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Abstract: Solid or processed wood, and wood waste in particular (dust, shavings, etc.) are the source
of a number of health hazards for workers in the wood industry. One of the many negative health
effects of exposure to fungi is allergic diseases caused by hypersensitivity reactions. The aim of this
study was to investigate the effect of wood species and the degree of dust fragmentation, resulting
from processing conditions and storage conditions on the level of wood dust contamination with
microscopic fungi during 1 year of storage. An additional aspect of the research was the assessment
of the influence of the antioxidant wood bioactive compounds on the development of A. alternata
microscopic fungi. It was found that the conditions in which wood dust is stored significantly affect
the development of microscopic fungi, especially fungi of the genus Alternaria. The results indicate
that temperature is the determining factor, not the relative humidity of the air. The degree of dust
fragmentation resulting from the sanding paper grit also has a significant impact on the development
of microscopic fungi. Finer dust is more susceptible to the development of microscopic fungi. The
antioxidant activity of the wood from which the dust was formed was found to have a significant
impact on the development of microscopic fungi. An inverse relationship was observed, indicating
the strong activity of antimicrobial substances. Gaining comprehensive knowledge of how all factors
affect each other is a key step in understanding the risk and implementing measures to prevent and
protect the work environment.

Keywords: wood dust; microscopic fungi; antioxidant activity; ergosterol; ABTS

1. Introduction

Alternaria alternata (Fr.) Keissl. is a fungus species belonging to the phylum Ascomycota,
in the class Dothideomycetes. They are ubiquitous organisms that can develop on various
surfaces. The optimal conditions for their development are high humidity and temperature.
The development of the thallus and the release of spores lead to colonization of the surface.
The consequence of this is the presence of both spores and fragments of hyphae in the
air surrounding the affected surfaces. These components of mushroom biomass are part
of dust [1,2].

Hypersensitivity is a pathological and qualitatively altered tissue reaction caused
by repeated exposure to antigens. It consists of the development of an immune reaction
related to the formation of specific antibodies or sensitized lymphocytes. As a result, there
may be a very strong response of both the cellular and humoral type, and in extreme cases
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even the destruction of one’s own cells. One of the many negative health effects of exposure
to fungi is allergic diseases caused by hypersensitivity reactions. Fungal spores are among
the most abundantly represented biological particles in the atmospheric air. They are much
more numerous than the pollen grains of other environmental allergens. Due to their
small size, the spores enter the respiratory tract with the inhaled air [3,4]. The diagnosis
of allergies and fungal diseases is difficult due to the clinical picture of the disease. In
addition, most patients are hypersensitive to several species of these pathogens, which
may be due to both independent allergies to more than one allergen, and the presence of
cross-allergies [5–7]. An important feature of hypersensitivity to allergens in the form of
particles of fungal biomass is the variability of the biochemical and allergenic properties of
fungi from different populations, even within species, which is related to their unlimited
adaptability to environmental conditions [8–11].

Solid or processed wood, and wood waste in particular (dust, shavings, etc.), are the
source of a number of health hazards for workers in the wood industry. The number of
workers exposed to wood dust in contemporary Poland was estimated at approximately
310,000 for the years 2000–2003; 79,000 workers were exposed to an LO concentration of
5 mg/m3, 52,000 to a concentration of 0.5–1 mg/m3, 63,000 to a concentration of 1–2 mg/m3,
72,000 to a concentration of 2–5 mg/m3 and approximately 44,000 to a concentration
above 5 mg/m3 [12–18].

Sanding, sawing, milling and drilling wood materials are among the most dust-
generating processes in the wood industry. The automation of processing is particularly
related to the high emission of dust pollutants. The most disadvantageous is the use of
machines with high rotational speed [17–21]. The greater the speed of the tool during
machining, the greater the generation of heat in the tool [22]. The thermal properties may
vary not only depending on the modification method, but also the material’s density and
thickness [23]. There are visible differences between the density of modified and native
beech wood. Higher density provides better thermal conductivity, which is especially
important when using these raw materials for flooring, but undesirable in industrial
processing [16,18,24]. In turn, thermal modification may contribute to the formation of
a greater number of fine fractions, depending on the type of processing (e.g., during
milling) [13,25,26]. The exposure of workers to dust from deciduous trees (hardwood) or in
mixture with conifers (softwood) is correlated with the occurrence of occupational diseases.
An additional factor increasing the undesirable effect of dust is the presence of organic
particles—mainly microscopic fungi, and to a lesser extent bacteria [27,28]. Taking into
account the health effects and the socio-economic conditions presented by the European
Commission, the NDS (maximum permissible concentration) was changed from 3 mg/m3

