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Ewa Brągoszewska 1, Anna Mainka 1,*, Józef S. Pastuszka 1, Katarzyna Lizończyk 2
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Abstract: The issue of healthy educational buildings is a global concern because children are particularly
at risk of lung damage and infection caused by poor indoor air quality (IAQ). This article presents the
results of a preliminary study of the concentration and size distribution of bacterial aerosol in three
educational buildings: a preschool, primary school, and high school. Sampling was undertaken in
the classrooms with an Andersen six-stage impactor (with aerodynamic cut-off diameters of 7.0,
4.7, 3.3, 2.1, 1.1 and 0.65 µm) during spring 2016 and 2017, as well as the outside of the buildings.
After incubation, bioaerosol particles captured on nutrient media on Petri dishes were quantitatively
evaluated and qualitatively identified. The highest average concentration of bacterial aerosol was
inside the primary school building (2205 CFU/m3), whereas the lowest average concentration of
indoor culturable bacteria was observed in the high school building (391 CFU/m3). Using the
obtained data, the exposure dose (ED) of the bacterial aerosol was estimated for children attending
each educational level. The most frequently occurring species in the sampled bacterial aerosol were
Gram-positive cocci in the indoor environment and Gram-positive rod-forming endospores in the
outdoor environment.

Keywords: bioaerosol; size distribution; monitoring; indoor air quality; preschool; primary school;
high school

1. Introduction

Indoor air quality (IAQ) is becoming an increasingly important issue for occupational and public
health because people spend more than 90% of the day in indoor environments [1–5]. One group of
particular concern are children. They are more vulnerable to environmental pollutants compared to
adults since they breathe more air relative to their body weight and they also have a lower ability to
deal with the toxic chemicals due to their undeveloped airways [6–8].

According to the Central Statistical Office, in 2015 [9] there were more than 6.3 million children
being educated in over 52,000 Polish preschools and schools, thus monitoring the air quality
in educational buildings is a critical area of research. The studies carried out in educational
buildings showed that poor IAQ in classrooms was demonstrated to exert a negative impact on
children’s learning performance, with absenteeism and adverse health effects such as increased risk
of asthma and other health-related symptoms [6,10]. Aerosol particles are one of the pollutants
that can cause a decrease of IAQ in different educational buildings. These buildings offer unique
chemical environments, not encountered in the natural world, that may enhance the development
of bioaerosols [11]. Bioaerosols are a large category of airborne particles, comprising bacteria, fungi,
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viruses, pollen, and fragments of these or their metabolic products (e.g., mycotoxins), and endotoxins
(part of the outer membrane of the cell wall of Gram-negative bacteria), and they can contribute to
around 5–34% of indoor air pollution [12–14]. Bioaerosols can become a serious risk to the health of the
population, airborne bacteria and fungi, in particular, can cause infectious diseases, allergic and toxic
effects [11,15–19]. The majority of bacteria naturally present in air do not cause adverse health effects.
Some bacteria are even essential to both the human body and the environment. Health risks appear
when the concentrations of some species become abnormally high or for certain people suffering from
respiratory problems, exposure to bacteria may promote the appearance of symptoms and illness.
The effects felt depend on the species present, the metabolic products produced, the concentration and
duration of exposure, and individual susceptibility. The main health effects associated with exposure
to bacteria are hypersensitivity reactions (allergy), infections and irritation [20]. The sampling and
analysis of the microbiological quality of air in educational buildings has drawn our attention in recent
years because the air quality in these buildings is becoming increasingly important. Studies have been
conducted all over the world to determine and improve the current state of IAQ knowledge [6,10,21–23].
The majority of studies focused only on the total concentration of biological aerosols, however, this
information is indispensable for the assessment of population exposure, as well as for the identification
of the sources of biological aerosol emissions.

