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Abstract In this study, a “modified” mixed cellulose ester
(MCE) filter culturing method (directly placing filter on agar
plate for culturing without extraction) was investigated in
enumerating airborne culturable bacterial and fungal aerosol
concentration and diversity both in different environments.
A Button Inhalable Sampler loaded with a MCE filter was
operated at a flow rate of 5 L/min to collect indoor and
outdoor air samples using different sampling times: 10, 20,
and 30 min in three different time periods of the day. As a
comparison, a BioStage impactor, regarded as the gold
standard, was operated in parallel at a flow rate of 28.3 L/
min for all tests. The air samples collected by the Button
Inhalable Sampler were directly placed on agar plates for
culturing, and those collected by the BioStage impactor
were incubated directly at 26 °C. The colony forming units
(CFUs) were manually counted and the culturable concen-
trations were calculated both for bacterial and fungal aero-
sols. The bacterial CFUs developed were further washed off
and subjected to polymerase chain reaction–denaturing gra-
dient gel electrophoresis (DGGE) for diversity analysis. For
fungal CFUs, microscopy method was applied to studying
the culturable fungal diversity obtained using different

methods. Experimental results showed that the performance
of two investigated methods varied with sampling environ-
ments and microbial types (culturable bacterial and fungal
aerosols). For bacterial aerosol sampling, both methods
were shown to perform equally well, and in contrast the
“modified” MCE filter method was demonstrated to enu-
merate more culturable fungal aerosols than the BioStage
impactor. In general, the microbial species richness (number
of gel bands) was observed to increase with increasing
collection time. For both methods, the DGGE gel patterns
were observed to vary with sampling time and environment
despite of similar number of gel bands. In addition, an
increase in sampling time from 20 to 30 min was found
not to substantially alter the species richness. Regardless of
the sampling methods, more species richness was observed
in the outdoor environment than the indoor environment.
This study described a new personal bioaerosol exposure
assessment protocol, and it was demonstrated applicable in
monitoring the personal bioaerosol exposure in replace of an
Andersen-type impactor.
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Introduction

Bioaerosols, including airborne bacteria, fungi, viruses, and
their derivatives, are ubiquitous both in indoor and outdoor
environments. It is commonly accepted that exposure to
these biological aerosols can result in numerous adverse
health effects (Cox and Wathes 1995), including lung
impairments (Douwes et al. 2003; Trout et al. 2001), asthma
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exacerbation (Murray et al. 2004; Bundy et al. 2009), and
infectious diseases (Ayres et al. 2009; Guan et al. 2003;
Perez-Padilla et al. 2009). In quantifying the biological
exposure, bioaerosol sampling as the first step for the task
plays an important role. Among the available sampling
techniques, filtration and impaction based methods are
widely used.

Andersen-type impactor such as BioStage (SKC) is gen-
erally used as a standard for bioaerosol sampling. The six-
stage Andersen sampler was first introduced in 1958
(Andersen 1958), and thereafter some modification and
evaluation studies of the sampler were carried out (Flesch
et al. 1967; Jones et al. 1985; Mayl 1964; Solomon 1970). In
1964, the Andersen sampler was recommended for bioaer-
osols sampling during an international symposium on aero-
biology (Brachman et al. 1964). Use of impaction-based
method is often associated with counting colony forming
units (CFUs) after the sampling (Carnelley et al. 1887; Yao
and Mainelis 2006, 2007; Zhen et al. 2009). When airborne
microorganisms concentrations are higher, positive hole
correction should be used to statistically modify the ob-
served CFUs (Feller 1968). Impaction-based method utilizes
the particle inertia, which is realized with a high impaction
velocity, e.g., 24 m/s for the BioStage impactor when oper-
ated at a flow rate of 28.3 L/min (SKC). Studies have shown
that such high impaction velocity could cause particle
bounce, desiccation and embedding of microorganisms into
the agar plates (Stewart et al. 1995; Willeke and Baron
1993; Zhen et al. 2009). Nonetheless, impaction-based
method is simple and easy to operate. Among reported
applications, a BioStage impactor was used to sample the
reaerosolized Bacillus anthrancis spores in the contaminat-
ed senator’s office (Weis et al. 2002). In their study, the agar
plates were incubated, and the colony forming units (CFUs)
were counted and further subjected to polymerase chain
reaction (PCR) to confirm the presence of the species
(Weis et al. 2002).