to 2 mg/m3 for the respirable dust fraction. Wood dusts are carcinogenic, mutagenic
and dust-generating (according to Directive 2017/2398/EC) [28]. Numerous scientific
studies prove the high danger posed by long-term contact with wood dust. Most of this
research, however, focuses on fire hazards and the effects of temperatures that can ignite
a dust mixture both in the air and on utility surfaces. Another significant risk factor is
the temperature increase caused by the work of tools that are in direct contact with chips
and dust, which can lead to ignition. Another issue is that long-term exposure to dust
and dust in humid conditions degrades wood materials, resulting in discoloration and an
unfavorable change in the color of wood and wood-based materials [28–31].

Another group of studies is devoted to the analysis of the quantity and size of dust
particles formed during processing, which are respirable fractions (i.e., the most hazardous
to health) [30,31]. The dust of all tree species have been classified as carcinogenic to humans
(Group 1) by the International Agency for Research on Cancer (IARC) (IARC, 2012) [30].
Such activities lead to the extension of research in the understanding and comprehensive
assessment of the harmfulness of dusts of individual tree species subjected to mechanical
treatment. In addition, growing microorganisms pose an additional health risk. Therefore,
it becomes important to examine the effect of the variable content of bioactive compounds
contained in individual wood species. Comprehensive knowledge and understanding
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of the risk is a key step in introducing risk prevention and protection measures in the
work environment [31,32]. The basis of this research is the risk related to the occurrence
of dust and the possibility of the development of microscopic fungi in the dust deposited
in workplaces.

The aim of this study was to investigate the effect of wood species and the degree of
dust fragmentation resulting from processing conditions and storage conditions on the
level of wood dust contamination with microscopic fungi during 1 year of storage. An
additional aspect of the research was the assessment of the influence of the antioxidant
wood bioactive compounds on the development of A. alternata microscopic fungi.

2. Materials and Methods
2.1. Preparation of Dust

Six hardwood species (black alder, European ash, common walnut, pedunculate oak,
hornbeam, European beech) and three softwood species (larch, pine, and spruce) were
studied. The wood was kiln-dried to 8% ± 1% moisture content, then specimens with a
sanded surface of 150 mm × 80 mm were prepared.

Sanding was performed using a prototype narrow-belt sanding machine designed
and made in the laboratory of the Department of Furniture Design (Faculty of Wood
Technology, Poznań University of Life Sciences (PULS)). EKA 1000 F (Ekamant, Poznan,
Poland) sanding paper in the form of belts with dimensions 1000 mm × 80 mm was used.
The grits of the paper were P60 and P180. A sanding belt speed of 14.5 m.s−1 and a sanding
pressure of 0.65 N.cm−2 were applied. The dust created during sanding was collected
using a multi-purpose vacuum cleaner of the type NT 30/1 Tact (Alfred Kärcher SE &
Co. KG, Winnenden, Germany) connected to the working zone. The sanding process has
already been described in the literature [33].

2.2. Preparation of the Inoculum of Microscopic Fungi

A yeast extract-sucrose (YES) agar medium was used in this study. Alterneria alternata
isolates were incubated on the agar medium for approximately 4 weeks. The contents of the
plates were washed with saline to obtain a spore suspension. The concentration of the spore
suspensions of the individual isolates was adjusted to approximately 5 × 105 spores/mL
using the hematocrit. The suspensions were mixed in equal proportions. The dust material
was brought to a constant weight by drying at 40 ◦C. Then it was sprayed with a spore
suspension in the amount of about 10 mL of suspension per 100 g of dust.

