed into these sorbents.73 Afterwards, the sorbent is 

desorbed straight into the gas chromatography-mass spectrometry (GC-MS) analysis. The 

advantage of the MVOCs detection is its simplicity, cheapness, and it would allow the non-

destructive detection of the concealed mold growth indoors since volatile compounds could 

diffuse through the walls.101,102 

Yet another way of detecting fungi would be the gathering of the moisture from indoor air. This 

would allow the analysis of less volatile and more polar compounds emitted from fungi, since 

these compounds would be partition more on water phase than remain in air/particle phases. 

Consequently, the gathering of the indoor moisture would work as a concentration step for the 

semi-volatile and polar compounds compared to the straight GC-MS analysis. Furthermore, this 



 

12 

 

concept would allow measurement of higher molar mass compounds and usage of liquid 

chromatography-mass spectrometry system, although as a drawback, solid phase extraction for 

further concentration factor would still be needed. Furthermore, for a simple toxicity of the 

room measurement, the indoor moisture collection would be easier alternative to the airborne 

dust gathering methods.103   

 

 

2.3 Bioaerosols 

Bioaerosols are small organic matter particles, ranging from sub-μm to couple of tens of μm in 

size. They are originating from biological sources, such as microbes, plants, and animals. Since 

the presence of the organisms generate bioaerosols and microorganism are ubiquitous, 

encountering microbial cell fragments in living environments cannot be avoided.104,105  These 

fragments contain MCWA and other constituents which can trigger inflammatory and allergic 

responses.99 For example, one of the most known bioaerosol is endotoxin which is a component 

of some bacteria cell wall.106 The endotoxin can cause inflammatory response on humans, 

consequently leading to adverse health effects.107 However, there are also studies with the 

controversial results for the causality to the SBS.108 Furthermore,  Lee et al. discovered that the 

indoor concentration of the bacterial aerosols was lower in the dwellings where air cleaners 

were used, therefore, illustrating a way of reducing the amount of the microorganism aerosols 

indoors.96  

The fungal bioaerosol concentrations and sizes vary between geographical locations and 

seasons.12,99 The different fungal species exhibit different size fractions, for instance, some 

species’ aerosol abundances increase with an increasing particle size and some species’ 

abundances on the other hand decreases with increasing particle size.99 However, the largest 

proportion of the aerosols is smaller than 2.1 µm, according to Wang et al.’s measurements 

from the commuting trains in Taiwan.12 They also did not find correlation between respirable 

fungal fraction and environmental parameters. In generally, fungi aerosol levels encountered in 

households range from 100-600 𝐶𝐹𝑈 𝑚3⁄  but as high as 1000 to 2000 𝐶𝐹𝑈 𝑚3⁄  can be 

measured time to time.52,94,96 In extreme conditions, for example after heavy flooding, levels of 

ten to hundred thousand 𝐶𝐹𝑈 𝑚3⁄  can be detected indoors.109 The determination of the species 

and the size fractions of the bioaerosols, however is elaborate and expensive procedure, thus 
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the knowledge of the concentrations and sizes per species is largely missing. To come up with 

a right regulative aspect is therefore challenging, and commonly national legislations 

recommend 1000 𝐶𝐹𝑈 𝑚3⁄  as a maximum concentration, or simply smaller concentrations than 

encountered in outdoors.52,93  

It is generally thought that most indoor fungi would be originated from outdoor sources, 

therefore, microbial matter would be transferred and distributed to the inside through other 

means such as ventilation or by human activity.110 This assumption is supported by the fact that 

microbial community is analogous in indoor and outdoor environments and the higher indoor 

concentrations would often correlate with the higher outdoor levels.12,104 However, Yamamoto 

et al. discovered that up to 70 % of indoor fungal aerosols could be originating from the indoor 

sources and fungi diversity was 1.5 times higher in the indoor air compared to the outdoor air 

in the measurements conducted from the schools.99 Furthermore, they found out that 

indoor/outdoor ratios of bioaerosols concentrations were significantly higher in the occupied 

conditions compared to the vacant conditions. These results would implicate that the human 

occupancy could be one of the largest sources for the fungal aerosols in the packed indoor 

environments. In addition, Lee et al. discovered that the airborne fungi concentrations were 

higher when there were domestic pets in the residential environment.96 It is suggested that the 

resuspension of the floor dust due to the indoor activity would be one of the mechanisms to 

cause the higher indoor concentrations of the fungi bioaerosols. Furthermore, the desquamation 

of skin would further spike the indoor concentrations since the fallen skin particles would 

contain yeast species.99 Qian et al. got indicative results of this hypothesis. They measured up 

to the fivefold increase in concentration of fungal aerosols due to human occupancy in the 

University classrooms.111 

The flooding of the residence or any kind of excess dampness accumulation on the organic 

building materials would allow the growth of the fungal species, therefore, creating a direct 

indoor emission source for the fungal byproducts.34 Commonly, the water damages can be 

associated with human error, extreme weather, or structural malfunctions at house’s water lines 

and damaged roofs.109 The house construction process could also have a lasting effect for future 

indoor environment. For example, dampness related mold growth in early house 

implementation may affect the building’s lifeline if went unnoticed for instance behind the 

structural elements.97,112 In Riggs et al.’s investigation of homes with suffered flood damage, 

the larger fungal growth areas were mainly observed on organic materials such as drywall and 

wall paneling rather than other usually used construction materials such as plaster and tile walls. 
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Furthermore, the maximum flood height was significantly correlating with the visible fungal 

growth and the concentrations of the airborne fungi.109 However, the homes with damp/muddy 

floors non-intuitively had significantly less mold on the walls than on the dry floors. They 

theorized that more recent watery environment would delay the growth of meso- and xerophilic 

molds and therefore, shorten the growth period of the fungal organism before the house 

inspections were conducted. In general, the culturable fungi amount found from the damaged 

houses is in correspondence with the severity of the water-damage and with the absolute 

humidity and on the other hand, is negatively correlated with ventilation rates.38  

The harmfulness of the fungi aerosols is mainly due to the allergic fungal taxa and toxins that 

travel through the air and eventually end up into humans via inhalation.103 The amount of the 

toxins differs per species, for instance, Reboux et al. discovered that the concentrations of 495 

𝐶𝐹𝑈 𝑚3⁄  and 300 𝐶𝐹𝑈 𝑚3⁄ , of Cladosporium spp. and Aspergillus Versicolor respectively, 

could differentiate up to 90 % of the asthmatics from the households.113 In indoors, ventilation 

and air condition systems are used to improve the IAQ but in the case of bioaerosols it can be 

double edged sword since they could accumulate aerosols and continuously distribute them 

through the whole indoor environment.114 Yamamoto et al. discovered that the indoor sources 

of the fungi aerosols in the occupied school classes were a larger contributor to the levels of the 

allergic fungal taxa than the outdoor sources.99 Furthermore, the amount of the indoor fungal 

allergens was increasing more in the relation to the number of fungal particles. They theorized 

that the occupancy of the humans would generate larger fungal aerosol particles which in turn 

would contain more allergens. Consequently, due to the bigger particle size, the fungal aerosol 

resuspension rate would increase, as has been seen in the dust particles with the increasing 

particle size.99 In general, there has been measured clear associations between fungi aerosols 

and SBS related symptoms such as respiratory track symptoms and skin symptoms.89,115 

However, there is also literature present about not finding significant associations between the 

fungi aerosols and the respiratory health.23 
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2.4 Microbial volatile organic compounds 

MVOCs are byproducts of the microorganisms, produced during the primary and secondary 

metabolism.76,116 The vast number of MVOCs emitted during the lifecycle of the 

microorganism, leads to fungal species having different MVOCs profiles.101,116,117 In addition 

to the species, the profiles are reliant on substrate in which molds develops45,59,75,116 and of the 

growth period of the organism.59,69,72,76 Furthermore, the production of the MVOCs is 

susceptible for temperature, pH and water activity changes and microbial symbiosis.59,72,116 

Since MVOCs are also a byproduct of energy metabolism, nutritional state changes will often 

lead to the production of the different MVOCs.116 However, despite all these discrepancies, 

some fungi species still produce specific compounds which are independent from the substrate 

they were grown at.105,118   

The linking of MVOCs to the fungal source is not a clear-cut procedure, since the MVOCs may 

be originated from alternative sources. For example, MVOCs have been associated with other 

living beings such as various microorganisms, vegetation and even mammalian breath, since 

primary metabolism is mostly analogous between all living beings.116,119 Furthermore, the 

differentiation between MVOCs and VOCs emissions (building materials etc.) is troublesome 

since the sources are overlapping in the studied environments.74,116,119 For example, Choi et al. 

concluded that the concentration sums of the known 28 MVOCs were significantly linked with 

both synthetic and microbial sources.38  

Intriguingly, some commonly identified microbial metabolites that have been discovered in the 

laboratory chamber experiments have not been reported in the field samples (2009).116 It is 

suggested that the concentrations of the MVOCs are inherently low in the room environment, 

since the low emission rates, adequate air exchange rates and possible absorption to the 

materials used inside.74,102,120 Furthermore, MVOCs might go through chemical reactions 

(oxidation, hydroxyl radials) in environment converting them to other compounds.121,122 

Because of these factors and distinction from other chemical and biological sources, it is tricky 

to compare the MVOCs profiles in laboratory chamber studies with the environmental samples.  

Table 1 presents MVOCs that have been regularly measured in the headspace/chamber 

experiments and from the dwellings (Sample size is 18 studies from which four included 

dwellings measurements. Criteria for the compound selection were as follows: at least three 

studies included the compound, and one measurement was done from the dwellings). Different 

sampling methods were used for the measurements of MVOCs in the dwellings including 
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airborne dust, and passive and active air samplings with different sorbents such as Tenax TA 

carbopack B and activated charcoal pads (ACP). Overall, more than 200 volatile compounds 

have been regarded as fungal origin.116 However, only handful could be used as reliable mold 

indicators since most of the abundant MVOCs are not fungi specific.74 For example, fungal 

growth markers like 1-octen-3-ol, 3-octanol and 3-octanone show potential as an indicator for 

Aspergillus and Penicillium species.72,75,123-125 In the following paragraphs, few MVOCs 

studies are looked at more closely.  

Table 1. Collection of the MVOCs that have been commonly measured from the headspace/chamber 

experiments and the sampling methods used in the dwellings. 