In the meantime, filtration-based method is also widely
used in bioaerosol sampling (Burton et al. 2005; Guan and
Yao 2010; Xu and Yao 2011; Wu and Yao 2010). Studies
indicated that filter sampling could result in desiccation
effects (Agranovski et al. 2004; Burton et al. 2005; Wang
et al. 2001; Xu and Yao 2011). However, lower impaction
stress is encountered for filter sampling due to its relatively
lower sampling flow rate compared to those of impaction
based methods. Application of filter for bioaerosol sampling
usually proceeds with the extraction procedure for culturing
and PCR (Burton et al. 2005; Droogenbroeck et al. 2009;
Hospodsky et al. 2010; Mastorides et al. 1999; Stark et al.
1998). However, the extraction procedure could cause cul-
turability loss for the bioaerosols sampled and introduced
environmental pollutants to the final solution which affects
PCR amplification (Alvarez et al. 1995; Wilson 1997).

Recently, we have also utilized culturing PCR approach
to investigate the culturable bacterial and fungal aerosol
diversity obtained by different sampling tools including
the BioStage impactor (SKC Inc, Eighty Four, PA, USA)
and the direct mixed cellulose ester (MCE) filter culturing
method which places the MCE filter with air sample directly
onto agar plate(Xu and Yao 2011). In other studies, similar
methods were also adopted for culturing microorganisms
(Bernardo et al. 2002; Lighthart et al. 2000; Yao et al.
2005). In another study, buttton inhalable sampler in con-
junction with gelatin filter (can be dissolved in water) was
shown to be less efficient than the BioStage impactor in
measuring environmental bioaerosols due to the strong des-
iccation effects of the filter material (Yao and Mainelis
2007). In our recent study, we have shown that the direct
MCE filter culturing method performed reasonably well
when compared to the BioStage impactor in sampling air-
borne bacteria and fungi for 15 min sampling time (Xu and
Yao 2011). Filter sampling has the portability advantage,
especially for assessing personal bioaerosol exposure.
However, the performance of such filter sampling and cul-
turing method is not thoroughly compared to a standard
bioaerosol sampler such as BioStage impactor under differ-
ent sampling times, environments, and microbial types; past
studies are only limited to a single sampling time (Xu and
Yao 2011; Bernardo et al. 2002). An increasing number of
studies show that the sampling time plays a very important
role in enumeration of airborne biological community
(Abdulamir et al. 2010; Durand et al. 2002; Folmsbee et
al. 2000; Mainelis and Tabayoyong 2010; Wang et al. 2001;
Woodward et al. 2004; Zhen et al. 2009).

The BioStage impactor is primarily used for environmen-
tal air sampling, while the Button Inhalable Sampler is
appropriate for personal sampling. In many studies, the
results obtained by a BioStage impactor were used for
estimating human exposure to the bioaerosols in various
environments. However, the results from environmental
sampling are not representative for personal exposure, and
it is not convenient (too big and require external power
source) to use the BioStage impactor for personal bioaerosol
exposure monitoring. Accordingly, this study was designed
to investigate the applicability of a Button Inhalable
Sampler with a “modified” MCE filter culturing method,
i.e., without extraction, in assessing personal bioaerosol
exposure under different sampling times and environments
when compared to the standard sampler, BioStage Impactor.
The collected air samples by the filter and the BioStage
impactor were directly cultured at room temperature, and
CFUs were counted, further removed for PCR–denaturing
gradient gel electrophoresis (DGGE) analysis of the cultur-
able aerosol diversity. Fungal aerosol species collected by
different methods were also identified using the microscopy
technique. The results obtained here can lend information to
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the development of robust environmental and personal bio-
logical aerosol quantification tools.