2.3. Dust Storage Conditions

The inoculated dust samples were stored for 1 year in controlled temperature and
relative humidity chambers. The combinations of air relative humidity and temperature
presented in Table 1 were selected for the experiment. The dust storage conditions were
selected on the basis of the optimal growth parameters of microscopic fungi of the genus
Alternaria: 20 ◦C and 90% air relative humidity. In order to determine which factor (humid-
ity or temperature) influences the growth of mycobiota, several variants (also unfavorable
for the development of microscopic fungi) were examined, as presented in Table 1 [34].

Table 1. Variants of dust storage conditions.

Variant No. Temperature (◦C) Air Relative Humidity (%)

1 20 40

2 20 90

3 6 40

4 6 90
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2.4. Ergosterol Analysis

Samples were analyzed for the presence of ergosterol (ERG) according to Stuper-
Szablewska et al. (2017) [33]. Briefly, samples of 100 mg were placed into culture tubes,
suspended in methanol, treated with 2 M aqueous NaOH and sealed tightly. Samples
were irradiated (370 W) for 20 s, after 5 min for additional 20 s and extracted with pentane
(3 × 4 mL) within the culture tubes. The combined pentane extracts were evaporated
to dryness in a gentle stream of high-purity nitrogen. Prior to analysis, samples were
dissolved in 4 mL of methanol, filtered through 13 mm syringe filters with 0.5 µm pore
diameter, evaporated to dryness in a stream of nitrogen and dissolved in 1 mL of methanol.
Chromatographic separation was performed on a Acquity H class UPLC system equipped
with a Waters Acquity PDA detector (Milford, MA, USA). The chromatographic separa-
tion was performed on an Acquity UPLC® BEH C18 column (Watersy, Dublin, Ireland)
(100 mm × 2.1 mm, particle size 1.7 µm) (Watersy, Dublin, Ireland) and eluted with
methanol/acetonitrile/water (85:10:5) at a flow rate of 0.4 mL/min. Ergosterol was de-
tected with a Waters Acquity PDA detector (Waters, Milford, MA, USA) set at 282 nm. The
presence of ERG was confirmed by a comparison of retention times and by co-injection
of every tenth sample with an ergosterol standard [32,35–37]. Determining ERG levels
was also the subject of household dust studies in which dust from a dust bag was grown
to determine the types of fungi formed there, and seasonal variability of conditions was
observed with respect to its concentration level. Household dust, through the mecha-
nisms of settling and re-suspending dust in the air, is an exposure to the inhalation of
harmful particles along with microorganisms, as are the particles of wood dust in wood
processing plants.

2.5. ABTS •+ Method

For ABTS •+ generation from ABTS salt, 3 mM of K2S2O8 was reacted with 8 mM ABTS
salt in distilled, deionized water for 16 h at room temperature in the dark. The ABTS •+

solution was then diluted with a pH 7.4 phosphate buffer solution containing 150 mM
NaCl (PBS) to obtain an initial absorbance of 1.5 at 730 nm. A fresh ABTS •+ solution
was prepared for each analysis. Reaction kinetics was determined over a 2 h period with
readings every 15 min. Reactions were complete in 30 min. Samples and standards (100 µm)
were reacted with the ABTS •+ solution (2900 µm) for 30 min. Trolox was used as a standard.
Results were expressed in ABTS •+ (µmol TROLOX/kg) d.m. sample [32,35–37].

3. Results and Discussion

The conducted research was aimed at verifying the hypothesis that the growing of
mycobiota in wood dust is influenced by:

1. The conditions in which the wood dust was produced;
2. Dust decomposition degree resulting from processing parameters;
3. Antioxidant activity of the wood from which the dust was formed.

For this purpose, model tests were carried out on dust from various types of wood
produced during machine sanding. The level of contamination by microscopic fungi was
investigated using the analysis of ergosterol concentration. It is a sterol characteristic for
the mycobiotic cell membrane, and the assessment of its content is used as a marker for
quantifying the level of fungal contamination of various materials [35–37].

The conducted research and the literature on the subject indicate that the biotic
components of wood, especially those of an antioxidant nature, have a significant impact
on the growth dynamics of microscopic fungi [35–37]. In the conducted research, the
antioxidant activity of extracts obtained from dusts was analyzed using the reaction with
the radical ABTS. Samples of tested dusts with different particle sizes resulting from
sanding using sanding papers with two grits were stored for a year in various conditions of
temperature and air relative humidity. Apart from the storage parameters and dust particle
size, the variable in the experiment was the level of dust contamination by mycobiota. The
control samples were characterized by a natural level of mycobiotic contamination, while
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the second test variant was samples additionally infected with Alternaria alternata spores
isolated from wood.