Compound Sampling used in dwellings Sources 

1,3-Octadiene Airborne dust 73-75,118 

1-decanol Air (Tenax TA) 102,126,127 

1-octen-3-ol Airborne dust, Air (Tenax TA, Tenax TA and 

Carbopack B) 

69,70,73,76,102,105,126 

1-octene Airborne dust, Air (ACP) 69,73,74,101 

2-ethyl-1-hexanol Airborne dust 69,73-75 

2-Heptanone Air (Tenax TA, Tenax TA and Carbopack B, ACP) 69,70,102,105 

2-Hexanone Air (Tenax TA, ACP) 69,70,75,102,105 

2-Methyl-1-butanol Air (Tenax TA) 69,74,75,102,105 

2-Methyl-1-propanol Air (ACP) 69,74,84,105 

2-Methylfuran Air (Tenax TA, Tenax TA and Carbopack B, ACP) 69,70,101,102,105 

2-Nonanone Air (Tenax TA and Carbopack B, ACP) 69,70,84,118 

2-pentylfuran Air (Tenax TA, Tenax TA and Carbopack B) 70,102,118 

2-Octen-1-ol Air (Tenax TA and Carbopack B) 70,105,126 

2-Pentanol Air (Tenax TA, Tenax TA and Carbopack B, ACP) 69,70,102,105 
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Compound Sampling used in dwellings Sources 

3-Methyl-1-butanol Air (Tenax TA, ACP) 69,70,76,84,102,126 

3-Methylfuran Air (Tenax TA) ACP 69,101,102,105 

3-Octanol Air (Tenax TA, Tenax TA and Carbopack B) 69,70,72,74,75,102,105,118 

3-Octanone Air (Tenax TA, Tenax TA and Carbopack B) 69,70,72,74,76,101,102,105,118 

Acetone Airborne dust 73,75,126 

Borneol Air (Tenax TA and Carbopack B) 70,105 

Cyclopentanone Airborne dust 73,75,84 

Dimethyl disulfide Air (Tenax TA) 75,102,105 

Geosmin Air (Tenax TA and Carbopack B) 70,75,105 

Heptane Airborne dust 72,73,75 

Pinene Airborne dust 69,71,73,101,105,126 

 

Bingley et al. analyzed MVOCs from sixteen fungal strains that were erased previously from 

the moldy cinematographic film.72 The extracted fungal strains from the films were maintained 

on malt extract agar (MEA) but for the analysis, they were transferred into the GC vials. In 

these vials, three different culture media were used to determine the common fungal growth 

markers after the one-week of the fungal growth. The MVOCs were analyzed from the 

headspace of the vial with SPME-GC-MS (Solid phase microextraction-gas chromatography-

mass spectrometry) method. Overall, more than 150 compounds were detected, from which 

forty were common at least for two fungal isolates. The most frequent volatiles were 

1-octen-3-ol and 3-octane, which were measured from 81 % and 63 % of the isolates, 

respectively, suggesting that these compounds could be suitable fungal growth markers for the 

large portion of the fungal species. From the moldy sample film however, no MVOCs were 

detected. The similar film was used as a control, in which nine volatiles could be identified 

including the mentioned fungal growth markers after the inoculation with the fungi solution. 

Consequently, showing that the MVOCs are not released from inactive fungi.72  

Table 1. Continues. 
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Schuchardt et al. conducted a climate chamber study from the emissions of the MVOCs of the 

fourteen common fungal strains encountered indoors.74 The chamber used in the experiment 

was designed to illustrate the normal residency concentrations of the fungal volatiles, and 

climate parameters. Samples were taken from the chamber daily with the Tenax TA thermal 

desorption tubes, and subsequently analyzed with the GC/FID/MS (Gas chromatography flame 

ionization detector mass spectrometer) during the 105-day monitoring period. The chamber 

assembly, presented in Figure 3, consisted of two temperature-controlled wall structures (10 

cm apart) coated with gypsum plaster wallpaper. One of the plates was facing the air 

conditioning and therefore, serving as typical residency sampling site, whereas the other plate’s 

furthermost wall was screened from the air exchange with a glass plate, to minimize the air 

exchange efficiency within that sample site. In the start of the experiments, the wallpapers were 

inoculated with fungi spore suspension, and the temperature program was run in the chamber 

to ensure the optimal fungal growth. The emission results of the climate chamber were 

compared with headspace chamber experiments of these same fungal strains from three 

different cultivation media. In total 164 different MVOCs were found to be released from fungal 

strains in the headspace chamber analysis. However, only nine of these compounds were 

detected in climate chamber, and none of these compounds were significantly over the 

background concentrations in the normal air exchange part of the chamber. Nonetheless, the 

apparent moldy odor was perceived from the chamber, therefore, indicating the presence of the 

undetected odorants. In the end of the experiment (Figure 3), three out of the four walls  were 

covered with over 81 % of the fungal growth, whereas plate facing the air conditioning only 

had the coverage of 3 %. Consequently, the study demonstrated the effectiveness of the good 

air exchange to reduce fungal growth in the damp areas. However, it also exposes the need of 

more sensitive methods to detect the very low concentrations of MVOCs from the room air 

environment.  
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Figure 3. Chamber assembly and the fungal growth in the end of the experiment. Reproduced with 

permission from John Wiley and Sons, 5206431252787, 2021, John Wiley and Sons. 

Choi et al. conducted cross-sectional investigation of 390 homes to identify the sources for 28 

compounds that are regarded as MVOCs (6 of these are listed on Table 1: 2-heptanone, 2-

hexanone, 2-methyl-1-propanol, 2-methyl furan, 2-pentylfuran and 3-methyl-1-butanol).38 The 

compounds of interest have been previously measured in NILU (Norwegian Institute for Air 

Research) climate chamber study from three commonly found fungal species in Scandinavian 

houses and reported before in other peer-reviewed fungal studies. The inspected houses were 

evaluated for comfort parameters, ventilation rates and mold and water damages. Furthermore, 

dust and air samples were analyzed for fungal concentrations, six phthalates as synthetic source 

markers and MVOCs. Due to the low prevalence and the high variability of the chosen MVOCs, 

the total concentrations of the 28 compounds were used in the assessment of the sources. They 

discovered that the higher concentrations of the synthetic markers PGEs and TMPD-MIB were 

significantly associated with the elevated distribution of studied MVOCs. Furthermore, the joint 

presence of the synthetic markers and absolute humidity resulted in significantly higher median 

concentrations of 28 MVOCs. In contrast, the high fungal load from the dust samples was not 

as strongly associated with the MVOCs. However, MVOCs were also elevated at homes where 

severe mold damages were seen. The similar relationship was found with the fungal load and 

absolute humidity. The strongest relationship to the highest quartile of MVOCs, however, was 

found with the strong mold indication in the presence of high absolute humidity. The results of 

the study showed that the absolute humidity was a joint factor for higher MVOCs releases 

whether from synthetic or fungal sources. Furthermore, it seems that minor releases of MVOCs 

from fungal species are being masked by the synthetic sources, therefore hindering the early 

detection possibilities of the mold problem in indoors. 
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Overall, the fungal metabolism and thus the amounts of their volatile emissions are heavily 

reliant on many factors such as available substrate and growing conditions. Especially, high 

absolute humidity and standing air are risk factors to induce fungal growth on the organic 

building materials such as wood and wallpapers. If the conditions become unfavorable for the 

fungi in one point of the life, fungus can become deactivated and not release anything, but it 

also can reactivate again in suitable conditions. The adequate ventilation, however, will either 

prevent the growth of the fungus in the first place or deactivate already formed colonies or at 

least reduce the MVOCs concentrations in indoors, thus making the detection of the volatiles 

difficult and highlighting the need of very sensitive techniques. Furthermore, the humidity 

increases MVOCs emissions from the synthetic sources, thus concealing already small fungal 

emissions in indoors.  

 

 

 

2.5 Fungal secondary metabolites 

Secondary metabolites consist of all the compounds a fungus produces that are not present in 

primary metabolism. For instance, dicarboxylic acids, hydroxy acids, alcohols, hydrocarbons, 

esters, fatty acids, sterols, amino acids, mycotoxins and MVOCs.65,128 The MVOCs, however, 

are generally categorized in their own group, since their volatility and own special research 

branch. The purpose of these metabolites is to assist the fungus growth on substratum and help 

its survival in natural environments.78 Due to these requirements for the characteristic of the 

compounds, they present plenty of bioactive compounds which have been discovered and 

utilized in medicine, industry, and agriculture.80,129-131  

The genome sequencing of the fungal strains has revealed that many of the potential 

biosynthetic gene clusters synthesizing secondary metabolites are silent or cryptic in laboratory 

conditions, suggesting the possibility of numerous undiscovered bioactive compounds.132 

Therefore lately, marine-derived fungi secondary metabolites have been in spotlight due to the 

unique cultivation environment.133,134 While the most common species are the same as in 

Terrestrial, Penicillium and Aspergillus, readjustment to the unconventional environment 

induces the production of previously undetected bioactive compounds.133  
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The secondary metabolites can be helpful for the species identification and taxonomy, 

consequently the fungal species’ acid profiling and use of the fatty acids in chemotaxonomy 

has been investigated. In ostachoswka et al. work, six fungal species gathered from the student 

hostel in Poland were analyzed for hydroxy and dicarboxylic acid content.65 The strains were 

cultivated, and the mycelium samples were extracted, derivatized and analyzed with the GC-

MS system. Total of 22 acids were detected, from which 13 were dicarboxylic and nine hydroxy 

acids. The composition of the acids varied greatly between the fungal species. The highest 

number of acids (seventeen) were present in Aspergillus Fumigatus, while the lowest amount 

was ten for Aspergillus niger and Geotrichum candidum. Overall, three acids were present in 

all studied species: 22-hydroxydocosanoic acid, 24-hydroxytetracosanoic acid and adipic acid, 

while three acids were specific for only one species: hydroxypentanoic acid for Rhizopus sp. 

and suberic acid, and sebacic acid for Aspergillus fumigatus.  

In chemotaxonomy study, Zain et al. studied the cellular fatty acid composition of the nine 

Fusarium species.88 The strains were grown on malt extract broth medium and the addition of 

the five separate chemicals was investigated for the fatty acid profile changes. The mycelium 

samples went through extraction-saponification-re-extraction practice and followed by GC-MS 

analysis. The study showed that there was very little variation between the species on the control 

samples, since seven out of the nine species contain same fatty acids but with the different 

relative amounts. However, when chemicals such as aspartic acid or urea were added on growth 

medium, the fatty acid profile altered between the species.  