To undertake an effective assessment of the potential public health risks, the exposure to
bioaerosols in educational buildings should be included. Exposure refers to any contact between an
airborne contaminant and is expressed quantitatively by a description of the duration of the contact
and pollutant concentration. Thus, indoors a concentration is a surrogate measurement of exposure,
but is valid only to the degree that it approximates the concentrations actually experienced by each
individual in the room. Generally, health effect is linked to exposure, defined as the mathematical
product of the concentration of the pollutant and the time during which a person is exposed to this
concentration. A better tool to evaluate the amount of the pollutant that actually crosses the body’s
boundaries and reaches the target tissue (for example, respiratory tract epithelium) is a dose [24,25].
Differences in the ventilation of humans, particularly younger ones, mean that identical exposure may
not result in identical dose.

Personal exposure levels and individual susceptibilities are highly variable and this explains why
an inhalation dose has not been established to characterize children’s real risk from the exposure to
bioaerosols that results from educational activities.

Another important aspect is the size distribution. Bioaerosols vary considerably in size from
approximately 0.02 to 100 µm. Given the potential of airborne bioaerosols to cause disease, the information
on the total concentration of bioaerosol particles is insufficient. In practice, information related to
particle size distribution is critical [26]. The size distribution of bioaerosols depends upon the type
of micro-organism species, the age of the spore and nutrient medium, humidity, differences in the
aggregation rates of the spores and the type of particles they are associated with, such as mist or dust.
It should be noted that bioaerosol particles could occur in the air as single cells or aggregates of cells,
as well as in fragments. They are often transported attached to other particles, such as skin flakes,
soil, dust, saliva or water droplets [27]. Generally, the term “bioaerosol” refers to a diverse variety
of agents from biological sources found in indoor and outdoor environments. These contaminants
include (1) viruses; (2) bacteria, including endotoxins from bacteria; (3) allergens, including house dust
mite allergens and allergens from animal dander; and (4) fungi which may contain allergens, toxins,
and irritants. Moreover, biological particles suspended in the air can be present in viable (culturable
and non-culturable) as well as non-viable forms [28,29]. In our study, we concentrated on culturable
bacterial aerosol. The level of bacteria was not limited to total concentration, but size distribution was
performed because the highest health risk is associated with the presence of a respirable fraction in the
air pollutants. Small particles, around the size of a bacterium (<5 µm), deposit in the alveoli, while
larger particles (>10 µm) deposit in the upper respiratory tract and can develop allergic symptoms.
Thus the importance of respirable particles for infection, microbial survival and deposition are clear.
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The study includes four aspects. The first but not principal aim was to investigate the concentration
levels of culturable airborne bacteria in three different educational buildings: a preschool (P), primary
school (S) and high school (H). The second aim was to determine the size distributions of airborne
bacteria, paying particular attention to the respirable fraction. The third aim was to identify the
dominant bacterial genera, both indoor and outdoor, in order to examine the difference between the
bacterial community structure in the studied educational buildings. The fourth and the most important
aim of our study was to compare the dose of inhaled bacterial aerosol between children at different
educational levels.

Furthermore, there are currently no formally regulated standards for bioaerosol levels in Poland.
Thus, this study can increase awareness and provide references for a better understanding of IAQ in
educational buildings.

2. Materials and Methods

2.1. Sampling Sites

The study was carried out in three educational buildings (preschool, primary school, and high
school) located in the industrial region of Upper Silesia, Poland. There are 4.5 million people living in
the region, including 725,000 children attending school in 5000 buildings (16% of the population) [9].
In all buildings, IAQ is primarily ensured by means of stack ventilation and airing through open and
unsealed windows. In school buildings, airing is performed during breaks when children leave the
classrooms. In the preschool building, the windows were opened when children went to the toilet.
According to Polish legislation, the ventilation system in each educational building is checked each
year and should ensure 3–5 air changes per hour. We were unable to measure in this study whether the
buildings met this requirement. In both school buildings the deep wet cleaning was made once a day
after the occupancy period. The cleaning schedule inside the preschool is different from the primary
and high school buildings. The deep cleaning of classrooms occurs in the morning or at the end of the
afternoon when children are not in the classrooms, and daily wet cleaning in corridors and common
spaces is conducted while children are occupying the classrooms. The basic environmental parameters
and a short description of the educational buildings are presented in Table 1.

Table 1. Environmental parameters, and basic description of educational buildings.