The results of the dynamics of mycobiota growth depending on the storage conditions
and the dust particle size for control and inoculated (additionally infected) samples are
presented in Figure 1.

Forests 2021, 12, x FOR PEER REVIEW 5 of 13 
 

 

mycobiota. The control samples were characterized by a natural level of mycobiotic 
contamination, while the second test variant was samples additionally infected with 
Alternaria alternata spores isolated from wood. 

The results of the dynamics of mycobiota growth depending on the storage condi-
tions and the dust particle size for control and inoculated (additionally infected) samples 
are presented in Figure 1. 

 

 
(Variant No. 1) 

  

0

5

10

15

20

25

30

35

40

45

0 2 4 6 8 10 12

ER
G

 c
on

ce
nt

ra
tio

n 
(m

g/
kg

)

Month

Control in 40% humidity and 20⸰C

0

5

10

15

20

25

30

35

40

45

0 2 4 6 8 10 12

ER
G

 c
on

ce
nt

ra
tio

n 
(m

g/
kg

)

Month

Inoculated in 40% humidity and 20⸰C

Figure 1. Cont.



Forests 2021, 12, 1786 6 of 13
Forests 2021, 12, x FOR PEER REVIEW 6 of 13 
 

 

 

 
(Variant No. 2) 

  

0

20

40

60

80

100

120

140

160

0 2 4 6 8 10 12

ER
G

 c
on

ce
nt

ra
tio

n 
(m

g/
kg

)

Month

Control in 90% humidity and 20⸰C

0

20

40

60

80

100

120

140

160

0 2 4 6 8 10 12

ER
G

 c
on

ce
nt

ra
tio

n 
(m

g/
kg

)

Month

Inoculated in 90% humidity and 20⸰C

Figure 1. Cont.



Forests 2021, 12, 1786 7 of 13
Forests 2021, 12, x FOR PEER REVIEW 7 of 13 
 

 

 

 
(Variant No. 3) 

  

0

5

10

15

20

25

30

35

40

45

0 2 4 6 8 10 12

ER
G

 c
on

ce
nt

ra
tio

n 
(m

g/
kg

)

Month

Control in 40% humidity and 6⸰C

0

5

10

15

20

25

30

35

40

45

0 2 4 6 8 10 12

ER
G

 c
on

ce
nt

ra
tio

n 
(m

g/
kg

)

Month

Inoculated in 40% humidity and 6⸰C

Figure 1. Cont.



Forests 2021, 12, 1786 8 of 13
Forests 2021, 12, x FOR PEER REVIEW 8 of 13 
 

 

 

 
(Variant No. 4) 

Figure 1. Dynamics of changes in ERG concentration in the dust of various wood species depending on the storage 
conditions. 

Linear growth of the mycobiota over time was found for all sample variants. 
Moreover, a significantly higher concentration of ERG (i.e., up to 10 times higher) was 
found in the dust inoculated with A. alternata compared to the samples naturally 
contaminated with microscopic fungi (control). Increased air temperature and humidity 
favored the growth of mycobiota. In the case of dusts with smaller particle size, formed 
during sanding with P180 sanding paper, it was found that mycobiota developed more 
intensively, as evidenced by a higher concentration of ERG. While analyzing the influence 

0

5

10

15

20

25

0 2 4 6 8 10 12

ER
G

 c
on

ce
nt

ra
tio

n 
(m

g/
kg

)

Month

Control in 90% humidity and 6⸰C

0

5

10

15

20

25

0 2 4 6 8 10 12

ER
G

 c
on

ce
nt

ra
tio

n 
(m

g/
kg

)

Month

Inoculated in 90% humidity and 6⸰C

Figure 1. Dynamics of changes in ERG concentration in the dust of various wood species depending on the storage conditions.