Some of the fungi species are capable to discharge secondary metabolites to the environment 

by releasing guttation droplets. These droplets can be seen on next to the mycelium or at the 

outer parts of the hyphae, depending on the species (Figure 4). In the laboratory experiments, 

the droplets have been observed between 7-14 days after the cultivation, which is in the line 

with the main growth period of the fungal mycelium.113 The sizes of the droplets and the total 

volume of the exudates differ by strains from few to couple hundred μl.68,90,113 After the droplet 

harvestation, some strains can start immediately produce more exudates.68  

The purpose of these droplets has been widely discussed, but without any definite answers. It 

has been proposed that the droplets would serve as a water reservoir, which would allow the 

fungal organism to grow under the suboptimal conditions such as the low water potential of the 

surrounding medium.113,135 Furthermore, the exudates may serve as a reservoir for the 

secondary metabolites and as a by-product disposal mechanism.68 Moreover, toxins  and protein 

compounds with enzyme activity have been detected from the droplets, suggesting even wider 
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ecological purposes.68,90,113,136 The toxins could be released to prevent the competition of the 

other organism from the substrate source.68,113,137 For instance, Gareis et al. discovered that 

when more than one culture was inoculated on the cultivation plate, more exudates were 

produced per Stachybotrys colonies.113 The discharge in droplets might also be a result from 

exceeding certain toxin levels in the fungus, consequently the organism regulates the 

overabundant amount by releasing it into surroundings.66,68,113 For instance, Munoz et al. 

discovered that Ochratoxin A production increased over time and was generally higher in the 

strains that generate guttation droplets.66 They also observed that the colony growth did not 

necessarily correspond to the larger toxin production, since it was more dependent on the 

growth substrate and strain. Gareis et al. strengthened this postulation by discovering that the 

higher volumes of the exudates were found on the malt extract, but the higher concentrations 

of the Ochratoxin A and B instead appeared in the Czapek yeast extract in the experiments with 

the Penicillium species.68 Overall, the toxins can be detected from the biomass extracts from 

mycelia, hyphae, and conidia and from the underlying cultivation agar, but the higher amount 

is still related to the droplets.68,90 In contrary to the anti-organism activity, even the attraction 

to the other organism to spread the fungal spores is suggested for the exudates.68   

 

 

Figure 4. Guttation droplets formed on Penicillium species. Reprinted by permission from Springer 

Nature, Mycopathologia, Guttation droplets of Penicillium nordicum and Penicillium verrucosum 

contain high concentrations of the mycotoxins ochratoxin A and B, M. Gareis et al., Springer Nature 

(2007). 
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The species that are find to produce toxic guttation droplets are Aspergillus, Penicillium, 

Stachybotrys and Trichoderma species.66,90,113,138 From these species, for example, Aspergillus 

and Penicillium are responsible for Ochratoxins, highly toxic and carcinogenic substances, 

whereas Statchybotrys spp. (several species) for macrocyclic trichothecenes and Trichoderma 

spp. for peptaibols.90,138 During the laboratory cultivation, Gastagnoli et al. discovered that the 

Trichoderma spp. have the same toxicity profiles when grown on malt extract agar or on 

building materials. Consequently, these toxins have been observed on the moldy indoor 

materials in the sick houses, therefore revealing a great risk to the health of the occupants of 

these spaces.103,138,139 The formation of the guttation droplets increases the likelihood of the 

toxin spread, since the droplets can be transmitted into the air by forming aerosols or binding 

into the small airborne particles such as dust particles.90,113 It is speculated that the ventilation 

and air-conditioning systems might favor the transition of the toxins into the air.113 For example, 

Salo et al. discovered that the guttation droplets with the toxins became airborne when the 

droplets migrated from the warmer surface to the colder surface.103 Overall, the mycotoxins 

have been detected from the settled/airborne dust and from the indoor air,138,140-142 and for 

example, Statchybotrys chartarum and Penicillium expansium related toxins have been 

associated with the sick building syndrome.103,138 

Since the mycotoxins are the end-products of the secondary metabolism, the largest concern for 

the adverse health effects originating from the fungi, the early detection of the toxins before the 

harmful conditions are reached might be possible with other secondary metabolites such as 

MVOCs.116 As mentioned before, however, the volatile compounds utilization as the marker 

compounds is problematic since the MVOCs share compounds with the VOCs that are coming 

from the other sources. Therefore, the other constituents of the indoor environment, such as 

water vapor collection, could be more suitable procedure to assess the presence of the airborne 

fungal markers.103 For example, Salo et al. collected indoor vapor from houses where BRS have 

been reported, and these condensates were observed to be toxic after the three-day collection 

period.103 Furthermore, the rooms without reported BRS, the condensate was not toxic. 

Consequently, in the experimental part of the thesis, we try to identify the compounds present 

in the indoor vapor condensates of the sick houses and find the relationship between the toxicity 

and compounds.  
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3. Experimental part 

3.1  Aims of the research 

The study’s objectives were as follows: 

- To develop a SPE and LC-MS/MS method for the analysis of the fungal secondary 

metabolites in the condensate water of the indoor air.  

- Use the method with a precursor ion scan mode for the detection of the other secondary 

metabolites and semi-quantitative analysis. 

- To utilize the available information to identify the possible fungal marker compounds. 

 

The studied fungal secondary metabolites were selected from fungal metabolite list published 

by Nielsen et al. in 2003.143 The final compound combination was chosen with a simple 

criterion: they need to be readily available for the use. In the Table 2, the secondary metabolites 

and one of their known family relations are shown, in which Yeast Metabolome Database 

(YMDB) was used as a general information source. 
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Table 2. The studied secondary metabolites and an example of the family of the genus producing 

them.  

Compound Family 

2-5-dihydroxybenzoic acid Tremellaceae144 

4-hydroxybenzoic acid Tremellaceae144 

Alizarin Stereaceae145 

Amphoreticin B Streptomycetaceae146 (bacteria) 

Caffeic acid Saccharomycetaceae 

Caffeine Clavicipitaceae147 

Cinnamic acid Saccharomycetaceae 

Ferulic acid Saccharomycetaceae 

Fusidic acid Nectriaceae148 

Gallic acid Saccharomycetaceae 

Kojic acid Trichocomaceae149 

L-ascorbic acid Saccharomycetaceae 

L-phenylalanine Saccharomycetaceae 

L-tryptophan Saccharomycetaceae 

L-tyrosine Saccharomycetaceae 

Oleic acid Saccharomycetaceae 

Oxalic acid Fomitopsidaceae150 

p-Anisaldehyde Pleurotaceae151 

Purpurin Rubiaceae152 (plant) 

Pyrogallol Xylariaceae153 

Salicylic acid Saccharomycetaceae 

Tyramine Saccharomycetaceae 

Usnic acid Parmeliaceae154 (lichenized fungi) 
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3.2  Materials and reagents 

The investigated fungal secondary metabolites including 2,5-Dihydroxybenzoic acid (98 %, 

Merck-Schuchardt), 2,6-Pyridinedicarboxylic acid (99 %, Sigma- Aldrich), 4-Hydroxybenzoic 

acid (> 99 %, Sigma-Aldrich), Amphotericin B (80 % by HPLC, Sigma-Aldrich), p-

Anisaldehyde (≥ 98 % by GC, Fluka analytical), Caffeic acid (> 99 % HPLC, Sigma-Aldrich), 

Ferulic acid (99 %, Sigma-Aldrich), Kojic acid (95 %, Fluka AG), L(+)-Ascorbic acid sodium 

salt (> 99%, Fluka Garantie), Oxalic acid (> 99+ %, Sigma-Aldrich), (+)-Usnic acid (98 %, 

Sigma-Aldrich), Tyramine (> 99 % by TLC, Sigma- Aldrich), Alizarin (1,2-

Dihydroanthracene,9,10-dione, Merck), Caffeine (Sigma-Aldrich), Cinnamic acid, Ergosterol 

(Extrasynthese), Fusidic acid (Sigma-Aldrich), Gallic acid (anhydrous for synthesis, Merck), 

Oleic acid (Merck), L-Phenylalanine (Seikagaku Fine Biochemicals), Purpurin (1,2,4-

Trihydroxyanthraquinone, British Drug Houses), Pyrogallol (Extra pure, Merck), Salicylic acid 

(analytical reagent, Mallinckrodt), L-Tryptophan (Seikagaku Fine Biochemicals) and L-

Tyrosine (Seikagaku Fine Biochemicals), and the investigated internal standards for the 

separation including Decafluorobiphenyl (99%, Sigma-Aldrich) and Triphenyl phosphate (≥ 

99.9 %, Sigma-Aldrich) were all used as received. 

The stock solutions of the fungal secondary metabolites and the internal standards were made 

mostly into Methanol (≥ 99.9 %, Honeywell Riedel-de-Haën). If the compound did not dissolve 

in MeOH, other solvents were used with or without MeOH. The alternative solvents included 

Tetrahydrofuran (≥ 99.9 %, Honeywell), Dimethylformamide (≥ 99.9 %, Sigma-Aldrich), 

Milli-Q water (Direct-Q UV Water Purification System, Merck Millipore) or acidified Milli-Q 

water with Formic acid (99-100 %, VWR chemicals). The pH change during the solid phase 

extraction was done with Sodium hydroxide (AVS Titrinorm, VWR Chemicals) and 

Hydrochloric acid (AVS Titrinorm, VWR Chemicals). Dry ice (– 78 C° carbon dioxide, AGA) 

was used in E-collector, during the sampling of the indoor air. The organic solvent used in the 

liquid chromatography was Acetonitrile (≥ 99.9 %, Sigma-Aldrich). 
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3.3  Instrumentation and software 

The samples were analyzed with the Agilent Technologies 1260 Infinity liquid chromatography 

system that consists of the High-Performance Degasser (G4225A), Binary Pump (G1312B), 

Standard Autosampler (G1329B), and Thermostatted Column Compartment (G1316) from the 

Infinity 1290 series. The Liquid chromatography (LC) was equipped with a protective cartridge 

and with the Agilent Poroshell 120 EC-C18 column with the dimensions of 3.0 × 50 mm (inner 

diameter × length) and 2.7 μm particle size. The LC instrument was connected to the Agilent 

Technologies 6420 Triple Quad LC/MS with an Electrospray ion Source. 

The samples were taken from the indoor air with an E-collector155 (E. Aattela). The condensate 

water collected with the sampler went through the Solid phase extraction (SPE) protocol, where 

Isolute C2 (200 mg, Biotage) and Sep-Pak C18 (500 mg, Waters) cartridges were used under a 

vacuum in the VacMaster’s Sample Processing Manifold. The following elute was concentrated 

with the Reacti-Therm Heating Module and Reacti-Vap Evaporator from Thermo scientific 

with the aid of a nitrogen stream. Finally, the analytical sample was composed with mechanical 

pipettes (50 μl, 200 μl and 1000 μl, Sartorious BioHit Proline), except the internal standard 

(ISTD), which was added with a Syringe (10 μl, Agilent), to achieve a higher accuracy at 

smaller quantities.  

