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A B S T R A C T

Despite being recognized as an important part of particulate matter (PM) air pollution and health risk,
bioaerosols have not been quantified as extensively as other PM components for establishing PM standards and
management strategies. The challenge lies partly in the lack of practical measurement methods. This study
evaluated a filter-based, direct-staining fluorescence microscopy (DS-FM) method that may be adapted to routine
air quality monitoring for bioaerosol concentration and size distribution. Through testing with bioaerosol
standards made of bacterial cells and fungal spores, the method is shown to have precision, accuracy, detection
limit, and dynamic range suitable for most ambient environments. DS-FM was demonstrated with PM samples
from an arid urban location in Las Vegas, Nevada during the spring allergy season. Detectable bioaerosols ranged
from 0.37 to 16 μm in geometric diameter and averaged 0.27 ± 0.23 cm−3 in number concentration with about
2/3 and 1/3 in the fine (≤2.5 μm) and coarse (> 2.5 μm) mode, respectively. The bioaerosol mass, estimated
from the size distribution and an assumed density, was mainly in the coarse mode and accounted for 17 ± 11%
of PM10, 20 ± 13% of PM10-2.5, and 4 ± 3% of PM2.5 mass. Rain and high wind speeds appeared to elevate
bioaerosol levels. Other advantages of DS-FM include low sample consumption and short turnaround times; a
large amount of data can be generated by incorporating the measurement into current long-term air quality
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networks. Suggestions for using the data to inform bioaerosol origins, contributions, and public health impacts
are discussed.

1. Introduction

Primary biological aerosol particles (PBAP), commonly referred to
as bioaerosols, consist of airborne bacteria, viruses, fungi, pollen, mi-
croalgae, protozoa, plant detritus, insect fragments, animal fur, and cell
fragments resulting from natural and anthropogenic processes. The
diverse sources of bioaerosols lead to a complex size distribution
(10 nm–100 μm) and heterogeneous spatiotemporal variability.
Bioaerosols have been associated with adverse human health effects,
particularly in occupational and indoor environments, and some are
irritants in the upper respiratory tract and triggers for allergies and
asthma (Douwes et al., 2003; Mauderly and Chow, 2008; Walser et al.,
2015). Outdoor bioaerosols also affect cloud formation and climate
(Deguillaume et al., 2008). Bioaerosols can contribute to airborne
particulate matter (PM), especially coarse PM (termed PM10-2.5) in the
size range of 2.5–10 μm (Després et al., 2012; Fröhlich-Nowoisky et al.,
2016). However, they have not been included as part of long-term air
quality monitoring and are seldom evaluated in receptor- and source-
oriented source apportionment models. An exposure limit for bioaer-
osols has not been established (Walser et al., 2015). The extent to which
bioaerosols influence non-compliance with National Ambient Air
Quality Standards (NAAQS) for PM2.5 and PM10 (particulate matter
mass with aerodynamic diameters< 2.5 and <10 μm, respectively) is
also unknown (U.S. EPA, 2006).
PM monitoring networks sample particles on various filter sub-

strates for offline analysis of mass and, at times, bulk chemical com-
position at hundreds of locations with 24-h resolution (Chow et al.,
1995; Hand et al., 2012). Quantifying bioaerosols (or their surrogates)
in these networks can address the aforementioned knowledge gaps. A
desirable bioaerosol measurement technique would be compatible with
the conventional PM sampling systems while requiring minimal sample
preparation, a relatively short turnaround time, and low cost. Bioaer-
osol size distributions are desirable to estimate transport distances,
residence times, and penetration into the human respiratory tract
(Fröhlich-Nowoisky et al., 2016). Although real-time fluorescence
techniques such as the Ultraviolet-Aerodynamic Particle Sizer (UV-
APS), the Waveband Integrated Bioaerosol Sensor (WIBS), and more
recently the Spectral Intensity Bioaerosol Sensor (SIBS) show potential
for resolving bioaerosol size-number concentration, sub-hourly tem-
poral variation, and some classification (Healy et al., 2014; Nasir et al.,
2019), the high cost may prevent them from being extensively deployed
for the networks.
Polyalcohol compounds, such as arabitol and mannitol, have been

measured on filter samples to indicate fungal spores, while endotoxin
and (1→ 3)-β-D-glucan serve as surrogates for the bacteria- and fungi-
related toxicity, respectively (Boreson et al., 2004; Chow et al., 2015;
Zhang et al., 2015; Gosselin et al., 2016). However, these molecular
markers only represent a subset of bioaerosols. More detailed speciation
may be achieved by polymerase chain reaction (PCR) with specific
deoxyribonucleic acid (DNA) primers (Fröhlich-Nowoisky et al., 2009).
Universal primers for total bacteria or fungi abundances have also been
developed, but improvements in their sensitivity, precision, and
throughput are warranted (Peccia and Hernandez, 2006; Blais-Lecours
et al., 2015). Both the molecular marker and PCR methods offer little
information on bioaerosol size and number concentration.
Microscopic methods, including epifluorescence microscopy, detect