Linear growth of the mycobiota over time was found for all sample variants. Moreover,
a significantly higher concentration of ERG (i.e., up to 10 times higher) was found in the
dust inoculated with A. alternata compared to the samples naturally contaminated with
microscopic fungi (control). Increased air temperature and humidity favored the growth
of mycobiota. In the case of dusts with smaller particle size, formed during sanding with
P180 sanding paper, it was found that mycobiota developed more intensively, as evidenced
by a higher concentration of ERG. While analyzing the influence of storage conditions on
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the development of microscopic fungi, it was found that the dynamic development of the
samples of dust inoculated with A. alternata during the year was influenced by temperature.
A significantly higher concentration of ERG was observed in the dust samples stored
at 20 ◦C compared to those stored at 6 ◦C, and the trend was the same for dust created
during sanding with both papers (P60 and P180). In the conditions of 90% air relative
humidity and 20 ◦C temperature, a significant increase in the amount of microscopic fungi
(measured by the concentration of ERG) was observed in comparison to the control dust
samples—a 10-fold increase was observed for dust created during sanding with sanding
paper of grit P180 and a 5-fold increase was observed for dust created with P60 sanding
paper. Comparing the results in the control dust and inoculated dust samples stored at
90% and 6 ◦C, the ERG concentration values were 8 and 10 times lower for the dusts
created with papers with grits P180 and P60, respectively. Summing up, the changes in
ERG concentration indicated a significant influence of temperature on the development of
microscopic fungi, especially A. alternata.

The second experimental factor was the dust particle size, the influence of which on
the level of ERG concentration was investigated. In the case of the dust created during
sanding with sanding paper with P180 grit, a significantly higher concentration of ERG
was found compared to the dust created with the P60 paper, on average twice for all
analyzed samples. Thus, it was found that the finer the dust, the more dynamic the growth
of microscopic fungi (Figure 2).
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Figure 2. Dynamics of microscopic fungi development measured with ERG concentration (mg/kg)
for averaged results depending on the dust particle size.

The growth of microscopic fungi, and wood pathogens in particular, is one of the
stressors. Previous research and literature reports indicate that substances contained
in wood cells belonging to the group of low-molecular-weight antioxidants fulfill their
role even after cutting a tree and subjecting its wood to technological treatment. In this
study, the antioxidant activity of wood dust extracts was analyzed at the same time as
ERG analysis was performed. A significant inverse relationship was found between the
ERG concentration and the antioxidant activity measured by the reaction with the radical
ABTS •+ (Table 2).



Forests 2021, 12, 1786 10 of 13

Table 2. Correlation coefficient of ERG/ABTS•+.

Storage
Conditions Variant

0 3 Months 6 Months 9 Months 12 Months

P60 P180 P60 P180 P60 P180 P60 P180 P60 P180
40% humidity
and 20 ◦C

Control −0.70156 −0.74993 −0.56722 –0.71651 –0.61991 –0.78133 –0.74582 –0.74499 –0.64323 –0.81287
Inoculated –0.70156 –0.74993 –0.60822 –0.58257 –0.52366 –0.80532 –0.67543 –0.79601 –0.81623 –0.95139

90% humidity
and 20 ◦C

Control –0.70156 –0.74993 –0.6493 –0.58471 –0.55785 –0.67855 –0.85123 –0.64394 –0.69996 –0.95733
Inoculated –0.70156 –0.74993 –0.87075 –0.91542 –0.5267 –0.76719 –0.81554 –0.92154 –0.9718 –0.94241

40% humidity
and 6 ◦C

Control –0.70156 –0.74993 –0.96615 –0.43851 –0.90089 –0.75545 –0.82404 –0.77952 –0.48221 –0.93489
Inoculated –0.70156 –0.74993 –0.57086 –0.8677 –0.75455 –0.8497 –0.86293 –0.94174 –0.89748 –0.84046