Materials and methods

Bioaerosols sampling and cultivation

In this study, a Button Inhalable Sampler (SKC, Inc.) in
conjunction with MCE filters (Millipore, Bedford, MA,
USA) composed of cellulose acetate and cellulose nitrate
with a pore size of 0.45 μm was used for the bioaerosol
sampling. Here, a gelatin filter was not used due to its
pronounced desiccation effects especially during a pro-
longed sampling time period despite of its water solubility.
During the sampling, the sampler was operated at a flow rate
of 5 L/min for three different sampling times: 10, 20, and
30 min to collect air samples over three different time
periods (9:00AM, 10:00AM, and 14:00PM). The air samples
were collected for quantifying airborne bacteria and fungi
both in an indoor (an office environment on Peking
University campus) and an outdoor environment (outside
of a two-story building) nearby the 4th Ring Road of
Beijing. As a comparison, a BioStage impactor was also
operated in parallel to collect the air samples for three
different times: 10, 20, and 30 min at a flow rate of
28.3 L/min over the same time periods. The sampling heads
of both samplers were placed upside 1.3 m above the
ground. For each test condition (indoor/outdoor, bacterial/
fungal aerosols, different sampling times), three indepen-
dent air samples were taken.

During indoor air sampling, the range of temperature was
18.1–18.9 °C and the relative humidity was 36–38 %; for
outdoor air sampling, the range of temperature was 19.1–
19.9 °C and the relative humidity was 34–38 %. All sam-
pling flow rates were calibrated using a Mini-Buck calibra-
tor (AP Buck Inc., Orlando, FL, USA) in this study. The
usual filter collection method would be to extract and elute
bioaerosol particles from the filter after the sampling. Here,
we did not perform the extraction after the bioaerosol col-
lection instead, we placed the filter along with the bioaer-
osol samples collected directly onto the agar plate for
enumerating bioaerosols at 26 °C. This “modified” MCE
filter protocol minimizes the potential microbial stress asso-
ciated with the extraction step. For BioStage impactor
plates, they were also incubated directly at 26 °C. The
bacterial aerosols were grown on trypticase soy agar
(Becton, Dickson and Company, Sparks, MD, USA) plates
for 2–3 days, and fungal aerosols were grown on Malt
Extract Agar (Becton, Dickson and Company) for 3–5 days.
The CFUs were manually counted after the cultivation.
Culturable bacterial and fungal aerosol concentrations were
then calculated as CFU per cubic meter. For BioStage

impactor, CFU counts were also manually corrected based
on the positive holes correction method (Feller 1968). For
all sampling experiments, agar plates and MCE filters were
brought to the sampling sites without actual environmental
sampling as blank controls. The Button Inhalable Sampler
was washed using ethanol and disinfected using UV after
each set of experiments.

Culturable bioaerosol diversity analysis

The PCR–DGGE analysis was applied to analyzing the
culturable bacterial aerosol communities in the air samples
collected both by the Button Inhalable Sampler with MCE
filter and the BioStage impactor in different environments.
For the air samples collected in this study, bacterial aerosol
CFUs after culturing from three replicates were washed off
the agar plates using deionized (DI)water and pooled to-
gether to a total liquid volume of 10 ml in a 50-ml Corning®
Premium Quality Centrifuge Tubes (Corning Inc., Acton,
MA, USA). The microbial suspension was first centrifuged
for 1 min at the speed of 7,000 rpm (Centrifuge 5804R,
Eppendorf, Hauppauge, NY, USA). The supernatant of the
suspension was then poured out and another centrifugation
step was performed to remove possible chemical inhabitants
after washing the pellets with 5 mL DI water.