individual particles. Based on particle size and morphology, it is pos-
sible to quantify bio- and other aerosol abundances (Chow et al., 2015;
Wagner and Macher, 2012; Tai et al., 2017). Specific DNA or protein
stains are available to mark bioaerosols and distinguish between viable
and nonviable fractions under a fluorescence microscope (Li and

Huang, 2006). The classical approach extracts particles from a filter
into a liquid where the particles are stained, and subsequently re-de-
posited on another substrate for microscopic analysis (Wiedinmyer
et al., 2009; Dong et al., 2016). This procedure is referred to as Ex-
traction-Staining Fluorescence Microscopy (ES-FM). A more convenient
alternative, known as Direct-Staining Fluorescence Microscopy (DS-
FM), applies stain(s) directly onto the filter (Prussin et al., 2015;
Perrino and Marcovecchio, 2016). DS-FM can potentially meet the re-
quirements for routine bioaerosol monitoring. However, the accuracy,
precision, and dynamic range of either ES-FM or DS-FM have not been
evaluated for PM samples, nor has their potential of resolving bioaer-
osol size distribution from fluorescence images been assessed.
This paper documents a DS-FM method for quantifying bioaerosol

number and mass concentrations, as well as size distribution, in PM2.5
and PM10 samples. For the first time, the method is assessed for mea-
surement accuracy and precision using laboratory generated bioaerosol
standards. Further evaluations involve applying DS-FM to ambient PM
samples collected in Las Vegas, Nevada during the peak allergy season
and comparing the results with concurrent pollen grain/fungal spore
counts, PM mass, and values reported in the literature by different
techniques. The potential of implementing this measurement in air
quality networks and using the data to investigate bioaerosol sources
and impacts are also discussed.

2. Experiments

2.1. Bioaerosol standards and ambient samples

To characterize the DS and ES fluorescence methods, standard
samples with known bioaerosol concentrations were prepared using
reference bacteria (Escherichia coli, American Type Culture Collection
[ATCC] 25922, Manassas, Virginia, USA) and fungal spores (Aspergillus
fumigatus, ATCC 36607). The bacterial cells and fungal spores were
initially suspended in deionized (DI) water at levels of 7.4× 108ml−1

and 4.0× 108ml−1, respectively, as determined by hemocytometer
counting. After a series of dilutions, the cells and spores were deposited
onto 13-mm-diameter black polycarbonate (BPC) filter discs (PCTE,
0.2-μm pore size, GVS North America, Sanford, ME, USA) by syringe
filtration. BPC filters were selected due to their low fluorescence
background and flat surface suitable for microscopic imaging. Five
concentration levels of E. coli on the filters were prepared: 5.6× 103,
2.8× 104, 5.6× 104, 2.8× 105, and 5.6× 105 cm−2. These loadings
correspond to a range of 0.01–1 cm−3 ambient bioaerosols if the
bioaerosols are sampled through a 47-mm-diameter filter at 5 Lmin−1

for 24 h (i.e., 7.2m3 air sampled through 13.85 cm2 deposit area) with a
MiniVol sampler (Airmetrics, Springfield, OR, USA). As for fungal
spores, loadings of 1.5× 104, 3.0× 104, 7.5× 104, 1.5× 105, and
3.0×105 cm−2 were prepared on BPC filters, corresponding to
0.03–0.6 cm−3 ambient bioaerosol concentrations sampled by a
MiniVol for 24 h. Blank samples were also prepared by pushing DI
water through the filter to determine lower quantifiable limits (LQL)
(Kolberg, 2017).
Ambient PM2.5 and PM10 samples were acquired on the rooftop of a

three-story building at the University of Nevada, Las Vegas (UNLV)
campus (Supplemental Fig. S1) during spring (April 1 to May 31) 2017
using two pairs of MiniVol samplers equipped with 2.5 or 10 μm
(aerodynamic diameter) size-selective inlets. This site has an urban-
scale zone of representation and is > 300m from busy roadways.
Elevated pollen concentrations during spring are the most noticeable
bioaerosols in the Las Vegas metro area (CCDAQ, 2014), which is one of
the cities most affected by seasonal allergies in the western U.S. (AAFA,
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2018).
Twenty-four-hour sampling took place each day from midnight to