The standards were weighted with the Sartorius BP301S analytical balance (d = 0.1 mg) or, in 

the case of smaller quantities, with the Mettler Toledo MX5 microbalance (d = 1 μg). The 

standard stock solutions were made into Volumetric flasks (± 0.04, VWR and Duran), which 

were stored in the dark at + 4 C°. The optimization of the analytes for the tandem mass 

spectrometer (MS/MS) was conducted with the Agilent’s MassHunter Optimizer software. The 

manually acquired ion source data was verified by running the Design of Experiments (DoE) 

assay with the Statgraphics Centurion software. The LC-MS/MS data was processed using the 

Agilent MassHunter Workstation’s Qualitative and Quantitative analysis software. Further data 

analysis was handled with Origin (OriginLab Corporation) and Excel (Microsoft). The other 

metabolites from the mass peaks in precursor ion scan were searched on METLIN Metabolite 

and Chemical Entity Database (The Scripps Recearch Institute) and Human Metabolome 

Database (University of Alberta and The Metabolomics Innovation Centre). 
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3.4  Analytical procedures 

3.4.1 Preparation of standard stock solutions 

The standard stock solutions of the fungal secondary metabolites and the internal standards 

were prepared in MeOH to yield the concentration of 1000 μg/ml. If the compound did not 

dissolve in MeOH, other solvents were used with or without MeOH. The alternative solvents 

included THF, DMF, Milli-Q water and acidified Milli-Q water with FA. The prepared 

solutions were stored in the dark at + 4 C°.  

The general strategy was to weight 10 mg of the compound with an analytical balance into a 

volumetric flask and dissolve in MeOH. If there was not enough compound available, the 

microbalance was used to achieve higher accuracy weightings (ergosterol and amphotericin B). 

Whenever the hydrophobic compound did not dissolve in MeOH, it was dissolved first in a 

small quantity of THF (around 2-3 ml) and then diluted to the correct volume with MeOH 

(alizarin and purpurin). The usnic acid 75/25 (V/V) MeOH/THF solution, however, was found 

to be unstable at + 4 C° since the solid crystals were detected in the volumetric flask in the 

following day. Consequently, the stock solution was made entirely in THF. In the case of 

Amphotericin B, DMF was used due to its proven solubility.156  

The L-tyrosine was the first of the three studied amino acids, and it was found to have a poor 

solubility in MeOH and Milli-Q water. The solubility of amino acids increases in an acidic 

solution,157 therefore the effect of adding FA into the Milli-Q water to increase their solubility 

was investigated. It was observed, that the 2 % of FA in Milli-Q water was able to dissolve the 

L-Tyrosine, thus the rest of the amino acids were treated the same way. A new L-ascorbic acid 

Milli-Q water solution was made before every experiment, due to the compound’s instability 

in the solution.158  
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3.4.2 Optimization of compound ions for mass spectrometer 

The product ion optimization for each compound was conducted with a MassHunter Optimizer 

software. The software produces the compound’s optimized values for a fragmentor voltage 

and provides the masses, abundances, and collision energies of the product ions. Two methods 

were run for each compound: one for the positive ionization and one for the negative ionization. 

A detailed description of the final method parameters can be seen in Table 3. 

The solution used for the optimization was diluted from the stock solution to yield the analyte 

concentration of 10 μg/ml in 80/20 (V/V) MeOH/Milli-Q water, 0.1 % FA. The solution was 

injected into the mass spectrometer using the automatic sampler with the aid of 80/20 (V/V) 

0.1 % FA, ACN/0.1 % FA, Milli-Q water mobile phase. The sample was run two times with 

different methods, the variation in the methods being the polarity. 

Table 3. Analyte ion optimization parameters for the sample, LC, and MS/MS. 

System Parameter Value Details 

Sample Concentration 5 μg/ml  80/20 (V/V) MeOH/0.1 % FA,      

Milli-Q water 
Liquid 

chromatography 

Flow 0.3 ml/min 80/20 (V/V) 0.1 % FA in  ACN/0.1 % 

FA in Milli-Q water 
 Injection volume 3 μl  

 Injection speed 200 μl/min  

Mass 

spectrometry 

Mass range 30-650 u* *Range used for amphoteric B was 

30-950u 
 Dwell time 500 ms  

 Acceleration voltage 4 V  

 Gas Temperature 300 C°  

 Gas flow 10 L/min Nitrogen 

 Nebulizer pressure 45 psi  

 Capillary voltage 4000 V  

Optimization 

parameters 

Fragmentor 50-200 V Searched in intervals of five. 

 Collision energy 5-60 eV Searched in intervals of one.  

 Ions [M+H]+, [M-H]- Run in both polarities. 
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3.4.3 Liquid chromatography and ion source optimization  

The LC separation method was adopted from the master’s thesis of Barua.160 The method was  

suitable for the separation, except for the post-run equilibrium time, which was changed from 

5 to 10 minutes since slight retention time changes were observed. Table 4 presents the details 

of the chromatographic separation. The separation was carried out the following way: 5 μl 

injection of sample into the sample loop, from where it was flushed with 0.1 % of FA in Milli-Q 

water (V/V) (mobile phase A) with the flow rate of 0.4 ml/min to the column where temperature 

was set to 50 °C and the system’s maximum pressure to 400 bar. After 2 minutes, the mobile 

phase was gradually changed within 14 minutes from 0 to 100 % of 0.1 % FA in ACN (V/V) 

(mobile phase B), and for the rest of the 20-minute run the mobile phase was kept constant. 

After the separation, there was a 10 min equilibrium time with the Mobile phase A before the 

next injection.  

The optimized ion source parameters included gas temperature, gas flow, nebulizer pressure 

and capillary voltage  capillary. The investigated ranges, change intervals and set value for the 

parameters are shown in Table 5. The set value is the condition used when the other parameters 

were investigated. The solution used for the optimization was diluted from the stock solutions 

to yield the concentration of 5 μg/ml of all the analytes in 80/20 (V/V) MeOH/Milli-Q water 

with 0.1 % FA.  

The manual ion source optimization results were verified by running Design of Experiments 

(DoE) assay in the Statgraphics centurion software where the response surface methodology 

with central composite design was chosen. Due to having 23 different analytes, the assay was 

run in two different sets of 11 and 12 analytes with 4 variables, 3 center points resulting in 27 

runs in total where axial distance was set to 1 and the error d.f. to 12. The different combinations 

of the analytes were comprehensively tested to find the optimal values.  
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Table 4. Liquid chromatography gradient elution and separation parameters. 

Time [min] A [%] B [%] 

0.00 100 0 

2.00 100 0 

16.0 0 100 

20.0 0 100 

   
Parameter Value Details 

Mobile phase A 0.1 % FA, Milli-Q water (V/V)  

Mobile phase B 0.1 % FA, ACN (V/V)  

Flow 0.4 ml/min  

Maximum pressure 400 bar  

Post-run  10 min Mobile phase A 

Column temperature 50 C°  

Injection volume 5 μl  

Injection speed 200 μl/min  

 

 

Table 5. The ion source optimization parameters and values used for compound ion optimization.  

Parameter Range Interval Set value 

Gas temperature (C°) 250-350  25 300 

Gas flow (L/min) 7-13  1 10 

Nebulizer pressure (psi) 30-50  5 45 

Capillary voltage (V) 3000-4500  250 4000 
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3.4.4 External calibration 

External calibration standards were made by diluting the analyte stock solutions with MeOH to 

yield the concentration of 20 μg/ml. From that the 10-point calibration covering the range of 

0.1 –15 μg/ml in 80/20 (V/V) MeOH/Milli-Q water, 0.1 % FA with 2 μg/ml of ISTD was 

constructed.  

 

 

3.4.5 Solid phase extraction  

The solid phase extraction method was inspired by Barua160 and Kopperi et al..164 The sample 

volume of 1.5 ml, spiked with ISTD, at pH 2 was introduced into C2 and C18 cartridges 

conditioned with Milli-Q water. The sample solution was collected, and its pH was changed to 

10 followed by the reintroduction to the cartridges. The analytes were eluted with 1 ml of 

MeOH per cartridge after every addition step. The elutes were collected to a test tube, which 

was dried in 40 C° under the nitrogen stream. Then 200 μl of MeOH was added to the dried test 

tube followed by 2-minute sonication. The solution from the test tube was transferred to a glass 

insert and dried again in 40 C° under the nitrogen stream. The analytical sample was 

constructed by adding 50 μl (60 μl in samples) of 80/20 (V/V) MeOH/Milli-Q water, 0.1 % FA 

into the glass insert. Figure 5 shows the detailed explanation of SPE scheme. 

The standard sample used for the SPE optimization was made from 1.5 ml of Milli-Q water 

which was spiked with 4 μl of ISTD and 10 μl of analytes solution. The standard solutions for 

this experiment were both made into the concentration of 25 μg/ml, yielding the analytical 

sample concentrations of 2 μg/ml and 5 μg/ml of ISTD and analytes, respectively. In the 

optimization, the effect of pH was studied by introducing the sample solution into the cartridges 

at pH 2 and 10 or at pH 7, 2 and 10. The sample residues and the further elution of the cartridges 

with 1 ml of MeOH were also run, providing extra information of the SPE method suitability. 

At the end, the samples were done with 2-10 pH method due to the better recovery.  
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Figure 5. Solid phase extraction scheme 
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3.4.6 Samples 

The studied indoor air samples had been previously taken from the two-sick houses in the 

Uusimaa region Finland. The house from Nummela is in the countryside, in which the samples 

were taken from the Ground and 1st floor in 6.6.2019. The second house is from urban Vantaa 

where the samples were collected from the three ground floor rooms in 17.6.2019. Including 

these indoor air samples, outdoor air samples were collected at the same time from the balconies 

of the houses. The outdoor air sample act as a reference, consequently normalizing the 

concentrations of the compounds in the indoor air and providing a possible connection between 

fungal emissions and the indoor air quality. Furthermore, toxicology information about the 

samples had been previously obtained, forwarded via personal communication by J. Ruiz-

Jimenez in February 2020, which reinforces the connection between the hazardous air and 

compounds present. For a sampling practice and for additional reference point, the indoor air 

sample was taken from the analytical chemistry laboratory’s office room C319 in 23.1.2020.  

All the samples were collected with an E-collector which is a hollow metallic box set up on a 

metallic stand and a metallic receiver plate placed under it. The idea of the sampler is to 

condensate the water from the air into the cold metallic surface. This is achieved by placing a 

dry ice block inside the interior of the E-Collector. After the proper sampling time (depending 

on the air humidity etc.), the dry ice is let to vaporize or it is removed from the socket, thus 

letting the frozen water shards melt into the water droplets. The droplets dripple on to the 

collection plate, where the water sample is collected and preserved in the freezer before it is 

analyzed. In the practiced sample, the collector was cleaned with MeOH before the sampling. 

The dry ice was placed inside the collector and the water was collected onto the metallic surface 

about two and half hours. The melting of the water was speeded up by removing the dry ice 

block and warming the surface with a hair dryer. The received water volume was around 5 ml.  

The samplings in the sick houses were done beforehand by laboratory personnel with the E-

Collector, and in this work, they were only analyzed. All the samples were frozen right after 

the sampling and before analysis, they were allowed to warm to the room temperature. The 

warmed samples were sonicated for 2 minutes, followed by taking 1.5 ml of the sample and 

spiking with 4 μl of ISTD solution (excluding the blanks), yielding the analytical sample 

concentration of 1.67 μg/ml of ISTD. If the sample volume was too low, the 1.5 ml of the 

sample was reached by adding Milli-Q water for the rest of the volume. The analytical sample 

volume inside the glass insert was increased to 60 μl, since it ensured that the precursor ion 
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scans could be run for all the analyte masses. Table 6 and Table 7 provide more detailed 

information of the sick house samples. 