After the purification, 1 ml of the bacterial suspension for
each bacterial sample was taken out for DNA extraction by a
bacteria DNA extraction kit (Tiangen Co., Beijing) accord-
ing to the manufacturer’s instruction. The extracted DNA
samples were further suspended into 50 μl DI water. The V3
region of the 16S rRNA gene was amplified using primers
P2 (5 ′-ATTACCGCGGCTGCTGG-3 ′) and P3 (5 ′-
GCclamp-CCTACGGGAGGCAGCAG-3′) through PCR
as described by Muyzer et al. (Muyzer et al. 1993). PCR
reaction mixture (total volume was 25 μL) included 2 μL
DNA template, 1 μL primer P2 (10 μM), 1 μL primer P3
(10 μM), 12.5 μL 2× Master Mix (10× Taq Buffer, dNTP
Mixture, Taq (2.5 U/μL)) (Tiangen Co., Beijing), and
12.5 μL dd H2O. The cycle conditions were 94 °C for
3 min, 30 cycles of [94 °C for 30 s, 55 °C for 30 s, and
72 °C for 1 min], and 72 °C for 5 min. DI water (free of
DNA and RNA) and Bacillus subtilis var niger was used as
the negative and positive controls, respectively, in the PCR
experiments. DGGE was performed with the Bio-Rad
DCode mutation-detection system (Bio-Rad, Hercules,
CA, USA) according to the manufacturer’s instructions. In
details, approximately 20 μL PCR products was transferred
to each well of 8 % polyacrylamide gels containing a verti-
cal gradient of denaturant from 30 to 65 %. The electropho-
resis was performed for 300 min at a constant voltage of
180 V at 60 °C. After the electrophoresis, gels were stained
with GelRed solution (10,000× diluted with DI water;
Biotium, Hayward, CA, USA) and photographed
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(Molecular Imager Gel Doc XR system, Bio-Rad) under
ultraviolet lamp at the wavelength of 254 nm. The DGGE
bands for the samples obtained by each of the methods
investigated were further compared using dendrograms
obtained using the BioRad built-in software functions “band
detection” and “unweighted pair group method with arith-
metic mean (UPGAMA)” clustering, and the similarity of
the culturable microbial aerosol diversities was analyzed
using the scale bar produced by the methods.

For culturable fungal aerosols, microscopy method was
used for fungal genera identification. Similar to bacterial
study, fungal colonies were first washed off from the agar
plates, and about 10 μL of fungal suspension was pipetted
onto the glass slide. One hundred times magnification was
achieved using the immersion oil using Olympus CX 41
(Minneapolis, MN, USA) to record the images of the fungi
recognized. The fungal genera were identified through vi-
sual comparison of the images taken and existing fungal
morphologies according to a reference book written by
Harold et al. (1980).

Statistical analysis

The differences in the culturable bacterial and fungal aerosol
concentrations obtained by the direct MCE filter culturing
method and the BioStage impactor were analyzed by a
paired t test via the statistical component of SigmaPlot 10
(Systat Software, Inc.) and also analysis of variance. A p
value of less than 0.05 indicates a statistically significant
difference at a confidence level of 95 %.

Results and discussion

Experimental results revealed that the performances of both
methods depended on the sampling time, environment, and
microbial types (bacterial and fungal aerosols). Figure 1
shows the indoor culturable bacterial aerosol concentrations
obtained by the “modified” MCE filter culturing method
and the BioStage impactor. As observed in Fig. 1, the indoor
CFU concentrations for bacterial aerosols measured by the
BioStage impactor were significantly higher than those by
the “modified” MCE filter culturing method for 20 and
30 min (p value00.0279, 0.030 (t test)). However for 10-
min sampling, no statistically significant differences were
detected between two methods (p value00.108), which
might be due to the less desiccation effect produced by the
filter sampling for a shorter sampling time. In a previous
study, Bernardo et al. (2002) found that the BioStage im-
pactor obtained significantly higher (∼23 % more) total
culturable bioaerosol concentrations than the cellulose ni-
trate membrane filter using a similar method in swine bars.