midnight. Air was drawn through 47-mm diameter BPC filters with a
42-mm diameter deposit area, from which up to six 13-mm diameter
discs could be removed for analysis (Fig. S2). A Burkard spore trap
(Burkard Manufacturing Company, Rickmansworth, UK) was collocated
for pollen and fungal spore quantification based on microscopic iden-
tification and counting as part of the National Allergy Bureau (NAB)
network (Portnoy et al., 2004). At a 24-h time resolution, common
pollen (maple, ash, mulberry, olive, pine, sycamore, and elm) and spore
(Alternaria, Cladosporium, Smuts/Myxomycetes, Undifferentiated As-
cospores, and Undifferentiated Basidiospores) taxa of allergic concerns
have been reported, in m−3, to the NAB Pollen and Mold Report (Patel
et al., 2018a, 2018b).
The Clark County Department of Air Quality (CCDAQ) monitors

PM2.5 and PM10 across the Las Vegas valley as part of the U.S. EPA
compliance network with stations relative to the UNLV site shown in
Fig. S1 (Supplementary Information). Spatially averaged PM con-
centrations determined the air quality index (AQI) and were compared
with bioaerosol levels at UNLV to evaluate bioaerosol contributions to
PM2.5 and PM10 in Las Vegas. Weather data including wind speeds and
wind directions were acquired from the McCarran International Air-
port, ∼2 km southwest of the UNLV monitoring site. The PM and me-
teorological data are presented in Fig. S3.

2.2. Staining and microscopic imaging

For the DS method, 20 μgml−1 of 4’,6-diamidino-2-phenylindole
(DAPI, Fisher Sci., Hampton, NH, USA) was placed on a clean micro-
scope slide onto which the 13-mm diameter filter disc (from an equi-
librated standard or ambient sample) was placed with the exposed side
facing up. This approach allowed the stain to permeate through the
filter and interact with the particle deposit while avoiding excess stain
on the deposit side which could increase the fluorescence background
(Griffin et al., 2001). DAPI marks both living and dead cells with blue
fluorescence (Kepner and Pratt, 1994). Other stains such as acridine
orange and bisbenzimide were tested, but they produced higher back-
ground fluorescence and therefore lower signal-to-noise ratios than
DAPI. Stained samples were incubated for 20min in the dark, and then
a glass coverslip was placed over the stained filter with a water-soluble,
anti-bleaching adhesive (Fluoromount-GTM, Southern Biotech, Bir-
mingham, AL, USA). The samples were examined immediately and ar-
chived at< 4 °C after epifluorescence examination.
Ambient samples were also subjected to ES, for which particles were

extracted from the samples and stained in the colloid phase. One
quarter of each 47-mm filter was transferred to a centrifuge tube con-
taining 1ml DI water and vortexed for 5min. Ten μl of a 500 μgml−1

DAPI stain was added to the extracted colloid of 0.25ml producing
∼20 μgml−1 DAPI concentration, and incubated for 20min in the
dark. The stained extract was drawn through a blank 13-mm diameter

BPC filter on which the solid particles remain; this filter was then
mounted on a microscope slide prior to epifluorescence microscopy
(Fig. S2). In principle, this ES procedure may be applied to different
filter media, including the Teflon-membrane and quartz-fiber filters
commonly used in PM compliance and speciation networks.
The DS or ES sample slides were analyzed with a fluorescence mi-

croscope (BX51, Olympus, Tokyo, Japan) with excitation and emission
wavelengths centered at 350 nm and 460 nm, respectively, specific for
DAPI bound to DNA. Fluorescence images were recorded by a charge
coupled device (CCD) camera (DP70, Olympus, Tokyo, Japan). The
microscope/camera system was optimized for contrast and remained
the same for all samples. At least 30 images of random fields of view
(0.22×0.166mm2) were captured for each sample at 400X microscope
magnification to represent the entire 13-mm diameter deposit area.
This imaging process required<10min per sample. A wide range of
bioaerosol sizes and morphologies were observed in ambient samples.
Loss of color (e.g., photobleaching) was not apparent during the first
examination (∼5 s each field of view), making it possible for repetitive
analyses of the same samples.
Nonhomogeneous PM deposits increase uncertainties as each filter

punch is intended to represent the entire deposit area. To evaluate
measurement precision, triplicate analyses were performed for all DS-
FM measurements by preparing three or more sets of standards and
acquiring a minimum of three punches from each ambient sample. For
ES-FM, only duplicate analyses were performed, because the technique
requires a larger sample size and greater effort. In addition, punches
from four ambient samples were spiked with E. coli in the same way as
the standard samples to investigate interferences of non-biogenic PM
with bioaerosol measurements.