 

Table 6. Nummela sample codes, rooms where sample was taken and acquired toxicity information. 

Nummela Room Toxicity 

H1 Ground floor Nontoxic 

H2 1st floor Toxic 

H3 Outdoor air Blank 

Table 7. Vantaa sample codes, rooms where the sample was taken and acquired toxicity information. 

Vantaa Room Toxicity 

S1* Parents’ room Toxic 

S2 Child’s room Nontoxic 

S3 Living room Bit toxic 

S4 Outdoor air Blank 

 

 

 

3.4.7 Standard addition calibration 

To verify the results from the external calibration, the standard addition calibration was 

performed. Due to the insufficient amount of Vantaa sample, the calibration was carried out 

only for the Nummela and laboratory office samples. The standard addition sample was 

processed the same way as in the sample paragraph but for this time the 1.5 ml sample was 

spiked with the analyte standard solutions, yielding the analytical sample concentrations of 2, 

5 and 8 μg/ml of the studied analytes in 50 μl. Table 8 provides detailed information of the 

standard addition calibration samples. 

*Sample volume was 380 μl. Milli-Q water was added into the sample to reach the volume of 1.5 ml. 

 

 

 



 

36 

 

Table 8. Standard addition calibration sample composition and calibration range.  

Sample Sample amount [ml] Calibration range [μg/ml] 

H1 1.4 + 0.1 Milli-Q water 2-5-8  

H2 1.3 + 0.2 Milli-Q water 2-5-8 

H3 1.4 + 0.1 Milli-Q water 2-5-8 

C319 1.5 2-8* 

 

 

3.4.8 Analysis of sample precursor ions 

The samples were studied for more compounds of the same metabolism pathway of the studied 

analytes and for the new possible marker compounds. The study was conducted by running the 

precursor ion scans from the analyte product ions. The precursor ion scan produces mass peaks 

that form the same mass fragment as the analyte does. Then these acquired masses were 

searched on Metabolite and chemical entity database (METLIN) and Human metabolome 

database (HMDB), which provide a possible metabolite for the mass peak. These compounds 

can be then semi-quantitated with the acquired external calibration if they have the same or 

slightly different molecular structure. For the masses that did not match the semi-quantification 

requirements, the matching patterns to the toxicology measurements were looked at to assess 

the possible marker compounds. In practice, the precursor ion chromatographs were thoroughly 

searched from the baseline for all the possible mass peaks, which were then compared to other 

samples for matching peaks. The criteria for the primary peak selection was as follows: the 

peaks had the same mass inside the 1.0 margin (the spectrometer gave the masses as e.g. 104.5, 

and 104.4, these would have gone to 104 and 105 mass categories respectively, therefore the 

criteria was set to 1.0 as a way to prevent the information loss), retention time change in the ± 

0.2 min margin (pressure problems had caused peak shifting during the runs) and at least the 

two samples had the same peak fulfilling these two restrictions. The masses that matched these 

criteria were combined in extracted chromatogram (EC) where they were further analyzed. The 

new possible marker compounds were determined by the signal strength and comparing the 

area of the peaks to the patterns of the toxicity of the room/floor (e.g., the area of the peak was 

the largest in the most toxic room/floor and lowest in the least toxic).  

*C319 reference sample was done only in two-point calibration due to the lack of available cartridges. 

 

e restrictions 
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3.5  Results and discussion 

3.5.1 Compound ion optimization for mass spectrometry  

In the first experiment of compound ion optimization, the nebulizer pressure was set to 15 psi, 

the gas temperature to 290 C° and the flow to the mass spectrometer originated completely from 

the organic mobile phase. Oxalic acid, cinnamic acid, L-ascorbic acid, gallic acid and ergosterol 

gave no response on LC-MS in a first trial. Thus, changes were made to the method to match 

the parameters shown in Table 3. The compounds were run again which resulted responses for 

the oxalic and the cinnamic acid. The remaining three unresponsive compounds were run for 

the third time with higher concentrations: 100 μg/ml of gallic acid, 100 μg/ml of L-ascorbic 

acid and 70 μg/ml of ergosterol. With these concentrations ergosterol still remained without 

response from the spectrometer. Next attempt was to set the capillary voltage to 5500 V and the 

gas temperature to 250 C° to match the values from a study, which had successfully analyzed 

ergosterol.159 Nevertheless, the endeavor was not any more as successful as the previous 

attempts. Consequently, ergosterol was dropped out from the studied compounds, due to the 

failure to detect the compound in the mass spectrometer or in the chromatographic separation. 

One possible reason might have been an improper weighing of the compound, caused by 

virtually an empty analyte reservoir, whether originating from human error or corrupted 

compound. Furthermore, in the internal standards, Decafluorobiphenyl did not produce any LC-

MS response either. Therefore, triphenyl phosphate, which gave an abundant signal, was chosen 

as the ISTD for the method. Table 9 shows the optimal values for the mass spectrometer 

parameters and Table 10 lists the suggested molecular structures for the analyte ions.  

 

Table 9. Optimized parameters for the mass spectrometer. 

Analyte Polarity/ 

charge 

[z] 

Molecular 

weight 

[g/mol] 

Precursor 

ion           

[m/z] 

Product 

ion     

[m/z] 

Fragmentor                                                      

voltage      

[V] 

Collision 

energy 

[eV] 

2,5-Dihydroxybenzoic acid - 154,12 

 

153 108 90 25 

2,6-Pyridinecarboxylic 

acid 

- 167,12 166 122 55 4 

4-Hydroxybenzoic acid - 138,12 137 93 80 17 
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Analyte Polarity/ 

charge 

[z] 

Molecular 

weight 

[g/mol] 

Precursor 

ion           

[m/z] 

Product 

ion     

[m/z] 

Fragmentor                                                      

voltage      

[V] 

Collision 

energy 

[eV] 

Alizarin - 240,21 239 210 200 33 

Amphotericin B + 924,1 924.5 906.4 130 13 

Caffeic acid - 180,16 179 135 105 17 

Caffeine + 194,19 195.1 138 110 21 

Cinnamic acid + 148,16 149.1 131 60 9 

Ferulic acid + 194,18 195.1 177 70 9 

Fusidic acid - 516,17 515.3 455.2 160 21 

Gallic acid - 170,12 169 125 120 13 

Kojic acid + 142,11 143 69.1 90 17 

L-Ascorbic acid - 176,12 175 114.9 95 9 

L-Phenylalanine + 165,19 166.1 120.1 80 13 

L-Tryptophan + 204,22 205.1 188.1 80 9 

L-Tyrosine + 181,19 182.1 91.1 70 33 

Oleic acid - 282,5 281 281 - - 

Oxalic acid + 90,03 89 47 50 10 

p-Anisaldehyde + 136,15 137.1 77.1 85 25 

Purpurin - 256,21 255 227 160 25 

Pyrogallol - 126,11 125 79 120 21 

Salicylic acid - 138,12 137 93 90 17 

Tyramine + 137,12 138.1 121 65 9 

Usnic acid - 344,3 343.1 328 140 17 

Triphenyl phosphate + 326,3 327.1 77.1 165 77 

 

Table 9. Continues. 
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Table 10. Suggested ions for the studied compounds.  

Analyte Precursor ion Product ion 

2,5-

Dihydroxybenzoic 

acid 

 

 

 

2,6-

Pyridinecarboxylic 

acid 

 
  

   

4-Hydroxybenzoic 

acid 

 

 

 

 

 

Alizarin 

  

Amphotericin B 
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Analyte Precursor ion Product ion 

Caffeic acid 

 

 

 

Caffeine 

 
 

Cinnamic acid 

 

 

Ferulic acid 

 
 

   

Fusidic acid 

  

   

   

Table 10. Continues. 
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Analyte Precursor ion Product ion 

Gallic acid 

 

 

Kojic acid 

  

L-Ascorbic acid 

 

 

L-Phenylalanine 

 

 

L-Tryptophan 

 

 

L-Tyrosine 

  

Table 10. Continues. 
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Analyte Precursor ion Product ion 

Oxalic acid 

 

 

p-Anisaldehyde 

  

Purpurin 

  

Pyrogallol 

 

 

Salicylic acid 

 
 

Tyramine 

 
 

   

Table 10. Continues. 
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Analyte Precursor ion Product ion 

Usnic acid 

  

Triphenyl phosphate 

 

 

 

 

At the first time the chromatographic separation was run, it was discovered, that the salicylic 

acid and 4-hydroxybenzoic acid had gotten the same precursor and product ions selected from 

the MassHunter Optimizer. To qualitative the compounds, the separate chromatographic runs 

were run. A larger slowdown, however, emerged when three compounds, 2,6-

pyridinecarboxylic acid, oleic acid and oxalic acid did not give proper responses after the LC-

MS/MS separation. Thus, further investigation was conducted by running full mass scans. Due 

to the apparent weak fragmentation and low abundance of ions, oleic acid was decided to run 

without fragmentation, meaning that the precursor ion was detected also after the tandem mass 

spectrometric step. In the case of oxalic acid, the full mass scan revealed more definite [M]+ 

ion compared to [M+H]+, which was the only positive ion selected in the settings of the 

optimizer software. For 2,6-pyridinecarboxylic acid, there was not any mass peaks to choose as 

the MRM spectrum was completely empty. Hence, 2,6-pyridinecarboxylic acid was removed 

from the study. The literature suggests, that 2,6-pyridinecarboxylic acid is a great complexation 

agent,161,162 therefore it presumably formed complexes with the metal ions which had 

accumulated into the reversed-phase.163 Consequently, complexation considerably hindered the 

ionization of the compound in the ion source. 

Table 10. Continues. 



 

44 

 

3.5.2 Ion source optimization for mass spectrometry  

The ion source optimization included the following parameters: gas temperature, gas flow, 

capillary voltage, and nebulizer pressure. The parameters were investigated manually and 

subsequently verified by running the experiment with DoE assay. The results are presented in 

the tables of 12-14 where Table 11 lists the optimal parameter values for the analytes with the 

average and median values for the method while the DoE assay results with an arbitrary pairing 

of analytes and based on a polarity can be found in Table 12. The signal change in the 

investigated range during the manual runs is presented in Table 13. 

Out of 92 optimized parameters, 52.2 % had the same value in manual and DoE experiments, 

whereas 6 parameters were out of the maximal absolute error received from the six-set 

value/central point runs. The size of the error in these six parameters ranged from 2.2-3.3 

standard deviations. When assuming normal distribution and considering the quite large size of 

the experiment, these results are excepted. Therefore, the experiment was successful concluded.  