Preschool (P) Primary school (S) High school (H)

School localization
away from the city
center, near a quiet
street (low traffic),

away from the city
center, near a quiet
street (low traffic)

in the city center, near
a busy street (heavy

vehicular traffic)

Building built in 1970s 1930s 1930s
Classroom localization on the ground floor on the ground floor on the ground floor

Equipment writing desk, tables
and chairs toys

12 double desks,
writing desk,
blackboard

20 double desks, writing
desk, blackboard

Ventilation system natural natural natural
Volume, m3 210 130 170
Number of children 25 24 16
Age of children 4–6 9–11 16–18
Flor covered with PVC and carpet PVC tiles
Indoor temperature, ◦C 24.1 22.1 23
Indoor relative humidity (RH), % 26 29 31
Outdoor temperature, ◦C 20.2 18.4 19.1
Outdoor relative humidity (RH), % 32.4 31.7 38.6

As can be seen from Table 1, the average RH (relative humidity) measured in the classrooms was
less than 30%, which is below the recommended comfort range of 30–60% for indoor air. Although
low relative humidity (<60%) is desired to prevent mold formation, too low humidity levels (<30%)
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also cause a sensation of dryness and irritation and other increased health complaints such as drying
mucous membranes and increased risk of catching colds [19]. Moreover, poor humidification tends to
favor the proliferation of respirable pathogens and reduces the protection of the respiratory system [30,31].
Low RH was reported in our previous studies [32,33] and is common in other countries [18,19].

2.2. Sampling and Analysis Methods

The research was conducted during the spring of 2016 and 2017, in the classrooms as well as
outside of the buildings. Spring was selected because it typically has the highest concentration
of bioaerosols. The studies presenting seasonal fluctuations of bioaerosol concentrations, the size
distribution of bacterial aerosols and their relationship with different meteorological factors [34,35] as
well as our studies performed in the Upper Silesia Region indicate the highest concentration of airborne
bacteria aerosols during spring [36–38]. In winter, extreme conditions such as low temperatures and
the heaviest rainfall and snowfall of the year result in the decrease of bacteria levels. Although summer
prevails as the most favorable conditions for the growth of bacteria, during our previous studies we
observed a decrease of bacteria concentrations. The reason for this decline is high temperatures and
intense UV radiation. As indoor air is predominantly influenced by outdoor air, in this study we
concentrated on spring.

The samples of bacterial aerosols were collected in the center of each classroom and taken at the
height of the children’s breathing zone, about 1 m from the ground in the preschool and the primary
school, and about 1.5 m from the ground in the high school. Three to four sets of measurements were
performed in every classroom and also outdoors in the playground of each building between 9–12 a.m.
During sampling campaigns, teachers were asked to keep the windows closed. In total, 300 Petri
dishes with biological material were analyzed.

Measurement of the bioaerosol concentrations was conducted using a six-stage Andersen impactor
(Thermo Fisher Scientific, Waltham, MA, USA)—one of the most popular and frequently-used reference
devices in biological aerosol studies—with cut-off diameters of 7.0, 4.7, 3.3, 2.1, 1.1 and 0.65 µm. This
sampler works by air aspiration through multiple-hole stages, below which is placed a Petri dish
containing the appropriate agar media. Air drawn through a jet is deflected 90 degrees by the agar
surface below the jet. Through the inertial impaction, micro-organisms are transferred from the air
onto the agar surface. Each stage has 400 round holes with decreasing (from stage to stage) diameters.

During the measurements, the air flow was 28.3 dm3/min and the sampling time, calculated
following Nevalainen et al. [39] was 10 min. Before and after sampling, the flow rate was measured
using a rotameter. Microorganisms were collected on nutrient media (specific to bacteria) in Petri
dishes located at all impactor stages. Trypticase soy agar (TSA) was used, with cycloheximide added
to inhibit fungal growth.

The medium was prepared and sterilized in an autoclave prior to being poured into the Petri
dishes. Before and between sampling, the impactor was sterilized using methyl alcohol and periodically
cleaned using an ultrasonic cleaner.

2.3. Laboratory Analysis

Bioaerosol particles sampled on Petri dishes inside the Andersen impactor were incubated for
48 h at 36 ± 1 ◦C. Concentrations were counted as the number of grown colonies and expressed as
colony-forming units per cubic meter (CFU/m3) using positive-hole corrections.