2.3. Particle number, size, and mass calculations

Automated bioaerosol enumeration from fluorescence images was
achieved using the ImageJ® software as demonstrated for Scanning
Electron Microscopy (SEM) images by Tai et al. (2017). Images were
gray-scaled and then converted to binary (black-and-white) pictures
with the fluorescent particles in black and background in white (Fig. 1).
The threshold required to distinguish between particles and back-
ground was determined by the “Triangle” algorithm (Zack et al., 1977;
Seo et al., 2014). To suppress false positives, particles occupying fewer
than five pixels were excluded. ImageJ® then quantified the number of
fluorescent particles in the image and the projected area (Ap) of each
particle, yielding equivalent projected area diameters (Deq,A):

=D
A

2eq A
p

,

1 2

(1)

The cut-off Deq,A was ∼0.37 μm, which should be sufficient to detect
most bacteria, fungal spores, and other major mass contributing
bioaerosols. Using 1000X instead of 400X magnification only lowered

Fig. 1. An example of: (a) original and (b) processed fluorescence image (1360× 1024 pixels). This is a PM10 sample acquired on 5/16/2017. Particles occupying
fewer than five pixels were excluded from bioaerosol counting, leading to a size detection limit of 0.37 μm.
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the cut-off Deq,A slightly (i.e., to ∼0.28 μm). However, the higher
magnification required an oil-immersion lens and doubled the imaging
time.
For each individual sample slide, bioaerosol number concentration

was determined from the mean particle counts (excluding outliers) over
all fluorescence images taken for the sample. Outliers were defined as
either: 1) counts more than the median count plus 1.5 times the in-
terquartile range, or 2) counts less than the median count minus 1.5
times the interquartile range (Navidi, 2008), which could result from
physical contamination, particle loss, and/or image processing diffi-
culties. The standard error of the mean provides an estimate of un-
certainty in number concentrations. These uncertainties decrease as the
number of images increase. Therefore, a compromise between precision
and cost dictates the number of images that are analyzed. The typical
standard error was 20–30% of the mean for ambient samples. Triplicate
or duplicate sample analysis further verified the measurement un-
certainties.
Particle volume (V) and density (d) are required to estimate

bioaerosol mass contributions. The first-order calculation assumes
spherical particles (Tai et al., 2017), thus:

=V D
6

( )eq A,
3

(2)

Depending on the bioaerosol type, particle density ranges from 0.9
to 1.5 g cm−3 (Burge, 1995; Cox and Wathes, 1995). A density of
1 g cm−3 (Matthias-Maser and Jaenicke, 2000; Chow et al., 2015) was
assumed for this study. Outlier images were excluded from the calcu-
lation of total or size-segregated number/mass concentrations. Bioaer-
osol number and mass loading densities were calculated in cm−2 and g
cm−2, respectively, and converted to ambient concentrations, i.e.,
cm−3 (or 106m−3) and μg m−3, using recorded MiniVol sample
durations, flow rates, and filter deposit areas (Table S1).

3. Results and discussion

3.1. Bioaerosol number and size measurements

Bioaerosol counts from DS-FM reproduced the concentrations for
standard samples across two orders of magnitude dynamic range with
slopes close to unity (Fig. 2). The DS protocol appears to sufficiently
mark the bioaerosols. Blank samples showed particle counts of
1–2×103 cm−2, resulting in a LQL of 6× 103 cm−2 or ∼0.01 cm−3

ambient concentration (i.e., 3 times standard deviations of the blank
levels). For E. coli, the measurement precision (from replicate standard
samples) was within±10% for concentrations> 10 times the LQL.
Precisions up to± 20% were found for the fungal spore standards. This
larger uncertainty might be partly due to non-uniformity of the
bioaerosol deposits, as the A. fumigatus spores were not as homo-
geneously dispersed in solution as were the E. coli cells. When the
bacteria cells/fungal spores were deposited on preloaded PM2.5 or PM10
samples, instead of blank BPC filters, the regression slopes were similar,
consistent with minimal interferences in bioaerosol staining and
counting (Kolberg, 2017).
Ambient bioaerosol concentrations by DS-FM (averaged over tri-

plicates) ranged 1.7×104 – 2.4×105 cm−2 for PM2.5 and 3.4× 104 –
6.0×105 cm−2 for PM10 (Table 1), substantially above the LQL. ES-FM
generally reported lower bioaerosol counts, on average only ∼50% of
those measured by DS-FM. This is consistent with insufficient extraction
and/or particle loss during the wash-off and re-deposition steps. Ex-
cluding counts less than 10 times the LQL, triplicate precision for DS-
FM was shown to be ∼±30% (Fig. 3). Part of this is attributed to
nonhomogeneous filter deposits, which can vary by up to 30% de-
pending on the particle size and inlet type (Hyslop and White, 2008;
Schichtel et al., 2008). On the other hand, replicate precision for ES-FM
was ∼±75% (PM2.5) and ∼±55% (PM10) (Fig. 3). Owing to this
large uncertainty, ES-FM results are not discussed further.