Gas temperature optimal value based on manual and DoE experiment would be 325 C° or 

350 C°, while the DoE surface methodology assay points more towards the 350 C°. It is notable 

that amphotericin B is highly temperature dependent since the signal drops practically to zero 

at the 350 C° condition. The signal is four times higher at the 325 C° than in 350 C° but readily 

strengthens reaching 26 times higher at the 300 C° condition than in 350 C°. To ensure the 

detectability of amphotericin B, the suboptimal conditions (300 C° for gas temperature) was 

chosen for the whole method.  

Almost all the gas flow results indicate that the optimal flow value would be 10 L/min. 

Amphotericin B seems to be very sensitive for the gas flow as well, however the faster reduction 

in the signal takes effect after the 10 L/min condition. Therefore, the 10 L/min gas flow was 

kept as an optimal value for the method. For the nebulizer pressure, the results indicated 

essentially a coin flip between the 45 and 50 psi. The experiment values were slightly on the 

lower side; therefore 45 psi was chosen as optimal condition.    

The highest results for the response of the analytes were obtained with the capillary voltage 

values of 3000 V and 3500 V (median and average) (Table 11). The DoE assays results of the 

randomly chosen compounds (Table 12), however, produced results at the opposite sides of the 

spectrum (3000 or 4500) as an optimal value for the total response. When the compounds were 

divided into groups according to their charge, the optimal capillary voltages to produce the 

highest total response were between 3000-3250 V for negative ions and 3750 V for positive 
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ions in manual experiment. Consequently, the DoE assay from these same groups were run, 

which revealed that the highest total response for negative ions was at the capillary voltage of 

3000 and for positive ions at the capillary voltage of 4500. These values were then chosen for 

the method.   

Overall, from the ion source parameters, gas temperature and gas flow had the highest impact 

on the total response, closely followed by capillary voltage (Table 13). The nebulizer pressure, 

on the other hand, clearly had the smallest impact on the signal. The most stable compounds 

were 2,5-dihydroxybenzoic acid, 4-hydroxybenzoic acid, caffeic acid, purpurin, pyrogallol, 

salicylic acid and usnic acid. The most dependent on the conditions were amphotericin B, oleic 

and L-tyrosine. 

 

Table 11. Optimal ion source parameters for the analytes in optimization/design of experiments, 

where DoE, average and median results are rounded to the nearest investigated interval.  

Analyte Temperature 

[C°] 

Flow  

[L/min] 

Pressure 

[psi] 

Voltage 

[V] 2,5-Dihydroxybenzoic acid 350/350 7/10 45/50 3000/3000 

4-Hydroxybenzoic acid 350/250 7/7 50/50 3000/3000 

Alizarin 250/250 8/9 50/50 4000/3000 

Amphotericin B 250/250 7/7 40/35 4500/4000 

Caffeic acid 325/325 11/9 50/50 3000/3000 

Caffeine 350/350 12/13 45/50 3000/3000 

Cinnamic acid 350/350 12/13 30/40 4500/4500 

Ferulic acid 350/350 12/12 30/45 4500/4500 

Fusidic acid 325/350 11/11 30/30 4500/4500 

Gallic acid 250/275 13/7 45/50 3000/3000 

Kojic acid 350/300 13/11 45/50 3000/4500 

L-Ascorbic acid 250/275 7/7 30/30 3000/4000 

L-Phenylalanine 350/325 12/12 50/50 3000/3000 

L-Tryptophan 350/350 12/12 50/50 3000/3000 
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Analyte Temperature 

[C°] 

Flow  

[L/min] 

Pressure 

[psi] 

Voltage 

[V] L-Tyrosine 350/350 12/12 30/50 3250/3000 

Oleic acid 350/350 13/11 30/30 4500/4500 

Oxalic acid 350/350 13/13 35/45 4500/4500 

p-Anisaldehyde 250/250 8/10 50/50 4500/4500 

Purpurin 325/350 7/9 50/50 3250/3000 

Pyrogallol 325/300 7/9 35/50 3000/3000 

Salicylic acid 325/250 7/7 50/50 3000/3000 

Tyramine 350/350 12/12 45/50 3000/3000 

Usnic acid 350/350 8/9 50/25 3250/3000 

     

Average 325/300 10/10 40/45 3500/3500 

 

+3750/3750 

Median 350/350 11/10 45/50 3000/3000 

- 

+3250/4000 

 

 

Table 12. DoE assay results, in the ion source optimization presented to the nearest investigated 

interval. The different combinations of the compounds were chosen randomly or by the polarity 

of the compound. 

Parameter Random Random Random Random Negative Positive 

Temperature [C°] 350 275 350 350 325 350 

Flow [L/min] 11 10 9 11 9 12 

Pressure [psi] 30 45 45 45 50 50 

Voltage [V] 4500 4500 4250 3250 3000 4500 

Effectivity [%] 82  61  60  71  82  82  

 

Table 11. Continues.  
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Table 13. Relative signal change (%) in the ion source optimization. Calculated from  
𝐴𝑚𝑎𝑥−𝐴𝑚𝑖𝑛

𝐴𝑚𝑎𝑥
, 

where 𝐴𝑚𝑎𝑥 is maximal signal and 𝐴𝑚𝑖𝑛 is the minimum signal in the investigated range. 

Analyte Temperature 

[%] 

Flow          

[%] 

Pressure   

[%] 

Voltage  

[%] 

2,5-Dihydroxybenzoic acid 13.3  8.30  1.90  6.60  

4-Hydroxybenzoic acid 1.90  11.7  5.50  8.60  

Alizarin 15.0  12.0  17.6  10.9  

Amphotericin B 98.9  96.9  13.3  55.0  

Caffeic acid 6.50  3.60  3.80  9.20  

Caffeine 16.4  11.4  5.00  8.30  

Cinnamic acid 28.9  34.1  11.4  22.7  

Ferulic acid 24.8  15.5  7.60  16.2  

Fusidic acid 12.5  8.60  15.4  17.9  

Gallic acid 7.80  6.80  8.80  18.8  

Kojic acid 17.2  14.3  21.0  8.90  

L-Ascorbic acid 16.6  30.8  31.4  38.5  

L-Phenylalanine 30.6  22.4  8.90  21.3  

L-Tryptophan 24.5  14.6  7.00  17.5  

L-Tyrosine 60.4  41.7  5.00  19.1  

Oleic acid 61.4  56.5  32.3  48.2  

Oxalic acid 32.5  26.0  8.70  31.9  

p-Anisaldehyde 21.7  12.3  16.4  24.0  

Purpurin 9.00  5.20  4.30  5.60  

Pyrogallol 6.00  7.70  6.00  11.2  

Salicylic acid 3.20  6.70  1.30  15.9  

Tyramine 46.7  36.4  8.00  21.8  

Usnic acid 13.6  7.40  2.40  5.70  
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3.5.3 Calibration of liquid chromatography-mass spectrometry  

The external calibration results are presented in the Table 14. In the first experiment, the ISTD 

was added with a mechanical pipette, which resulted in a quite high RSD of 9.1 %. The 

calibration was repeated, but this time the ISTD was added with a syringe. The error decreased 

over 3 percentage points to the RSD of 5.9 %, which is substantial drop from the first 

experiment. Consequently, the ISTD was added with the syringe in the following experiments. 

Overall, 19 out of 23 analytes had the linear correlation in the studied range of 0.1-15 μg/ml. 

The exceptions were kojic acid, oxalic acid and Usnic acid that had two linear zones and L-

ascorbic acid due to its degradation. The degradation speed of L-ascorbic acid was considered 

by taking a signal loss in the three repetitions of the same concentration and multiplying the 

signal loss with the number of the runs conducted, consequently, producing an expected signal 

without the degradation. This product was then added to the signal and the sum was plotted 

against the concentration, which produced linear correlation in the range of 0.1-10 μg/ml.    

From the compounds, oxalic acid had a bad correlation coefficient in the lower range calibration 

curve (0.1-1.2 μg/ml) because of the high dispersiveness in the signal. Otherwise, the 

calibration curves were fitting very well. The limit of detections (LoD) of the analytes ranged 

from 1.7 – 333 ng/ml. The RSD for the retention times of the analytes were 0.1-4.5 %, and 

intraday and interday signals of the analytes were 0.8-10.6 % and 0.4-10.1 % RSD, respectively. 

The larger errors were obtained for Oxalic acid and l-ascorbic acid, due to previously mentioned 

issues. The ISTD signal had the RSD of 6.1 % where the steady decrease on the signal was seen 

from 2.5 μg/ml forwards, as the concentrations of the compounds increases, while the retention 

time for the ISTD was steady with 0.05 % RSD.  

 

Table 14. External calibration results for the analytes where Rt is retention time, 𝑅2 is coefficient of 

determination, LoD is limit of detection and is LoQ is limit of quantitation. 

Analyte Rt 

[min] 

Calibration curves, (range)* 

[ng/l] 

𝑹𝟐 LoD 

[ng/l] 

LoQ 

[ng/l] 

2,5-Dihydroxybenzoic 

acid 

5.6 y = 1.624E-05X-6.814E-03 0.995 83 249 

4-Hydroxybenzoic 

acid 

6.0 y = 3.933E-05x-5.849E-03 0.999 101 304 

Alizarin 12.3 y = 2.733E-06x-4.347E-04 0.999 62 185 
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Table 14. Continues.  

Analyte Rt 

[min] 

Calibration curves, (range)* 

[ng/l] 

𝑹𝟐 LoD 

[ng/l] 

LoQ 

[ng/l] 

Amphotericin B 12.5 y = 3.089E-06x-4.208E-04 0.998 88 265 

Caffeic acid 9.5 y = 3.609E-05x-2.296E-04 0.999 63 190 

Caffeine 9.8 y = 9.114E-05x-4.268E-03 0.999 1.7 5.1 

Cinnamic acid 11.5 y = 3.233E-05x-4.067E-03 0.999 11 32 

Ferulic acid 10.6 y = 3.491E-05x-4.910E-03 0.999 7.4 22 

Fusidic acid 14.7 y = 3.000E-06x-1.594E-04 0.999 44 132 

Gallic acid 1.9 y = 2.266E-05x+1.217E-03 0.999 47 141 

Kojic acid 1.6 
y = 4.001E-06x+3.292E-04, (0.1-1.2) 0.983 

159 476 

y = 1.142E-06x+4.419E-03, (1.2-15) 0.981 

L-Ascorbic acid 0.9 y = 3.801E-03x-1,598E-03, (0.1-10) 0.883 56 168 

L-Phenylalanine 2.5 y = 2.553E-04x+1.019E-02 0.999 13 39 

L-Tryptophan 5.9 y = 1.362E-04x-2.923E-02 0.998 51 152 

L-Tyrosine 1.2 y = 6.096E-05x-2.864E-02 0.993 19 57 

Oleic acid 17.6 y = 1.820E-06x+2.949E-04 0.998 203 608 

Oxalic acid 0.7 
y = 1.738E-07x+1.088E-04, (0.1-1.2) 

y = 6.234E-08x+2.262E-04, (2.5-12) 

0.853 
333 1000 

y = 6.234E-08x+2.262E-04, (2.5-12) 0.978 

p-Anisaldehyde 11.1 y = 1.695E-05x-3.723E-03 0.999 57 172 

Purpurin 12.9 y = 1.374E-05x+1.713E-03 0.999 50 150 

Pyrogallol 1.6 y = 1.794E-06x+ 3.259E-04 0.998 34 102 

Salicylic acid 10.6 y = 8.930E-05x+6.088E-03 0.999 9.4 28 

Tyramine 0.9 y = 2.317E-04x-2.957E-02 0.997 6.9 21 

Usnic acid 15.3 
y = 6.234E-08x+2.262E-04, (2.5-12) 

 

0.995 

 37 110 

y = 2.248E-05x+5.492E-02, (2.5-15) 0.995 
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3.5.4 Solid phase extraction optimization 

The recovery of the analytes in three and two pH setups are shown in the Table 15. In the three-

pH setup, the analytes were introduced into SPE cartridges three times, once in pH 7, second 

time in pH 2 and third time in pH 10. In the two-pH setup, the first introduction was excluded. 