Microscopic analysis of the collected bacteria was based on Gram strain preparations and on cell
size, shape and the appearance of spores. The possibility of cultivating the strains isolated on the agar
medium with the addition of blood (trypticase-soy agar with 5% sheep blood) was also estimated.
The bacteria were characterized in terms of their metabolic characteristics by using the biochemical
test API (analytical profile index), which is supported by APIweb (bioMérieux, Marcy-l’Etoile, France).
The following API systems were used: API 20E, API 20NE, API 50CH, API CORYNE, API STAPH,
and API STREP.
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Quality control was performed by using PN-EN12322 [40] and ISO 11133 [41] standards, with the
same operation details as in our previous studies [37,42].

2.4. Statistical Analysis

All statistical analyses were performed using the Statistica 12 statistical package (StatSoft).
The concentration values reported below were presented as the mean values and standard deviation.
Due to a nonparametric distribution of the collected data (analyzed with the Shapiro–Wilk test), results
were analyzed using the Mann–Whitney U test to assess differences at the sampling sites. Statistically
significant differences were determined when the probability p-value was lower than 0.05.

3. Results and Discussion

In order to measure and assess air hygiene in crucial environments such as educational buildings,
a simple and low-cost method was used. Impaction-based methods such as those using the Andersen
6-stage cascade sampler have many benefits. Sampling air directly on to agar, means that no
post-sampling plating or dilutions have to be carried out. This saves time and also reduces the
contamination risk due to minimal post-sampling manipulation of plates [26]. It is worth underlining
that the use of TSA agar is cheap, and the results are rapid. Moreover, combining with an active air
sampler that distinguishes particles by size, such as the Andersen six-stage impactor, could be a viable
and robust method for sampling bioaerosols in a wide range of environments.

3.1. Total Concentration of Bacterial Aerosol

Table 2 presents the average concentrations of bacterial aerosol collected in the indoor and the
outdoor air of different educational buildings. The average concentration outside of all buildings was
325 CFU/m3. The highest concentration was found outside the (P) building (551 CFU/m3), whereas
the lowest was outside the (H) building (213 CFU/m3). Thus, the difference between the concentrations
of bacterial aerosols found outside of the (P) and (H) buildings is statistically significant (p = 0.004)
(see Table S1 for p-values). The outdoor concentration of bacterial aerosol between the (S) and (H)
buildings was the most similar (p = 0.76), the concentration outside the (S) building was 13% higher
than outside the (H) building. However, the outdoor concentrations between the (P) and (S) buildings
were not significantly different (p = 0.07).

Table 2. Average concentration, CFU/m3 of total bacterial colony-forming units per cubic meter of
air inside (IN) and outside of three types of educational buildings: outdoor air (OUT), preschool (P),
primary school (S), high school (H).

Location Average Concentration, CFU/m−3 SD Min Max I/O Ratio

OUT 551 119 393 725 -
IN (P) 1408 406 456 1984 2.55
OUT 246 185 54 423 -
IN (S) 2205 1468 611 4388 8.96
OUT 213 147 52 269 -

IN (H) 391 57 336 453 1.83

SD: Standard deviation.

In the case of indoor air, the differences between buildings were more significant than in the
case of outdoor air. The highest average concentration of bacterial aerosol (2205 CFU/m3) was found
inside the classroom of the primary school and the lowest value of the total average concentration of
bacterial aerosol was found in the high school (391 CFU/m3), whereas the concentration inside the
preschool was 1408 CFU/m3. The difference between bacterial aerosol concentrations in the classrooms
was statistically significant in the case of the (H) building in comparison to both lower educational
buildings. The Mann-Whitney U test confirmed significant differences between the bacterial aerosol
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concentration in the (P) and the (H), as well as in the (S) and (H) classrooms, with p-values <0.05.
The concentrations inside the (P) and (S) buildings were not significantly different (p = 0.57).