Fig. 4a compares typical number-size distribution of E coli and A.
fumigatus spores as determined by DS-FM. Deq,A of E. coli were mostly
(∼70%) found between 1 and 2.2 μm, consistent with the dimensions
measured by atomic force microscopy (Amro et al., 2000; Osiro et al.,
2012). Smaller particle sizes (< 1 μm) likely resulted from cell frag-
mentation or irregular orientation of E. coli cells on the filter, thereby
producing smaller projected areas. A. fumigatus spores showed a
broader size distribution with 70% of Deq,A ranging from 0.75 to 2.2 μm.
Similarly, Deacon et al. (2009) reported the highest concentrations of A.
fumigatus spores (single cell) in the range of 1–2 μm diameter, as well as
many smaller particles between 0.65 and 1 μm. A minor fraction
(< 0.5%) of large particles (> 4 μm) found among both E. coli cells and
A. fumigatus spores in this study might be attributed to cell clumps or
aggregates.
In contrast, size distributions for the ambient samples in Fig. 4b

extended more into the smaller and larger size ranges, reflecting the
diverse nature of real-world biological particles. Coarse particles
(Deq,A > 2.5 μm) accounted for 14% and 21% of bioaerosol counts in
PM2.5 and PM10, respectively, throughout our sampling period. PM2.5
samples contained particles> 2.5 μm because the MiniVol inlet is
based on the aerodynamic instead of geometric diameter and the
sampling effectiveness curve passes some coarse particles with<50%
penetration efficiency (Hill et al., 1999; Buser et al., 2007).
The tests with standard bioaerosols show the feasibility of resolving

bioaerosol size mode with DS-FM. Compared with results from real-
time fluorescence sensors such as UV-APS and WIBS (Huffman et al.,
2010, 2012; Healy et al., 2014), DS-FM appears to report more abun-
dant submicron particles. While some bacteria, fungal fragments, and
viruses fall in this size range, the measurement of smaller bioaerosols,
especially those< 0.7 μm, present bigger challenges for both the real-
time and microscopic methods. These particles, however, are not ex-
pected to contribute significantly to bioaerosol mass in most situations.

3.2. Bioaerosol contributions to fine and coarse PM

Table 1 presents the range of ambient bioaerosol number con-
centrations, which are generally on the order of 0.1–1 cm−3 with
∼50% higher values found in PM10 than in PM2.5 samples. Concurrent
microscopic spore counts ranged from 1.5× 10−4 to 2.3× 10−3 cm−3

Fig. 2. DS-FM quantified versus laboratory prepared bioaerosol loadings on
standard samples. Values and error bars are based on the average and standard
deviation over four replicate experiments. The red dashed line indicates the 1:1
correspondence. (For interpretation of the references to color in this figure le-
gend, the reader is referred to the Web version of this article.)
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with an average of 8.0× 10−4 cm−3. Pollen counts ranged from
7.8×10−6 to 5.4× 10−4 cm−3 with an average of 1.1× 10−4 cm−3.
These fungal spore and pollen counts are at the low end of nominal
ambient levels (i.e., 10−2 – 10−3 cm−3 for fungal spores and 10−5 –
10−3 cm−3 for pollen; see Després et al., 2012) and explain< 1% of the
bioaerosols. Many fungal species have not been included in the NAB
Pollen and Mold Report; hyphal fragments, mostly submicron particles
and uncounted, can be in much higher concentrations than spores
(Green et al., 2006). In addition, many pollen grains were excluded by
the MiniVol inlet due to their larger sizes. It is likely that airborne
bacteria, unidentified fungal spores and fragments, as well as their
derivatives contributed substantially to the observed bioaerosols.