The two-pH setup turned out to have slightly better recoveries for all the analytes and was 

chosen for the sample runs. This was expected, since according to the pKa values, the 

compounds were mostly in the molecular form either in pH 2 or 10. The slight recovery 

decrease in the three-pH setup might result from the longer time needed for the drying of the 

extra 2 ml of the solution and from the slightly bigger adsorption on the test tube due to the 

higher surface area needed for the extra elute volume. The RSD of ISTD recovery was 24.5 % 

in four runs. 

Overall, 20 out of 23 analytes had the recoveries ranging from 12-129 % in two-pH setup. The 

solid phase extraction protocol did not work for L-ascorbic acid and p-anisaldehyde, while 

amphotericin B produced very weak signal. In addition, oleic and oxalic acid showed 

inconsistent results between the experiments. In L-ascorbic acid and amphotericin B cases, the 

compounds had shown instability in the experimental conditions earlier, therefore difficulties 

during the SPE were expected. p-Anisaldehyde in other hand, is air sensitive compound, 

therefore during the procedures it might have vanished, and oleic acid was probably stuck in 

C18 phase, since MeOH might not be strong enough elution solvent for it. Oxalic acid on the 

other hand, recorded five times larger signal on blank run than in 5 μg/ml calibration sample, 

which proposes impurities coming possibly from Milli-Q water. These impurities can also be 

seen during the chromatographic separation and coming in with a steady pace into the detector.  

 

 

 

 

 



 

51 

 

Table 15. The compound recoveries in the solid phase extraction in three and two pH setups.  

Analyte p𝐊𝐚* Recovery         

7-2-10 [%] 

Recovery     

2-10 [%} 

2,5-Dihydroxybenzoic acid 2.97 25  33  

4-Hydroxybenzoic acid 4.54 43 50  

Alizarin 6.94 6  21  

Amphotericin B 5.5, 10.0 1  1  

Caffeic acid 4.62 55  71  

Caffeine 10.4 70  76  

Cinnamic acid 4.44 42  53  

Ferulic acid 4.58 47  69  

Fusidic acid 5.35 18  26  

Gallic acid 4.40 39  51 

Kojic acid 7.66 43  64  

L-Ascorbic acid 4.7, 11.57 0  0  

L-Phenylalanine 1.83, 9.13 70  76  

L-Tryptophan 7.38 120  129  

L-Tyrosine 2.2 35  37  

Oleic acid 5.02 0 15  

Oxalic acid 1.46, 4.40 18  121  

p-Anisaldehyde - 0  0  

Purpurin 7.05 6  15  

Pyrogallol 9.01 9  12  

Salicylic acid 2.97 23  26  

Tyramine 10.41 39  42  

Usnic acid 4.0 26  40  

Triphenyl phosphate 10.0 50  65  

 *Values were gathered from online sources, such as PubChem.  
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3.5.5 Sick house samples 

The indoor, outdoor and reference air sample analyte concentrations are presented in Table 16. 

Eight out of the twenty-three analytes were not determined (ND) in the samples. Undetected 

compounds were: 2,5-dihydroxybenzoic acid, caffeic acid, fusidic acid, gallic acid, L-ascorbic 

acid, oleic acid, oxalic acid and pyrogallol. The retention times of the detected analytes changed 

between 0.5 - 5.2 % and 0.2 – 4.6 %, in samples and standard addition samples, respectively, 

while ISTD changed 0.9 % and 1.2 %. The intraday analyte signals changed between 2.1 - 

26.6 % and 1.6 – 12.5 % , in samples and standard addition samples, respectively, while ISTD 

signal changed 2.7 % and 1.3 %. Between all the samples and all the standard addition samples, 

ISTD signal changed 18.9 % and 26.5 %, respectively, which is the in the correspondence with 

the RSD value of 24.5 % acquired in the solid phase extraction optimization. The analyte error 

values on retention times and signals were similar with the method development excluding the 

slight deviations which were anticipated due to the low concentrations and possible matrix 

effects. 

Cinnamic acid, ferulic acid and salicylic acid were the only compounds that were measured 

from both sick houses but were not detected in the reference sample. The outdoor 

concentrations of these compounds, however, showed disparities since the concentrations were 

generally lower in the urban area but higher in the countryside compared to the indoor 

concentrations. Caffeine and amino acid concentrations, however, were elevated at the sick 

houses, compared to both outdoor and reference air concentrations. When looked more closely 

at the total concentration of the compounds that were detected in the sick houses, except kojic 

acid due to high variance, the total sick house concentrations were clearly higher than in the 

outside. Furthermore, outdoor and reference air total concentrations were similar 69, 68 and 70 

ng/ml, for Nummela, Vantaa and reference sample, respectively.  

The standard addition recoveries are presented in Table 17. The standard addition results were 

in close agreement with the samples 52.3 % of the time, 19.3 % gave a similar result, and 28.4 % 

was contrary to the result. The ratios were similar in all the samples, suggesting minimal human 

error on sample the processing. Of the detected compounds, L-phenylalanine, tyramine and 

usnic acid were without the contrary results. On the other hand, caffeine, cinnamic acid and L-

tryptophan had six contrary results and only one in closely agreement out of the twelve results. 

Interestingly, amphotericin B gave clear signals on standard addition samples, while having 

much lower signals during the solid phase extraction optimization (Table 15). The compound 
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might form complexes with the matrix that makes it more resilient during the SPE protocol. 

Furthermore, p-anisaldehyde had a signal on every sample measurement, but in the SA and SPE 

recovery studies, there was not any recovery detected. Therefore, the detected signal in the 

samples with the similar retention time and selected ions, might for instance come from the 

ortho or meta isomer of anisaldehyde.  

Table 16. Analyte concentrations determined in samples and standard addition samples 
Sample

standard addition
.  

Compound H1 

[ng/ml] 

H2 

[ng/ml] 

H3 

[ng/ml] 

C139 

[ng/ml] 

 

S1 

[ng/ml] 

S2 

[ng/ml] 

S3 

[ng/ml] 

S4 

[ng/ml] 

4-hydroxybenzoic acid < LoQ 

ND 

< LoQ 

31 

< LoQ 

ND 

20 

13 

< LoQ < LoQ < LoQ < LoQ 

Alizarin < LoQ 

ND 

ND 

19 

7.8 

ND 

8.0 

4.4 

ND ND ND ND 

Amphotericin B ND 

ND 

ND 

6.7 

ND 

ND 

< LoQ 

ND 

ND ND ND ND 

Caffeic acid ND 

13 

ND 

ND 

ND 

ND 

ND 

ND 

ND ND ND ND 

Caffeine 5.4 

23 

7.2 

50 

2.5 

ND 

2.5 

ND 

5.0 4.5 4.7 2.8 

Cinnamic acid 10 

10 

5.3 

33 

7.0 

ND 

ND 

11 

7.4 ND 7.0 ND 

Ferulic acid 14 

12 

6.0 

51 

11 

ND 

ND 

ND 

10 6.7 6.0 ND 

Fusidic acid ND 

ND 

ND 

2.4 

ND 

3.3 

ND 

ND 

ND ND ND ND 

Kojic acid 34 

40 

27 

31 

41 

ND 

131 

17 

97 ND < LoQ < LoQ 

L-phenylalanine 40 

9.2 

13 

6.6 

2.1 

4.8 

12 

25 

29 30 28 9.4 

L-tryptophan 30 

33 

15 

ND 

9.3 

0.1 

10 

ND 

18 19 20 11 

L-tyrosine 50 

48 

37 

4.2 

22 

ND 

27 

44 

41 41 47 30 

Oleic acid ND 

17 

ND 

ND 

ND 

ND 

ND 

43 

ND ND ND ND 

p-Anisaldehyde 10 

ND 

13 

ND 

9.3 

ND 

12 

ND 

12 9.2 11 9.3 

Purpurin < LoQ 

ND 

< LoQ 

ND 

< LoQ 

74 

151 

18 

< LoQ ND ND ND 

Salicylic acid < LoQ 

11 

< LoQ 

12 

8.0 

5.5 

ND 

7.4 

5.1 1.8 11 < LoQ 

Tyramine 5.6 

4.6 

5.2 

11 

5.7 

7.1 

7.0 

13 

6.0 5.2 5.2 5.1 

Usnic acid < LoQ 

85 

< LoQ 

70 

5 

61 

7.4 

18 

< LoQ < LoQ < LoQ < LoQ 

 

 

ND – Not determined 

< LoQ – Value under the limit of quantitation  

H1-H3 – Samples from Nummela 

S1-S4 – Samples from Vantaa 

C139 – Reference laboratory sample 
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Table 17. Analyte recoveries during the standard addition samples  

Analyte H1 [%] H2 [%] H3 [%] 

2,5-Dihydroxybenzoic acid 32  30  37  

4-Hydroxybenzoic acid 51  47  66  

Alizarin 8  5  23  

Amphotericin B 22  18  17  

Caffeic acid 19  20  41  

Caffeine 77  80  66  

Cinnamic acid 73  72  62  

Ferulic acid 71  72  61  

Fusidic acid 32  29  22  

Gallic acid 0  0  1  

Kojic acid 31  40  64  

L-Ascorbic acid 0  0  0  

L-Phenylalanine 45  36  111  

L-Tryptophan 72  60  167  

L-Tyrosine 27  21  34  

Oleic acid 16  7  7  

Oxalic acid 47  135  920  

p-Anisaldehyde 5  5  2  

Purpurin 3  2  7  

Pyrogallol 0  0  0  

Salicylic acid 63  62  44  

Tyramine 53  48  53  

Usnic acid 63  67  43  
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In the Figure 6, the sick room concentrations from Vantaa and Nummela are visualized in the 

bar graphs, in which the outdoor air concentrations have been subtracted. Consequently, the 

negative concentrations arise when the room had the lower analyte concentration than the 

outdoor air. The more intensive blue the bar is, the more toxic the room was, while the grey 

color indicates that no toxicity was reported in that room.  

