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Abstract

The staining of a bio-aerosol, or airborne biological particles that are suspended in the atmosphere in
the form of an aerosol, represents a tool that can be used to evaluate the detailed characteristics, and the
concentration, of such substances. This can be done online using available technology such as flow
cytometry (Aerosol Flow Cytometry). Such an online tool could be useful for examining emission sources
and the transport of bio-aerosols. Mixing a bio-aerosol and a mist containing fluorescence dye solution
could be utilized as a possible “aerosol dying process”. This is a process in which the time required to stain
microbes with the dye solution would be a key factor both for staining efficiency and for the size of the
instrument to be designed. In this study, the time dependency of the staining process was examined in
relation to a combination of a typical type of microbe, or, yeast (Saccharomyces cerevisiae) suspended in
water and a DAPI solution using a fluorescence spectrophotometer in conjunction with a dye concentration
of 0.1-10 pg ml" and a yeast concentration 0.1-100 pg ml". The study showed that the fluorescence
intensity of a mixed solution (compared to that of the free dye) increased instantaneously after mixing
under selected conditions and that 50 % of the maximum amount of stained yeast could be observed within
less than 10 seconds. DAPI was confirmed to stain yeast cells in the order of seconds in the fluorescence
spectrum and this could be observed as a red shift in the excitation and emission wavelengths of a mixed
solution. By adjusting suitable conditions (e.g., DAPI 3 pg ml" and yeast > 10 pg mlI" in the present case),
the staining processes (<10 sec. 50 % staining) was rapid and the product remained stable. This suggests
that the aerosol staining process has the potential for use in this area.
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I. INTRODUCTION

The airborne biological particles, so-called
bio-aerosols, include bacteria, viruses, fungi, plant and
animal debris etc., which may exert various human

health effects, including allergies and infectious diseases

such as tuberculosis (Ryan et al., 2014), influenza
(O’Brien et al., 2016), legionellosis (Diederen, 2008;
Langer et al., 2012; Wunderlich ez al., 2016) and food
poisoning. Bio-aerosols and contaminated water can be
distributed, suspended and transported long-ranges in the

atmosphere by wind and storms. Some microbes can be
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combined with dust particles and cloud droplets
(Creamean et al., 2013) that can affect the ecosystem and
result in dynamic and unnoticeable human health risks.
Bio-acrosols studies have been reported by aerosol and
microbial researchers (Ghosh et al., 2015; Yao, 2017).
Nevertheless, the evaluation of bio-aerosols requires
complicated procedures, extensive skills and time;
moreover, the real-time of emission sources cannot be
analyzed.

Airborne microbe communities over the Sea of Japan
were investigated in terms of their transport over a long
distance over the Sea of Japan via Asian dust (KOSA)
from the Gobi and Taklamakan desert regions of northern
China. Some microbes from KOSA, are tolerant to
extreme environmental situations, remain physiologically
active and viable over long periods of time and can reach
land masses in Japanese territories which may affect the
microbial diversity and the ecosystem (Yamaguchi ef al.,
2012, 2014), and human health risk (Kobayashi ef al.,
2016). It is also noteworthy that some microbes can be
transported from Japan marine areas to local land masses
(Maki et al., 2015) and also airborne microbes via KOSA
can be transported to North America (Smith er al., 2012).

The evaluation of airborne microbes based on
culture methods requires special skills and is quite labor
intensive, although the majority of microbes cannot be
detected due to the incompatible of medium or the fact
that they a difficult or impossible to culture (Fabian et al.,
2005; Heo et al., 2017). To address this issue, technologies
that are culture-independent such as fluorescence
microscope, liquid flow cytometry (FCM), gene analysis
and related methods have been developed. The detection
sensitivity and accuracy of these technologies have been
dramatically improved. In Japan, communities of
airborne microbes during KOSA and non KOSA events
were investigated by, for example, epifluorescence
microscope (Hara and Zhang, 2012; Murata and Zhang,
2014), PCR-DGGE (Maki et al, 2010, 2011) and
real-time PCR (Yamaguchi et al., 2012, 2014; Kobayashi
et al., 2016). In North America (Smith ef al., 2012) and
Korea (Jeon et al., 2013) the influence of these microbes
during a KOSA event were examined using a