Wide bioaerosol concentration ranges have been reported (Table 2),
depending on sampling location, season, bioaerosol type, and analytical
method. The Las Vegas results fall within and at the lower end of values
derived from DS-FM or ES-FM measurements in urban areas, despite the
potential particle loss with ES-FM methods. This more or less reflects
the arid climate of Las Vegas which is not conducive to dense vegeta-
tion. Nevertheless, ∼25% of Las Vegas's two-million residents suffer
from seasonal allergies (Tavares, 2010). Real-time autofluorescence
methods including UV-APS and WIBS are known to report lower
bioaerosol counts, as not all bioaerosols fluoresce under their excitation
conditions and the detection efficiency decreases substantially for
particle diameters< 0.7 μm (Huffman et al., 2010; Després et al.,
2012). Based on UV-APS, Wei et al. (2016) and Huffman et al. (2012)
showed peak bioaerosol sizes to be ∼1–3 μm for both urban and remote
areas. A similar peak is found in Las Vegas, with a secondary peak in the
submicrometer range (Fig. 4). Prussin et al. (2015) reported virus-like
bioaerosols with sizes < 0.5 μm and outdoor concentrations compar-
able to bioaerosols > 0.5 μm.
The reconstructed bioaerosol mass from Eq. (2) and assumed unit

density exhibits a dominant contribution from coarse particles (Fig. 5).
On average, PM2.5 and PM10 bioaerosol mass concentrations were
1.2 μgm−3 and 3.3 μgm−3, respectively. Day-to-day bioaerosol mass
concentrations varied by a factor of 8 (0.45–3.5 μgm−3) for PM2.5 and
by a factor of 20 (1.2–23.8 μgm−3) for PM10. Concurrently, 24-h PM2.5
mass concentrations (by CCDAQ) ranged from 4.0 to 10.8 μgm−3 with
an average of 6.8 μgm−3 while PM10 ranged from 8.4 to 36.9 μgm−3

with an average of 17.8 μgm−3. On a daily basis, bioaerosols accounted
for 18 ± 8% and 17 ± 11% of PM2.5 and PM10 mass, respectively.
This could be an overestimate for PM2.5, since coarse bioaerosols found
on the PM2.5 samples substantially inflate the mass calculations.
Moreover, the PM2.5 size cut is based on aerodynamic diameter rather
than the projected geometric diameter.
A recent review by Fröhlich-Nowoisky et al. (2016) suggests that

bioaerosols typically account for ∼30% of number and mass con-
centrations of coarse particles (> 1 μm) in urban and rural air and as
high as 80% in pristine rainforest air. If coarse bioaerosol mass was

Table 1
Bioaerosol number concentrations (in cm−2) for ambient PM2.5 and PM10 samples quantified by DS-FM and ES-FM methods.

DS-FM ES-FM

PM2.5 PM10 PM2.5 PM10

# of Valid Samplesa 59 56 55 55
Average 7.0× 104 (0.17)b 1.1×105 (0.27) 3.9×104 (0.09) 5.4×104 (0.13)
Median 5.6× 104 (0.14) 8.8×104 (0.21) 3.2×104 (0.08) 4.6×104 (0.11)
Minimum 1.7× 104 (0.04) 3.4×104 (0.08) 1.4×104 (0.03) 1.4×104 (0.03)
Maximum 2.4× 105 (0.57) 6.0×105 (1.45) 1.3×105 (0.30) 2.1×105 (0.47)

a 24-hr samples collected by MiniVol sampler in Las Vegas, Nevada (4/1/2017–5/31/2017).
b Values in the parentheses are the corresponding ambient number concentrations in cm−3.

Fig. 3. Statistical distribution of DS-FM and ES-FM measurement precision (%
uncertainty) for bioaerosol counts on individual PM samples, based on triplicate
(DS-FM) or duplicate (ES-FM) analysis. Only loadings higher than 10 times the
LQL of 6× 103 cm−2 are taken into account. Circle indicates mean, black
horizontal line indicates median, box bottom and top indicate 25th and 75th

percentiles, and upper and lower whiskers indicate 10th and 90th percentiles.

Fig. 4. Number-size distributions of: (a) standard and (b)
ambient bioaerosol samples measured by DS-FM. Particles
were counted by equally spaced 20 size bins in logarithmic
space between 0.37 and 16 μm and averaged over all stan-
dard or ambient samples (see Table 1 for the number of
ambient samples). Scaled probabilities indicate probability
density in the log-space.
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calculated from all detectable particles with 2.5–10 μm Deq,A in the
PM10 samples, it would account for 20 ± 13% of PM10-2.5 determined
from the difference between PM10 and PM2.5 mass in this study. On the
other hand, fine bioaerosols (< 2.5 μm Deq,A found in PM10 samples)
would account for only 4 ± 3% of PM2.5 mass. Despite uncertainties in
size, shape, and density assumptions for mass calculation, these con-
sistent results show the potential of employing DS-FM to estimate size-
segregated bioaerosol mass fractions in ambient PM.