90% humidity
and 6 ◦C

Control –0.70156 –0.74993 –0.87968 –0.71258 –0.66778 –0.54233 –0.79776 –0.77902 –0.65298 –0.8679
Inoculated –0.70156 –0.74993 –0.72947 –0.73028 –0.445 –0.90683 –0.42131 –0.78662 –0.36581 –0.73487
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[38–40], which is inextricably linked with the qualitative and quantitative profile of 
antioxidant bioactive compounds. This research aimed to determine the dependence of 
the development of microscopic fungi as a function of antioxidant activity in the raw 
material (i.e., wood dust), representing an original and innovative approach. The 
relationship between these parameters is known for raw materials other than wood [41–
44]. There was a significant positive correlation between the concentration of antioxidant 
compounds and the antioxidant activity measured by the reaction with the radical ABTS 
[36–38]. Along with the growth of microscopic fungi, the defense mechanisms of wood 
dust are activated in the form of the release of low-molecular-weight antioxidants from 
cells and their introduction into the metabolism of microscopic fungi [45–48]. This leads 
to growth inhibition, which was observed in our studies as a decrease in ERG levels. 
Similar results were obtained by Szablewski et al. (2021) [41]. At the same time, an 
increase in the antioxidant activity of the test system was observed. On the other hand, if 
the activity or amount of antioxidant compounds was too low, microscopic fungi grew 
significantly. 

5. Conclusions 

the significance level α = 0.05.

Results recorded in the course of the conducted chemical analyses were subjected to
statistical analysis with the use of STATISTICA v. 13.3 software. The correlation matrix
between ergosterol (ERG) concentration and antioxidant activity, measured by the reaction
with the radical ABTS, was determined on the basis of the Pearson linear correlation
coefficient at the significance level α = 0.05.

This means that the greater the activity of antioxidants or their compounds, the
slower the development of microscopic fungi or its inhibition. Antioxidant compounds
also showed antimicrobial activity. So far, this phenomenon has not been described in
the literature for wood, or for dust. Some types of wood were characterized by higher
activity, which was correlated with lower activity of microscopic fungi and their slower
growth. The results indicate that the resistance mechanisms of wood were active even after
technological processing.

4. Discussion

The type of research presented in this paper has not been conducted so far in terms of
the relationship between antioxidant activity, dynamics of microscopic fungi growth, dust
particle size and dust storage conditions. The level of dust contamination with microscopic
fungi, expressed as ERG concentration, is a characteristic quantity for the type of wood and
correlated with the biomass of microscopic fungi. In the case of antioxidant activity, studies
have so far been carried out on other organic raw materials, such as grain or straw. These
studies showed significant differences between the types of raw materials [38–40], which is
inextricably linked with the qualitative and quantitative profile of antioxidant bioactive
compounds. This research aimed to determine the dependence of the development of
microscopic fungi as a function of antioxidant activity in the raw material (i.e., wood
dust), representing an original and innovative approach. The relationship between these
parameters is known for raw materials other than wood [41–44]. There was a significant
positive correlation between the concentration of antioxidant compounds and the antiox-
idant activity measured by the reaction with the radical ABTS [36–38]. Along with the
growth of microscopic fungi, the defense mechanisms of wood dust are activated in the
form of the release of low-molecular-weight antioxidants from cells and their introduction
into the metabolism of microscopic fungi [45–48]. This leads to growth inhibition, which
was observed in our studies as a decrease in ERG levels. Similar results were obtained by
Szablewski et al. (2021) [41]. At the same time, an increase in the antioxidant activity of
the test system was observed. On the other hand, if the activity or amount of antioxidant
compounds was too low, microscopic fungi grew significantly.
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5. Conclusions

It was found that the conditions (humidity and temperature) in which wood dust was
stored significantly affected the development of microscopic fungi, especially fungi of the
genus Alternaria. Temperature was the more important determining factor, followed by the
air relative humidity. The degree of dust fragmentation resulting from the sanding paper
grit also had a significant impact on the development of microscopic fungi. Finer dust was
more susceptible to the development of microscopic fungi. The antioxidant activity of the
wood from which the dust was formed had a significant impact on the development of
microscopic fungi. The effect of the antioxidant activity of wood, especially wood dust,
has not previously been studied in terms of limiting the growth of microscopic fungi. The
obtained results indicate the activity of low-molecular-weight antioxidants in wood/wood
dust even when the tree metabolism is not active. Indeed, an inverse relationship was
observed, indicating the strong activity of antimicrobial substances.
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12. Pakulska, D.; Soćko, R.; Szymczak, W. Wood dust—Inhalable fraction. Documentation of proposed occupational exposure limit
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27. Pałczyński, C.; Wiszniewska, M.; Szulc, B.; Walusiak, J. Occupational exposure to mold fungi—Case reports. Alergia 2008, 1, 28–31.
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