In their study, different sampling times were used: 1 min for
the Andersen sampler and 3 min for the filter. In addition to
the different environment, different samplers and filter types
were used in our study. In this study, temporal variations in
bioaerosol concentrations were also observed. As seen from
Fig. 1, it seems that airborne culturable bacterial concentra-
tion increased from morning to afternoon ranging from 100
to 500 CFU/m3 (p values00.0001 and 0.0001). Our previ-
ous study also found that airborne culturable bioaerosol
concentrations appeared to be higher in the afternoon than
in the morning (Li et al. 2010). The MCE filter method and
the BioStage impactor can result in different type of stress.
The impaction stress (function of impaction velocity) of the
BioStage impactor was indicated to be around 240 times
that caused by the MCE filter given the operating parame-
ters used in this study. According to our previous study
(Zhen et al. 2009), both methods resulted in similar degree
of desiccation (per unit of air received per unit of sampling
area) given the operating parameters used in this study. For
the BioStage impactor, however, there was more moisture
on the agar plate than the MCE filter, which thus provides a
layer of protection from the desiccation for the microorgan-
isms especially for longer sampling time. Therefore, the
sampling time and impaction velocity play a role in the
performances of both samplers when collecting bioaerosols.

In contrast, for indoor airborne fungal aerosol sampling
as shown in Fig. 2, the “modified” MCE filter culturing
method was observed to obtain significantly higher cultur-
able concentrations regardless of the sampling times tested
(p value00.045 (t test), 0.0293, and 0.0484). The difference

Fig. 1 Comparison of indoor culturable bacterial aerosol concentra-
tions obtained by the “modified” MCE filter method and the BioStage
impactor at different sampling times (10, 20, and 30 min) over three
different time periods; the sampling flow rates for the BioStage impac-
tor and the modified MCE filter method were 28.3 and 5 L/min,
respectively; the times in the brackets indicated the starting times of
sampling for each set; data points represent the averages of three
repeats; *****statistically significant difference between two methods
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in 10-min sampling for indoor bacteria and fungi might be
owing to the fact that fungal species appear to be more
desiccation resistant than indoor bacterial aerosols. Stewart
et al. (1995) have shown that impaction stress could cause
bacterial injuries, resulting in culturability loss. Here, fungal
species might be more susceptible to the impaction stress
due to their larger sizes compared to bacterial species;
accordingly, the fungal aerosol concentrations obtained by
the BioStage impactor in general appeared to be lower than
those obtained using the “modified” MCE filter culturing
method regardless of the sampling environment and sam-
pling time. Similar to indoor bacterial sampling, the indoor
fungal aerosol concentrations (relatively lower in respective
sampling time periods) were shown to increase from morn-
ing to afternoon ranging from 100 to 300 CFU/m3 (p val-
ues00.0001 and 0.0002). It was suggested that geographical
location, human activity, growth cycle of organisms, and
meteorological factors have influence on the diurnal distri-
bution of airborne bacteria and fungi in the atmosphere
(Hameed et al. 2009).

Figures 3 and 4 show the results from the outdoor bacte-
rial and fungal aerosol samplings, respectively. Different
from indoor bacterial sampling, for outdoor bacteria aero-
sols no statistically significant differences were detected as
observed in Fig. 3, between the “modified” MCE filter
culturing method and the BioStage impactor regardless of
the sampling times tested (all p values>0.05). As shown in
Fig. 3, in the morning, low culturable bacterial aerosol
concentrations were observed to be around 200 CFU/m3

while in the afternoon, the concentration reached as much
as 1,000 CFU/m3. Compared to the indoor bacterial species,
the outdoor bacterial species might be less susceptible to the
sampling stress especially the impaction stress such that
both methods produced similar levels of concentrations as
observed in Fig. 3 in this study. Similar to indoor fungal
aerosol sampling, the “modified” MCE filter culturing
method was shown to obtain significantly higher outdoor
culturable fungal concentrations than the BioStage impactor
regardless of the sampling times tested over different time
periods as observed in Fig. 4 (p value00.037, 0.0512, and
0.0266).