3.3. Controlling factors for bioaerosol

Day-to-day variations of the bioaerosol number and mass con-
centrations, as well as daily PM2.5/PM10 levels and meteorology are
presented in the supplementary information (Fig. S3). The highest
bioaerosol concentrations (5/6–8/2017) occurred during and

immediately after the highest precipitation event throughout the study.
On 5/7/2017, PM10 bioaerosol mass (23.8 μgm−3) was ∼7 times the
average (3.3 μgm−3). Although the mechanisms are not entirely clear,
precipitation has been associated with elevated bioaerosol concentra-
tions elsewhere (Huffman et al., 2013; Kang et al., 2015; Rathnayake
et al., 2017). Speciated fungi and pollen levels increased somewhat
during the rain event, but the highest concentrations were recorded for
other dry periods when the host plants matured.
Excluding the rainy periods, there is a moderate correlation of PM10

bioaerosol mass (or number) concentrations with PM10-2.5 (r= 0.62 or
0.63, p ≪ 0.01). Correlations with PM2.5 are much less significant
(r= 0.22 or 0.29, p= 0.12 or 0.04). Wind speed is considered as a
common factor influencing bioaerosol and PM10-2.5 concentrations. The
monitoring days were classified into three wind conditions: 1) calm; 2)
moderate; and 3) windy, according to the daily average and fastest 2-
min wind speed, to examine the wind effect. As shown in Fig. 6a, windy
conditions correspond to higher concentrations of bioaerosol, PM10,
and PM10-2.5 mass, followed by the moderate and calm wind conditions.
The differences between the windy and calm conditions are statistically
significant (p < 0.01). Wind, however, appears to have no effect on the
PM2.5 mass concentration. With respect to bioaerosol number, Fig. 6b
also shows a significant increase from the calm to the windy conditions.
Fungi and pollen counts did not vary significantly for different wind
conditions, though the highest pollen counts (> 3×10−4 cm−3 or
300m−3) all occurred on windy days.
Strong winds can mechanically resuspend surface dust, thus re-

aerosolizing PM10-2.5 as well as bioaerosols that previously settled on
the surface and/or attached to dust particles. In addition, some spore
and pollen species can only be released under wind speeds exceeding a
certain threshold (Jones and Harrison, 2004). The resuspension me-
chanism better explains the observed bioaerosol-wind dependence here,
considering the lack of clear correlation between bioaerosol and spore/
pollen counts.
The opposite effects of wind and precipitation on bioaerosols have

been reported in other regions (Li et al., 2017; Liu et al., 2019), possibly
associated with enhanced dispersion and scavenging that lower the PM
and bioaerosol levels simultaneously. Higher temporal resolution data
from on-line sensors could further elucidate the correlation of winds
and bioaerosol concentrations. A longer monitoring period with con-
current PM chemistry measurements will help study the bioaerosol
sources using receptor modeling techniques.

Table 2
Bioaerosol number concentrations reported in recent studies by location, season, bioaerosol type, and analytical method.

Location Site Type, Season Bioaerosol Type Bioaerosols (cm−3) Analytical Method Reference

Blacksburg, VA, USA Suburban, Fall Bioaerosol 0.5–5 μm 0.84 ± 0.44 DS-FM, with SYBRGolda Prussin et al. (2015)
Las Vegas, NV, USA Urban, Spring Bioaerosol 0.37–10b μm 0.27 (0.08–1.5) DS-FM, with DAPI This study
Xi'an, China Urban, Annual Total bioaerosol 0.40 (0.077–1.4) ES-FM, with DAPI Xie et al. (2018)
Qingdao, China Urban, Annual Total bioaerosol 0.72 (0.085–2.1) ES-FM, with DAPI Dong et al. (2016)
Taipei, Taiwan Urban, Summer Total bioaerosol 0.77 (0.36–2.0) ES-FMc, with DAPI Chi and Li (2007)
Mt. Werner, CO, USA Remote, Spring Total bioaerosol 3.9 (1.0–6.6) ES-FM, with DAPI Wiedinmyer et al. (2009)
Mt. Rax, Austria Remote, Annual Bacteria 0.012 (0.007–0.019) ES-FMc, with DAPI Bauer et al. (2002)

Fungal spore 0.001 (0–0.003)
Corcoran, CA, USA Agriculture, Fall Fungal spore 0.071 (0.035–0.11) SEM Chow et al. (2015)

Pollen grain 0.003 (0.001–0.006)
Beijing, China Urban, Winter Bioaerosol > 0.5 μm 0.15 (0.005–0.66) UV-APS Wei et al. (2016)
Amazon Basin, Brazil Remote, Summer Bioaerosol > 1 μm 0.093 (0.040–0.13) UV-APS Huffman et al. (2012)
Rocky Mountain, USA Remote, Summer Bioaerosol > 0.5 μm 0.04 (0.01–0.08) UV-APS Gosselin et al. (2016)
Atlanta, GA, USA Urban, Spring Total bioaerosol 0.084 (0.019–0.19) Flow Cytometry Marty (2016)