The total concentrations of bacterial aerosol obtained in the indoor air of the primary school and
the preschool were at a level comparable with the previous study conducted in the 2014 spring season
in the preschools, from 2545 to 2890 CFU/m3 [42]. Studies carried out in three elementary schools in
the city center of Lisbon (Portugal) during December 2008 showed that the concentration of bacteria
monitored by active sampling in the indoor air of classrooms ranged from 500 to 1600 CFU/m3 [43].
A study conducted by Yang, et al. [44] in South Korea in 55 different public schools (nursery schools,
elementary schools, middle schools and high schools) from July to December 2004, reported that the
average concentration of bacterial aerosol collected using an RCS sampler (Biotest air samplers, Merck
Darmstadt, Germany), in selected classrooms ranged from 1260 to 1400 CFU/m3. Studies of indoor air
quality using the active sampling method in five primary schools in Malaysia reported that the average
bacterial concentration was 1025 CFU/m3 [45]. However, the results obtained in our studies in the high
school were lower in comparison with educational buildings dedicated to younger children (primary
school, preschool). The smaller number of students in the high school classrooms can explain this
difference. The microbial concentration of indoor air in the school is affected by many factors, but the
most important of these is the number of children in the classroom and their physical activity [22,46].
Similar results were obtained using open agar plates (passive method), in a college in Saudi Arabia
from October to February 2015, where the average concentration of bacteria aerosol in classrooms was
290 CFU/m3 [47]. In 2009, Soto et al. conducted a study during March 2009 in a university in Spain and
found that the average concentration of bacteria collected using by a portable MAS-100® air sampler
(Merck Darmstadt, Germany) during a lecture was 338 CFU/m3 [48]. Following D’Arcy et al. [26] it
should be underlined that with the use of different equipment, sampling methods and environmental
conditions, it is impossible to make a successful comparison of the work carried out to build a picture
of what is present in the air we breathe. Therefore, a standard and simple method such as the one
proposed would be beneficial. Further research must, however, be conducted to test the validity of
the proposed method, and it is noted that the type of sampling conducted in any environment is
dependent on the goal of the sampling.

In Poland, the legislation governing microbiological standards for air pollution has not been
developed and implemented. A wide review of the propositions for public service buildings can
be summarized according to the following proposal: mesophilic bacteria of 5000 CFU/m3 [49].
Since appropriate standards and guidelines do not yet exist, expertise must be sought and research must
be conducted to determine acceptable contaminant concentrations and exposures. The concentration
levels of airborne bioaerosols obtained in our study are below these proposed standards. Research
by the Occupational Health and Safety Research Institute Robert Sauvé (IRSST) indicates that
microbial contamination is possible in cases where the total airborne bacteria concentrations are
above 1000 CFU/m3, a factor that justifies further investigation and action [20].

3.2. Indoor/Outdoor Ratio

During bioaerosol sampling in any indoor environment, outdoor bioaerosol sampling should be
performed for comparison of indoor and/or outdoor source strengths. Comparing the bioaerosol levels
present in indoor environments with those in outdoor areas can be a useful tool to indicate whether
the concentration of indoor bioaerosols is affected by both indoor and outdoor environments [19].
The indoor-to-outdoor ratio (I/O) shows us where the source of bioaerosol might be found. The average
I/O ratio calculated for all indoor and outdoor bacteria concentrations was 2.55 for the preschool,
8.96 for the primary school and 1.83 for the high school (Table 2). Since the I/O ratio was >1 it can
clearly be concluded that the major sources of bacterial aerosol are internal sources, such as building
occupants, in this case, children/students and their activities, as well as building materials that host
microbiological growth. The studies carried out in the school’s buildings in Portugal showed that the
I/O ratio of bacteria was 16.33 [6]. The I/O ratio value obtained in a kindergarten in Ankara, Turkey



Atmosphere 2018, 9, 87 7 of 15

was 73.53 [19]. A lower I/O ratio of bacterial aerosol (1.8), similar to the (H) building, was found in
the elementary schools in Korea [50]. When bioaerosols have indoor sources, ventilation plays an
important role in improving the quality of indoor air [14,18]. Particularly in the (S) building, additional
actions should be taken to enforce an effective improvement of IAQ in this school.