combination of culture methods and PCR to evaluate

characteristics and sources. Nevertheless, such analytical
methods required to collect or transfer airborne microbes
into liquid before analysis. Existing methods for
detecting airborne microbes utilize the autofluorescence
of microbes that directly detect the fluorescence emitted
by airborne microbes (Hill et al., 1999; Stanley et al.,
2011; Bhangar et al., 2014). False positive/false negative
of autofluorescence was rather large due to the fact that
some microbes could not be detected and classified
(Healy et al., 2014, O’Connor et al., 2015; Saari et al.,
2015); however, the fluorescent staining of airborne
microbes has not been examined. On the other hand,
techniques for detecting scattered light of aerosol
particles in the air have been reported (Anselm ef al.,
1987; Quinten et al., 2000; Snider and Petters, 2007).
The intensity of scattered light depends on the size,
shape and refractive index of individual single particles.
However, because some such particles derived from
microbes are nonspherical in shape, it is more difficult to
accurately detect them, since the scattered light of
nonspherical particles is different from that of spheres. In
addition, the fluorescent staining of cells in a liquid for
use in fluorescence microscopy observations and in a
pretreatment for FCM has not been yet performed in the
air.

Since FCM technology is practical is used as a cell
measurement device in liquids due to its capabilities of
rapid cell counting and characteristic evaluation, it can
be used to detect not only scattered but also absorbed and
fluorescence emitted light from single stained cells
(Caron et al., 1998; Gaforio et al., 2002; Raithatha and
Stuart, 2009). FCM has had a large impact in medical
engineering and has been widely used for the
environmental analysis of microorganisms recently
(Porter et al., 1997; Lange et al., 1997; Chen and Li,
2005, 2007; Galés et al., 2015). On the other hand,
methods for the detection and evaluation of microbes in
an aerosol state, somewhat lacking and our
understanding of the behavior of airborne microbes is
less than in liquid. Staining of airborne microbes in
aerosol state can provide a tool for evaluating the
detailed characteristics and concentration on line by

applying FCM technology as Aerosol Flow Cytometry.



Such an online tool would be useful for examining
emission sources and transportation behaviors of
bio-aerosols. Therefore, the mixing of airborne microbes
and a mist of a fluorescence dye solution may be a
possible “aerosol staining process”. If aerosol microbial
fluorescence staining technology could be achieved, a
rapid and accurate in-situ measurement which has not
existed so far will be realized. Accordingly, it will have a
great benefit on fields such as infection risk in medical
institutions, workplace environmental management,
environmental monitoring, and real-time evaluation of
bio-aerosols.

For the above proposed technology, time dependency
for the microbe staining process in the order of seconds
is critically important since it would be a key factor both
for staining efficiency and size of the instrument to be
designed, therefore, the time dependency of the staining
process was discussed on a combination of a typical sort
of microbes, or, yeast (S. cerevisiae) suspended in water and
a DAPI solution using a fluorescence spectrophotometer
which may propose a large plausibility of the aerosol

staining process.

. MATERIALS AND METHODS

DAPI (Nacalai
Tesque, Inc., Japan) is generally known as a DNA

(4',6-diamidino-2-phenylindole)

binding fluorescence dye for DNA assays in flow

cytometry. Since DAPI is a stable fluorescence dye and

the time dependency was investigated in the order of
seconds, DAPI was used to prepare dye solution in pure
water without further purification. A dye solution was
prepared in a 5 mm micro cuvette which was used, since
it was necessary to mix the solution inside the cuvette
extensively and reduce the path length to minimize inner
filtering effects of solution. Dye was prepared in the
micro cuvette and placed inside spectrofluorometer
(Jasco FP8200, Jasco International Co., Ltd., Japan)
before mixing with yeast solution. Commercial baker’s
yeast powder (S. cerevisiae) from Nippon Flour Mills
Co., Ltd., Japan was suspended in pure water without
further purification to prepare yeast solution. For a well
suspended mixture of yeast and dye solution and
instantaneous measurement after mixing was needed, the
yeast solution was injected directly by means of a micro
1750RN, USA) from outside

spectrofluorometer through the injection hole above the

syringe (Hamilton
closing cover into the cuvette that dye solution was
already prepared and placed inside the spectrofluorometer.
The total volume of the solutions were adjusted to 1 ml.
DAPI at a final concentration of 0.1 and 1 pg ml” were
mixed with the yeast suspension which was adjusted to a
final concentration of 1-100 pg ml! to examine the
consequences of yeast concentration. Yeast at a final
concentration of 100 pug ml' were mixed with a dye
solution at a final concentration of 0.1-10 pg ml' to
study consequence of dye concentration on the staining

process (Table 1).

Table 1 Conditions for the experiments.