0.016 (0.003–0.066) WIBS-3
Helsinki, Finland Urban, Winter Bioaerosol 0.5–5 μm 0.14 (0.01–1.1) BioScoutd Saari et al. (2015)

Urban, Summer 0.046 (0.01–0.9)

a SYBRGold: A proprietary unsymmetrical cyanine dye for DNA and RNA. It costs ∼50 times of DAPI.
b Particles were collected after a PM10 size-cut inlet, though large particles up to ∼16 μm were observed on the filter.
c Particles were collected in a solution (liquid), rather than on filter, and extraction is not required.
d BioScout: A commercial 405 nm diode laser-based on-line bioaerosol detector.

Fig. 5. DS-FM estimated mass-size distributions of ambient bioaerosol in PM2.5
and PM10 samples. Bioaerosol mass (M) was calculated for equally spaced 20
size bins in logarithmic space between 0.37 and 16 μm and averaged over all
ambient samples assuming spherical particles and unit density.
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4. Conclusion and recommendations

Bioaerosols are among the least quantified components in PM2.5 and
PM10. It was recognized by the U.S. EPA (2006), and is becoming more
evident now, that bioaerosols including bacteria, fungi, pollen, etc. can
be a major health risk of PM10-2.5. However, it is challenging to es-
tablish the air quality standard or exposure limit around bioaerosols,
partly due to the lack of standardized, extensively applicable methods
for offline laboratory analyses or online, continuous monitoring (Walser
et al., 2015). This study evaluated an epifluorescence method for its
potential application to the routine air quality monitoring for quanti-
fying bioaerosol concentration and size distribution as well as estab-
lishing their contribution to PM2.5 and PM10. This method (i.e., DS-FM)
involves collecting PM on BPC filters using common ambient air quality
samplers, directly staining deposits on the filter with a DNA marker,
imaging the sample using a fluorescence microscope, and counting/
sizing bioaerosols automatically from the images.
DS-FM is cost effective, with relatively short turnaround times, and

allows for repeat analysis on the same sample. Compared with the more
conventional ES-FM method, which stains particles in a liquid, DS-FM
appears to better avoid contamination and/or particle loss throughout
the analysis. Testing with standard bioaerosol samples made of bac-
terial cells and fungal spores showed good accuracy and precision of
DS-FM counts for a dynamic range more than two orders of magnitude.
This range (104–106 cm−2 on the filter or 0.01–1 cm−3 in the air if
sampled by a MiniVol for 24 h) should allow bioaerosol monitoring in
most outdoor environments. Reasonable size distributions were re-
ported for the type of microbe according to the equivalent projected
area diameter, with a lower size detection limit of ∼0.37 μm. The DS-
FM is recommended for off-line PM monitoring. Compared to on-line
bioaerosol sensors, it offers less temporal resolution but potentially
more spatial and longer-term coverages.
Results of ambient bioaerosol measurements by DS-FM for Las

Vegas, Nevada during springtime compare reasonably with those
measured elsewhere. The time resolution is limited to 24 h, but it is
sufficient to support the important role of precipitation and wind in
controlling outdoor bioaerosol levels. However, the measurement pre-
cision may be improved further by reducing nonhomogeneous particle
deposition on a filter. Coarse bioaerosol particles were found in PM2.5
samples, partly due to the inefficient size-cutoff of MiniVol samplers,
and this could substantially inflate the bioaerosol contribution to PM2.5
mass if it includes all bioaerosol particles detected in the PM2.5 samples.
To minimize these issues, samplers with a sharp size-cut inlet, similar to
the design of Federal Reference Method (Vanderpool et al., 2008), are
recommended when applying DS-FM in parallel to compliance PM
monitoring. Bioaerosols measured in PM2.5 samples should be re-
conciled with the fine fraction (Deq,A < 2.5 μm) in PM10 samples.
DS-FM provides a first-order estimate of size-segregated bioaerosol

mass, which may serve as a bioaerosol marker in receptor modeling for
more detailed PM source apportionment, similar to the use of potassium
as a wood smoke marker and silicon as a fugitive dust marker (Watson
et al., 2008; Chen and Cao, 2018). This will further inform the
bioaerosol contribution and origins. Moreover, by extensively evalu-
ating associations of bioaerosols with PM2.5, PM10, and PM10-2.5 con-
centrations as well as health endpoints such as incidence of allergy,
asthma, and other respiratory illnesses, it paves the way to a critical air
quality standard and/or exposure limit to protect public health.
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