3.3. Size Distribution of Bacterial Aerosol

Figure 1 presents the analysis of the number and aerodynamic diameter of viable micro-organisms
collected from the different stages of the impactor in all the studied educational buildings. It can be
seen that the size distribution of bacterial aerosol in the outdoor air reached a maximum concentration
of bacteria at the same range of diameters (3.3–7 µm). The high proportion of bacterial particles with
an aerodynamic diameter of >3.3 µm may be partially caused by the aggregation of some fine bacterial
cells on the surface of non-biological coarse particles [36,42].Atmosphere 2017, 8, x FOR PEER REVIEW  8 of 15 
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Figure 1. Size distribution of the bacterial aerosol in the outdoor and indoor air in preschool,
primary school and high school; Dae—aerodynamic diameter; ∆C—concentration of bacterial
aerosol on the particular stage of 6-stage Andersen impactor; Ctotal—total concentration of bacterial
aerosol; ∆ log Dae—logarithm of differences of cut-off diameters for a particular stage of 6-stage
Andersen impactor.
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The statistical analysis of the bacterial size distribution in the outdoor air points to significant
differences in the first and second stages of impaction (the particles > 4.7 µm) in the samples collected
outside the (P) building in comparison with the ambient air of the (S) and (H) buildings. The difference
in size distribution outside the (S) and (H) buildings was not statistically different (p > 0.05) (see
Table S1 for statistics).

The statistical analysis of the size distribution in the samples collected inside the classrooms
revealed significant differences between the high school and the lower educational buildings. At all
stages of impaction, the concentration of culturable bacteria was significantly different between those
of the (H) and (P) classrooms and those of the (H) and (S), whereas the size distribution of the samples
collected in the (P) and (S) buildings were not statistically different. The similar size distribution of
bacterial aerosol in lower educational buildings might be connected with the similar activity patterns
of children. Younger school children are more physically active than teenagers, who spend most of
their time in sedentary or passive positions.

Figure 1 shows that respirable particles, less than 4.7 µm, are more prevalent in indoor air.
The contribution of respirable particles in P–S–H was 73%–82%–84%, respectively. Simultaneously,
the distribution of respirable particles (smaller than 4.7 µm) was significantly different between all
schools (see Table S1 for statistics), These respirable particles mostly deposit in either the tracheal,
bronchial or alveolar region of the lungs. Considering the reports [51,52] that the ratio of respirable
airborne bacteria inside the public buildings ranged between 30% and 60%, the range reaching 80%
revealed through this study is likely to be a serious level.

3.4. Identification of Bacterial Aerosol

The microbiological indoor air quality of educational buildings is an important factor for children’s
health because the school serves as their daily environment. The percentage composition of bacterial
aerosols sampled in the studied educational buildings is shown in Figure 2. The results of bacterial
species identification for aerosol in the indoor air revealed that the largest groups of bacteria were
Gram-positive cocci. Gram-positive cocci were found to be the dominant bacteria group in primary
schools in Edirne, Turkey [10], in schools in Ankara, Turkey [18], in Lublin, Poland [22], and in a child
care center in Korea [51]. Quality characteristics of bacterial flora composition in university rooms in
Poznań, Poland also showed a dominating contribution of Gram-positive cocci [53]. In turn, the most
frequently isolated group of bacteria outdoors was Gram-positive rod-forming endospores, which is
also in agreement with other reports [10,54,55].
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Detailed analysis of the isolated bacteria indicates the occurrence of 16 species, belonging to six
genera. The most frequently occurring were the bacteria types Staphylococcus (four species) and
Bacillus (five species). Among them, the following bacterial species could be identified: Gram-positive
cocci: Staphylococcus lentus, Staphylococcus epidermidis, Staphylococcus sciuri, Staphylococcus chromogens,
Kocuria rosea, Micrococcus spp.; endospore-forming Gram-positive bacilli: Bacillus circulans, Bacillus subtilis,
Bacillus mycoides, Bacillus cereus, Bacillus pumilus; nonsporing Gram-positive rods: Brevibacterium spp.,
Corynebacterium auris, Corynebacterium tuberculostearicum, Corynebacterium propinquum; and Gram-negative
rods: Pseudomonas spp.