The results obtained here agreed well with those ob-
served in our recent study in which only a 15-min sampling
time was tested for the BioStage impactor and the “modi-
fied” MCE filter culturing method (Xu and Yao 2011). The
results for fungal aerosol samplings shown in Figs. 2 and 4
suggest that the “modified”MCE filter culturing method is a
viable sampling protocol for fungal aerosols. Use of such
method could provide an improved estimate for fungal
aerosol exposure, especially for personal type. While for
bacterial aerosol sampling, the described method performs
reasonably well compared to the BioStage impactor, while
having the portability advantage.

Figure 5 shows the similarity dendrograms of the indoor
and outdoor culturable bacterial aerosol diversity obtained
by the “modified” MCE filter culturing method and the
BioStage impactor. In general, the culturable diversity (gel
patterns) was observed to strongly depend on the sampling
method, sampling time, and environment. Outdoor

Fig. 2 Comparison of indoor culturable fungal aerosol concentrations
obtained by the “modified” MCE filter method and the BioStage
impactor at different sampling times (10, 20, and 30 min) over three
different time periods; the sampling flow rates for the BioStage impac-
tor and the modified MCE filter method were 28.3 and 5 L/min,
respectively; the times in the brackets indicated the starting times of
sampling for each set; data points represent the averages of three
repeats, and error bar stands for the standard deviation; *****statisti-
cally significant difference between two methods

Fig. 3 Comparison of outdoor culturable bacterial aerosol concentra-
tions obtained by the “modified” MCE filter method and the BioStage
impactor at different sampling times (10, 20, and 30 min) over three
different time periods; the sampling flow rates for the BioStage impac-
tor and the modified MCE filter method were 28.3 and 5 L/min,
respectively; the times in the brackets indicated the starting times of
sampling for each set; data points represent the averages of three
repeats, and error bar stands for the standard deviation
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culturable bacterial aerosols were observed to have more
species richness (number of gel bands) than those indoors
regardless of the sampling methods and sampling times
tested. This observation is in line with the results shown in
Figs. 1 and 3 where outdoor bacteria appeared to be more
stress resistant, especially for the desiccation effect. For
outdoor sampling, the gel patterns were observed different
for different sampling times (10, 20, and 30 min) by the
“modified” MCE filter culturing method. For 30-min sam-
pling, the air samples obtained by the “modified”MCE filter
method appeared to have more culturable species richness

than 10- and 20-min samplings. It was also observed in
Fig. 5 that some bands were present in 20- and 30-min air
samples, but absent from that of 10-min sampling.

For the BioStage impactor sampling in outdoor environ-
ment, specific identified species varied with the sampling time.
Cluster analysis shown in Fig. 6 indicated that for 20- and 30-
min samplings, the BioStage impactor obtained similar species
richness about 75 % for outdoor bacterial aerosol samples. For
the “modified” MCE filter culturing method, the species rich-
ness similarity was observed lower for outdoor bacterial aero-
sol samples for these two sampling times. It seems that the
MCE filter method for 10-min sampling had higher species
similarity with that obtained by the BioStage impactor for
10 min for outdoor bacterial aerosol samples. Increasing col-
lection time would lead to the collection of more microorgan-
isms, which correspondingly increased the probability of the
collection of less frequently occurring species or enhanced
bacterial aerosol detection. On the other hand, an increase in
sampling time would introduce a stronger desiccation effect on
the microorganisms already collected. Accordingly, there is an
optimal sampling time at which an enough air sample can be
obtained while minimizing the desiccation effects.