In Vantaa, five possible marker compounds were detected: caffeine, cinnamic acid, p-

anisaldehyde and usnic acid. Their concentrations correlated with the toxicity level of the room, 

while salicylic acid showed clear concentration increase in the toxic rooms compared to the 

nontoxic room. Usnic acid and p-anisaldehyde, however, displayed similar concentrations in 

the reference air sample. Other possible markers include the studied amino acids, since they 

showed significantly higher concentrations in the sick house compared to the outdoor air but 

did not have any correlation to the toxicity of the indoor air; ferulic acid, since it was not 

measured in the reference sample and kojic acid with the high concentration in the most toxic 

room, while having no signal at the nontoxic room. However, the result is questionable, as an 

even higher concentration of kojic acid was measured in the reference air sample. Tyramine 

and 4-hydroxybenzoic acid had slightly higher concentrations inside the house than outside but 

were also detected at the similar concentrations in the reference sample.    

In Nummela, amino acids, caffeine and p-anisaldehyde gave similar results as in the Vantaa 

(high indoor concentrations for amino acids and toxicity correlation for caffeine and p-

anisaldehyde). Although in this house, amino acids had clearly higher concentrations on the 

nontoxic floor rather than not showing correlation at the toxicity. For other compounds, only 

cinnamic acid and  ferulic acid showed higher concentration inside the house. Interestingly, the 

ground floor had the higher concentrations than the upper floor which was measured to be more 

toxic. During the house investigation, the floor of the house was determined to be not airtight. 

Consequently, the analyte accumulation from the outside to the inside could influence the 

concentrations in the downstairs.  

In conclusion, there was not substantial differences between the countryside and urban area sick 

houses. The downstairs of Nummela had the highest total concentration of the studied 

compounds at 165 mg/ml followed by two Vantaa rooms with 128 ng/ml and one with 116 

ng/ml, while the least amount was measured in Nummela upstairs with 101 ng/ml, averaging 

133 ng/ml and 124 ng/ml in Nummela and Vantaa, respectively. At the end, caffeine and the 

high concentrations of amino acids were the unifying factors between the analyzed sick houses, 

which makes them the most prominent candidates for the fungi markers. Furthermore, cinnamic 
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acid, ferulic acid and salicylic acid demonstrated good potential for marker compound 

especially on the urban areas since the outdoor concentrations were lower than the inside 

concentrations.  

 

 

 

Figure 6. Vantaa (upper) and Nummela (lower) graphically presented sample concentrations. The 

outdoor air concentrations have been subtracted from the results. Therefore, the minus concentrations 

result emerges when the outside concentration of the analyte was higher than the inside concentration. 

More intensive blue (colorful) the bar is, the more toxic was the room air. Grey color in the bar 

indicates that the air of the room was not found to be toxic. 
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3.5.6 Precursor analysis 

The precursor ion analysis turned out to be challenging due to the retention time changes and 

the low concentrations, making the comparison between the samples difficult. In addition, 

Covid- 19 restrictions limited the access to the laboratory in the spring, which prevented more 

detailed data analysis. Despite the difficulties, nine possible masses were found to exhibit the 

fungal marker properties. The separation properties of these precursors are presented in the 

Table 18 and in the following Table 19, where the masses are assigned to the compounds in 

Metlin or HMDB and had been measured in the fungi medium beforehand. Since there is limited 

amount of information available from fungal markers and we do not have high resolution 

spectral data, the assignment of the detected mass to the compound can mostly be an educated 

guess. 

 

Table 18. The possible masses of the fungal markers. The selection criteria for these masses are 

presented in 3.4.8 chapter.  

Rt                
[min] 

Precursor 
[m/z] 

Product 
[m/z] 

CE 
[eV] 

0.9 - 151 - 93 17 

1.3 133 69 17 

2.5 167 120 13 

6.3 206 188 9 

10.8 225 131 9 

11.7 246 69 17 

12.0 328 177 9 

12.0 345 177 9 

12.3 224 177 9 

 

In  Figure 7, the Extracted chromatogram results from the sample sites are visualized in the bar 

diagrams. In Vantaa, the masses 133, and -151 had the fitting toxicity pattern, while the masses 

167 and 206 had higher concentrations in both toxic rooms compared to the nontoxic room. 

The masses 246, 328 and 345 exhibited highest concentration in most toxic room but on the 
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other hand, had lower concentrations in the toxic room compared to the nontoxic room. Masses 

224 and 225 were measured only in the most toxic room. In Nummela, masses 246 and 328 

showed higher concentrations in toxic floor than in nontoxic one, while other masses did not 

have toxicity correlation. In both sample sets, the masses 246 and 328 showed higher 

concentrations in the toxic room than in the nontoxic room. 

 

 

 

Figure 7. Precursor ions detected in Vantaa (upper) and in Nummela (lower) graph.  
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The most promising precursors masses for the indication of the most toxic phase of the room 

air were 246 and 328, since both masses had the highest concentrations measured in the most 

toxic room/floor in both sample sites. Apart from carnitine derivates,165 there was not any 

association between the masses and known fungal secondary metabolites from the databases. 

The other promising mass was 133 with the clear signal, in which the databases suggested l-

asparagine as a potential candidate. The experimental data looks promising since the compound 

had early retention time and similar concentrations patterns as the studied amino acids had. 

D-arabitol and 6-mercaptopurine are the most favorable compounds for the mass -151 since 

early retention time eliminates other possibilities. For the mass 167, 7-methylguanine and 3-

methylxanthine are the most promising based on the early retention time. Assigning the most 

probable compounds for the masses 206 and 225 is not feasible since their retention times are 

in the middle of the gradient elution. The precursor masses 224 and 345 were without matching 

compounds from the databases.  

 

Table 19. Possible precursor compounds for the masses from Metlin and HMDB. 

 

 

 

 

 

 

-151 225 133 246 167 206 

6-Mercaptopurine 
4-methoxybenzoic acid166 

Xanthine167 
o-hydroxyphenylacetic 
acid168 
p-hydroxyphenylacetic 
acid168 

2,4-

dihydroxyacetophenone169 

d-arabitol170 
mandelic acid171 

5-Bromotetralone  

N-acetyl-l-
phenylalanine172 
Cerulenin173 
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4.  Conclusions 

The indoor air quality studies are largely reliant on the questionnaire answers of the study 

population. In the additional experiments, the inhabitants can be further diagnosed with the 

health professionals to assess the severity of the symptoms and the inflammation markers from 

blood. For the inspection of the houses, the measurements of the comfort parameters and the 

concentrations of the particles and compounds can be done to determinate the physical and 

chemical situation of these areas. The comprehensive study would contain investigation of all 

these aspects and contain considerable sample size, but the requirement of the expertise and 

cost would be too great. Consequently, there isn’t comprehensive knowledge of the BRS. Yet, 

the available observations draw a good picture of the overall situation and allow the necessary 

legislation to the public. The measured occurrence of the symptoms would, however, express 

the need of the improvements. Especially, the enforcement of the correct building techniques 

and the implementation of the appropriate air exchange would be the most effective approach 

to reduce the BRS in the future. Furthermore, the indoor air quality should be considered in the 

planning of the city structure to reduce the traffic related emissions near the workplaces and 

residences. Also, the knowledge of the material and cleaning product emissions would allow 

the transition to the less harmful commodities used in the indoor environments.  

The excess moisture encountered indoors is especially problematic since it can induce the 

emission of the VOCs from the materials and allow the fungal growth on the organic building 

materials. These fungal problems might unfold in the dwellings from the unexpected 

circumstances such as weather catastrophes like floods and hurricanes or from the mechanical 

failures from the houses’ water distribution system. The conventional way of detecting the 

fungal growth would require highly trained professional to assess the interior of the houses. 

Since then, methods such as the bioaerosol collection and the chemotaxonomy of the MVOCs 

have been developed. These methods, however, involve fair share of difficulties. For instance, 

after the collection of the bioaerosols, the particles need to be cultivated or treated with the 

reagents to assess the MCWA or DNA, therefore requiring a lot of time, space and being 

inherently expensive methods. The assessment of the MVOCs on the other hand, is easy and 

straightforward method since the volatiles are absorbed on the sorbents and the compounds are 

thermally released for the gas chromatography separation. The concentrations of these volatiles, 

however, are very low and the other pollutant sources are sharing most of the compounds. 

Therefore, endeavors are done to discover the whole volatile profiles of the fungal strains, 

which would allow the analysis of the volatile patterns to distinguish the fungal species and 
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other sources from each other. Otherwise, the very sensitive method to analyze fungal specific 

volatile markers is an alternative approach. 

The formation of the guttation droplets on top of the mycelium, however, presents the 

opportunity of more polar secondary metabolite exposure into the indoor air. In suitable 

conditions, the metabolites can transfer into the airborne water and particle phases and spread 

in the house environment. This transition into air brings the possibility to detect the secondary 

metabolites from the indoor moisture since the water can be gathered, concentrated, and 

analyzed with liquid chromatography systems. This approach, therefore, might remove the 

interferences with the material sources, but the low concentrations would still be an obstacle to 

overcome. However, the possibility of using the secondary metabolites as fungal markers is 

promising approach to improve the future indoor air quality. 

The study conducted in this thesis, presents an analytical method, which can successfully 

analyze nineteen fungal secondary metabolites in condensate water from the indoor air. Twelve 

of the analytes were found to be in higher concentration inside the sick houses than outside. 

From these, seven compounds: caffeine, cinnamic acid, ferulic acid, L-phenylalanine, L-

tryptophan,- L-tyrosine and salicylic acid were undetected or lower concentrations in the 

reference air sample, indicating that the larger concentrations of these compounds, could 

originate from the fungal origin in the sick houses. Therefore, they are the most suitable fungal 

marker candidates according to the used method. The studied amino acids and caffeine showed 

most potential since these compounds had higher concentrations in both sick houses compared 

to the outside concentrations. Cinnamic acid, ferulic acid and salicylic acid showed clearly 

larger concentrations in the urban area but in the rural area, the outside concentrations of these 

compounds were similar to the inside concentrations. In addition to the quantitative analysis, 

the samples were screened for secondary metabolites with precursor ion scan for 

semi-quantitative analysis, which generated nine more possible fungal markers.  

Due to the study’s small sample size, lack of the time dependent tracking and proper reference 

points from the healthy houses, these results are preliminary. The results, however, show that 

the analysis of the fungal secondary metabolites from the condensate water, have a potential to 

identify the sick houses. The used method suggests over a dozen compounds that have marker 

compound properties. In whole, further studies need to be conducted with multiple fungal 

free/sick houses and time points for the better understanding of the entire chemical situation 

development in the sick houses. Furthermore, other indoor air pollution sources should be taken 

into the consideration.  
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