In our study, the most isolated genus of indoor bacteria was Staphylococcus. This genus of
bacteria, which causes synthetic disease in humans through either toxin production or penetration,
particularly affects children’s health [56]. The results of the bacterial species identification for
aerosols in the outdoor air revealed that the largest groups of bacteria were Gram-positive bacilli.
Organisms in this group are common in samples of food, water or soil and some of them can
cause human infections [57,58]. The virulence of Gram-positive rod-forming endospores is highly
variable, many of them have the potential to be opportunistic pathogens, capable of producing
disease only in persons with compromised host resistance [10], a particular characteristic of children.
The second most-commonly-isolated genus of bacteria in the outdoor air was Corynebacterium,
which is widely distributed in soil and water and on the skin of humans and animals [59].
Some species of Corynebacterium have been reported to cause various health hazards in humans.
For example, Corynebacterium tuberculostearicum is a dust-borne Corynebacterium that has been found
in households [60] and is reported to be one of the main constituents of the skin microbiome [61].
However, the pathogenic potential of C. tuberculostearicum [62] has also been found and confirmed to
be associated with childhood asthma [63].

It can be seen that in the interior of all the studied buildings, the peak of the airborne bacteria
drifted into smaller particles compared to the size distribution outdoors. Generally, such a process
makes the indoor bioaerosol more inhalable and possibly more toxic but, fortunately, the contribution
of Gram-negative bacteria decreased indoors. This group of bacteria possesses strong allergens that
affect human health and are associated with respiratory diseases. The inhalation of these bacteria and
bacterial endotoxins have a recognized association with numerous allergenic responses and respiratory
symptoms [56]. Exposure to endotoxins in childhood appears to have had detrimental effects on
healthy volunteers, causing asthma and other respiratory conditions [64–66].

3.5. Exposure Dose (ED)

The US EPA (Environmental Protection Agency) encourages researchers to assess the risks of
environmental exposure for all susceptible populations. This ED has been calculated on the basis
of the EPA’s Child-Specific Exposure Factors Handbook [67] and other publications [68–70]. Total
concentrations were used in the calculation of the inhaled dose of airborne bacteria. Although particles
with an aerodynamic diameter of >10 µm cannot usually be inhaled, their total contribution in suspended
particles (<100 µm) is not significant. The calculations were based on the following equation:

ED =
C·IR·IEF

BW
(1)

where:

ED is the exposure dose for the indoor environment, CFU/kg
C is the bacterial aerosol concentration, CFU/m3

IEF is the indoor exposure fraction: hours spent over a day in each educational building, with diverse
activity patterns (seven hours)
IR is the inhalation rate coefficient characteristic for selected activity levels, m3/h [70]
BW is the mean body weight, kg.



Atmosphere 2018, 9, 87 10 of 15

A teachers’ time-budget survey was used to acquire information about children’s activities during
the day. A summary of the information obtained from the application of this questionnaire is presented
in Table 3.

Table 3. Characterization of the time budget and exposure dose in the studied populations of the
preschool (P), primary school (S) and high school (H).

Parameter
Preschool (P) Primary School (S) High School (H)

Short-Term Inhalation Rates by Activity Level/Hours

Activity levels m3/min hour m3/min hour m3/min hour

Sedentary/Passive 0.0045 2 0.0048 2 0.0053 5
Light Intensity 0.011 2 0.011 3 0.012 1

Moderate Intensity 0.021 2 0.022 2 0.026 1
High Intensity 0.037 1 0.042 0 0.049 0

BW, kg 19 34 62

ED, CFU/kg 489 337 24

We calculated the exposure by summing the time-weighted exposures that occurred at each
educational stage. This approach increases the accuracy of risk assessments because it takes life-stage
differences into account, particularly different activity patterns and body weight.

Children in each building were exposed to different levels of bacterial aerosol. As can be seen
(Table 3), the concentration of bacterial aerosols does not determine the magnitude of inhaled dose.
The highest concentration of bacterial aerosol was found in the primary school building, while the
highest dose was observed in the preschool. Thus, the most important agent is the body weight
(from 19 to 62 kg). The second most influencing factor is the difference in activity level. According to
the teacher’s survey, during seven hours of presence in educational buildings, each group of children
was characterized by different activity patterns. Only the youngest children performed a high-intensity
physical activity (gymnastics) in the classroom, while for the older children over 70% of time was spent
in a passive position (Table 3).