For indoor sampling, increasing sampling time was ob-
served to lead to more bacterial species richness for both
methods as observed in Fig. 5. Cluster analysis shown in
Fig. 6 indicated that for 20- and 30-min samplings, the
BioStage impactor obtained similar species richness close to
80% for indoor bacterial aerosol samples. Similar finding was
observed for the “modified” MCE filter culturing method for
indoor aerosol samples, but with slightly lower similarity
(70 %) as shown in Fig. 6. The results obtained here for the
culturable bacterial aerosol diversity both in indoor and out-
door environments agreed well with those obtained using
similar methods in our previous study in which only 15-min
sampling time however was tested (Xu and Yao 2011).

Fig. 4 Comparison of outdoor culturable fungal aerosol concentra-
tions obtained by the “modified” MCE filter method and the BioStage
impactor at different sampling times (10, 20, and 30 min) over three
different time periods; the sampling flow rates for the BioStage impac-
tor and the modified MCE filter method were 28.3 and 5 L/min,
respectively; the times in the brackets indicated the starting times of
sampling for each set; data points represent the averages of three
repeats, and error bar stands for the standard deviation; *****statisti-
cally significant difference between two methods

Fig. 5 DGGE profiles of
culturable bacteria and fungal
aerosols collected by the
“modified” MCE filter method
and the BioStage impactor at
different sampling times (10,
20, and 30 min) for both indoor
and outdoor environments; the
sampling flow rates for the
BioStage impactor and the
“modified” MCE filter method
were 28.3 and 5 L/min,
respectively; gel patterns
represent those from the CFU
mixture of three independent air
samples
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In this study, indoor and outdoor dominant culturable fun-
gal aerosols obtained by different methods were also identi-
fied using an optical microscopymethod. In general, as shown
in Table 1, increasing sampling time resulted in more fungal
genera identified regardless of samplingmethods and environ-
ments. However, specific fungal species varied with sampling

methods, sampling time, and sampling environment. This
might be due to the composition of fungal species and the
variation of their susceptibility to the sampling stress, espe-
cially from the impaction. Among the fungal genera identi-
fied, Alternaria and Cladosporium as well as Hyphal
fragments were found in most aerosol samples collected.

Fig. 6 Similarity dendrograms
for the DGGE profiles shown in
Fig. 5 of culturable bacterial
aerosol diversity obtained by
the “modified” MCE filter
method and the BioStage
impactor; the scale bar
represents the similarity of
culturable diversity obtained by
two sampling methods

Table 1 Dominant culturable
fungal aerosols obtained by the
modified MCE filter and the
BioStage impactor both in in-
door and outdoor environments

Bioaerosol sampling and culturing Indoor dominant culturable fungal aerosols

Sampling time

10 Min 20 Min 30 Min

Direct MCE filter cultruing method Hyphal fragments Alternaria Alternaria

Saccharomyces Hyphal fragments Cladosporium

Scopulariopsis Stemphylium Saccharomyces

Hyphal fragments Hyphal fragments

BioStage impactor Alternaria Hyphal fragments Cladosporium

Cladosporium Saccharomyces Hyphal fragments

Hyphal fragments Scopulariopsis Nigrospora

Saccharomyces Scopulariopsis

Direct MCE filter cultruing method Alternaria Alternaria Alternaria

Cladosporium Cladosporium Cladosporium

Hyphal fragments Stemphylium Epicoccum

Scopulariopsis Hyphal fragments Hyphal fragments

Nigrospora

BioStage impactor Aspergillus Ascospores Alternaria

Cladosporium Aspergillus Aspergillus

Hyphal fragments Hyphal fragments Chaetomium

Cladosporium

Hyphal fragments

Stemphylium
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In our study, two bioaerosol samplers (Button Inhalable
Sampler and BioStage impactor) were operated in parallel.
Therefore, if there are any changes in airborne microbial
community during the sampling, they would apply to both
samplers. In addition, we have tested the samplers in three
different time periods of the day, thus the bioaerosol fluctua-
tion was taken into account. Such comparisons under different
conditions would minimize the influence of changes in air-
borne microbial community on the results obtained here.

For the existing sampling techniques, they have optimal
sampling flow rates, thus it is difficult to achieve isokinetic
sampling without the tradeoff of the sampler’s performance.
For example, for the Andersen type sampler, the standard
sampling flow rate is 28.3 L/min, which corresponds to an
inlet flow of ∼0.9 m/s (aerosol inlet diameter is about
2.6 cm) and a jet velocity of 24 m/s. These parameters are
set for Andersen-type samplers, but the characteristics, e.g.,
wind speed and atmospheric movement speed in vertical
direction, could be higher or lower than 0.9 m/s in different
environments. For isokinetic sampling, the flow rate needs
to be adjusted; however, this would affect the sampler
performance. For Button Inhalable Sampler, it is designed
to be less sensitive to the wind direction with a face velocity
of ∼0.16 m/s. Again, the representativeness of its samples
collected depends on the wind velocity. In our study, we
wanted to minimize the desiccation effects while collecting
more bioaerosol particles so that we increased the sampling
flow rate of 5 L/min. Such an increase resulted in about
25 % increase for the face velocity, i.e., from 0.16 m/s
(SKC) to 0.2 m/s. For environmental air, it typically has a
wind velocity of 100–300 cm/s, therefore increasing the
sampling flow rate of the Button Inhalable Sampler to 5 L/
min will not significantly affect inhalation sampling con-
vention. However, for viable bioaerosol particles, the repre-
sentativeness of the samples also depends on the degree of
the sampling stress caused by the samplers.

Here, we adopted a culturing method with the MCE
filter; accordingly, only culturable microbial concentration
and diversity were studied in this study. To study the total
airborne microorganisms (both culturable and noncultura-
ble), different collection medium instead of agar, e.g., DI
water, should be used. In this study, PCR–DGGE method
was applied to describing the airborne culturable bacterial
community diversity. For PCR amplification, a variety of
influencing factors including sample preparation, DNA ex-
traction, inhibitors, differential amplification, formation of
PCR artifacts as well as DNA contamination have been
thoroughly discussed somewhere (Wilson 1997;
Wintzingerode et al. 1997). Accordingly, the results here
might be negatively impacted by the limitations of the
methods used. In this study, culture–PCR based method
was used, which did not detect those nonculturable species
collected by the methods. However, PCR could also amplify

those dead cells if total air sample including culturable and
nonculturable cells were used otherwise. However, the con-
centration of those nonculturable cells if washed off from
the agar plates was relatively low compared to those from
the colonies. Due to the PCR amplification limitations,
those nonculturable cells collected with low concentration
were not likely to be amplified. Likewise, use of DGGE
method also could result in diversity bias due to the intra-
species operon heterogeneities. However, such limitations,
if any, should apply to both the “modified” MCE filter
culturing method and the BioStage impactor. Accordingly,
the microbial diversity comparisons made here are valid.

Conclusions

In this study, a “modified” MCE filter method (directly
placing filter on agar plate for culturing) with the Button
Inhalable Sampler was compared with the BioStage impac-
tor in enumerating airborne culturable bacterial and fungal
aerosol concentration and diversity under different operating
conditions. The results revealed that the “modified” MCE
filter culturing method performed better for fungal aerosols
and reasonably well for bacterial aerosols when compared to
the BioStage impactor. For both the “modified” MCE filter
culturing method and the BioStage impactor, the DGGE gel
patterns were shown to vary with sampling time and envi-
ronment despite of their similar number of gel bands. In the
future, specific species can be identified by gene sequencing
to investigate their individual responses to the sampling
stress induced by different sampling methods and tools.
This study described a new personal bioaerosol exposure
assessment protocol and it was demonstrated applicable in
monitoring the personal bioaerosol exposure in replace of an
Andersen-type impactor.
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