As adverse health effects strongly depend on the absorbed dose of air pollutants, it could be one
of the reasons why children, especially those who started their preschool education, are frequently
sick. In addition, the infectious diseases among smaller children spread more rapidly in comparison
to adults. Moreover, in the preschool age group, there is no proper awareness of the importance of
hygiene in the prevention of infection. Inadequate hand washing, direct contact during the classes, as
well as being in constant motion favor the spread of bacterial infections, which increases the risk of
exposure to harmful microorganisms [71].

4. Conclusions

To our knowledge, this is the first study in Poland that has investigated the levels and size
distribution of airborne bacteria in indoor air in different educational buildings. It was found that
in terms of total concentration and size distribution, indoor bioaerosol levels vary between types of
educational buildings. The levels in the high school classrooms were particularly different to those
found in the other classrooms.

The highest average concentration of bacterial aerosol was found inside the primary school
building (2205 CFU/m3), while the lowest average concentration of indoor culturable bacteria was
observed in the high school building (391 CFU/m3), whereas the concentration inside the preschool
was 1408 CFU/m3. The concentration indoors was two to even nine times higher than outdoors
(P–S–H OUT: 551 CFU/m3, 2205 CFU/m3, 391 CFU/m3, respectively). The obtained results indicate
the significant role of indoor emission sources in educational buildings.

The size distribution of bacterial aerosols inside the classrooms indicates that smaller particles
are more prevalent in indoor air. The highest number of culturable bacteria was isolated for particles
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<4.7 µm, which is respirable and thus has the potential to be deposited either in the tracheal,
bronchial, or alveolar regions of the lungs. Moreover, the distribution of respirable particles were
significantly different between all schools. The contribution of respirable particles in P–S–H was
73%–82%–84%, respectively. This results additionally increase the health risk for the exposed users of
the educational buildings.

Our results show that the dominant airborne bacteria species detected in the outdoor air
differed from those detected in indoor air. Gram-positive cocci were dominant in the indoor air.
The contribution of this group of bacteria in P–S–H was 69%–67%–81%, respectively. This group
of bacteria migrates from the respiratory system and human body. The outdoor environment is
dominated by Gram-positive rod-forming endospores. This group in P–S–H was 42%–32%–30%,
respectively. The main source of these bacteria is water and soil.

Evidence continues to emerge showing that poor IAQ in classrooms is playing an important role
in the assessment of the effects of children’s personal exposure to air pollution. Moreover, there is
agreement on the harmful effects of bioaerosols on children’s health. However, the use of concentration
alone to evaluate the absorption of air pollution into the body is not sufficient. In our evaluation, we
used an exposure dose—the number of bacteria aerosol to which an individual child is exposed during
presence in the preschool, primary school or high school per kg of body weight. The highest intake
dose (489 CFU/kg) according to the lowest body weight and the highest inhalation rate was estimated
for preschool children, while the lowest was for teenagers in the high school building.

This study was limited to a certain geographic area and cannot be readily generalized to the
population of Polish children as a whole. However, this study presents three different locations and
three particularly different groups of children, thus assessors may use these data, if appropriate, to
assess scenarios characteristic of preschool, primary school and high schools.

Moreover, there are limitations to the culture-based method employed in the present study.
This method probably accounts for only ~10% of the total microorganisms, however, the results of this
campaign may still be useful in developing control devices for bacterial aerosols and in predicting of
the occurrence of diseases caused by bioaerosols.

Nevertheless, to precisely anticipate the adverse health effects caused by the exposure to airborne
bacteria, the taxonomic identification of collected bacterial particles should be made. If not, the typical
percentage of genera/species in the total bacteria concentration around the sampling point could be
assumed using the literature data. It should be noted that such an approach may be applied in the
preliminary assessment of the influence of bacterial aerosol on human health only.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4433/9/3/87/s1, Table
S1: The statistical p-values (Mann-Whitney U Test) of the sample mean difference between two compared groups:
primary school–preschool (S–P), preschool–high school (P–H) and primary school–high school (S–H).
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