Consequence of yeast concentration

DAPI concentration

Yeast concentration

(ngml™) (ngml™)
0.1 1 10 50 100
1 1 [0 50 100

Consequence of dye concentration

Yeast concentration

(ngml™)

DAPI concentration

(ngml™)

100 0.1

3 5 10




The change in fluorescence intensity with time and
the excitation and emission spectrum of each condition
were measured instantaneously after mixing at room
temperature in three replications. An excitation
wavelength of 360 nm, an emission wavelength of 456
nm, excitation and emission bandwidths of 5 nm were
used in the measurement. Time dependency of each

mixture was measured at each second after the mixing.
lil. RESULTS AND DISCUSSION

Fluorescence emission intensity at an excitation
wavelength 360 nm, emission wavelength 456 nm of free
DAPI and mixtures of DAPI and yeast are shown in Fig. 1,
the intensity of mixtures of 0.1 and 1 pug ml" DAPI
concentration with 1-100 pg ml™' yeast concentration
increased instantaneously and gradually reached
equilibrium except for a mixture of 0.1 pg ml' DAPI
with 1 pg ml”! yeast. Mixtures of 0.1 pg ml™" DAPI with
50-100 pg ml"! yeast and 1 pg ml"' DAPI with > 10 pg
ml™ yeast resulted a greater increase in intensity, a higher
stability and a lower staining time due to the decrease in
the time to reach equilibrium when yeast concentration
was increased, and concentrations of yeast < 1 pg ml’
yeast resulted in inconsistent data. Furthermore the
mixtures of 0.1 pg ml" DAPI needed longer time to
reach equilibrium compared with the mixtures of 1 pg
ml" DAPI. When the yeast concentration was increased

the total intensity change in 0.1 pg ml' DAPI was
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Fig. 1

decreased, since the concentration of dye was limited.
On the other hand, Tijssen et al. (1982) reported an
instantaneous decrease of fluorescence intensity after
adding yeast (Saccharomyces fragilis) to a DAPI
solution at a concentration of 0.2 pg ml" in 3 mM
Tris-maleate at an emission wavelength 456 nm while
the increase was instantaneous at 525 nm due to DAPI
bound to peripherally-localized polyphosphates on the
surface of yeast cells which could not observed in
commercial baker’s yeast in their study and after
prolonged incubation the fluarescence intensity at 456
nm gradually increased since the DAPI was bound to and
taken up by the yeast cells. Therefore our results suggest
that the proper amount of yeast (S. cerevisiae) for
staining should be > 10 pg ml” since the staining of live
cells requires a plasma membrane that is permeable to
fluorochrome that stoichiometrically stains DNA and
depends on cell type which some of which take up
fluorochrome at different rates (Darzynkiewicz, 2011)
thus, yeast type and concentration are important factors
in the overall staining process.

Fluorescence intensity of 0.1-10 pg ml' DAPI
concentration mixed with 100 pg ml' yeast
concentration increased instantaneously from free DAPL
The mixtures of 0.1 pg ml’ DAPI required a longest
time to reach equilibrium and the time required
decreased with increasing dye concentration as shown in
Fig. 2; however, fluorescence intensity of the mixture of

> 3 pg ml' DAPI trended to decrease gradually with
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Time dependency for fluorescence intensity change per 1 ug mi" yeast concentration
(normalize). DAPI (A) 0.1 ug ml" and (B) 1 ug mI”" concentration and yeast at a concentration

of 1-100 pg mi™", excitation wavelength 360 nm and emission wavelength 456 nm.



time. The proper DAPI concentration for yeast (S.
cerevisige) staining should be < 10 pg ml'. A clear
histogram from cells counted by fluorescent microscopy
in glioma cell line U87 was demonstrated using the
optimal DAPI concentration at DAPI 0.4-0.6 pg ml”
(Sun et al., 2017). A DAPI concentration at >2-10 mg
L' could easily distinguished bacteria by microscopy
when DAPI was used (Yu et al.,, 1995). At high dye
concentration, the contribution the fluorescence spectrum
of DAPI bound to different polynucleotides could not be
2013), therefore the dye

concentration was also a factor in the characteristics and

observed (Biancardi et al,

stability of microbes in the staining process.
To achieve stability in staining focusing on time
dependency at 50 % of the maximum amount of stained

yeast, the proportion of microbes (microbe: dye ratio) is
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an important factor that can affect the staining results
(Darzynkiewicz, 2011), while staining time is important
for staining efficiency and the size of the instrument to
be designed (Fig. 3). A staining time of 0.1 pg ml', a
DAPI concentration of 50 % of the maximum of stained
yeast at 1, 5, 10, 50 and 100 pg ml™ yeast concentration
were 60, 40, 40, 10 and 7 sec, respectively. A 1 pg ml”
DAPI concentration resulted in staining times of 50, 5, 6,
4 and 4 sec for 50 % of the maximum of stained yeast
5, 10, 50 and 100 pg mi"
respectively. 0.1 pg mlI" DAPI with > 50 ug ml” yeast

concentrations of 1,

and 1 pg ml"' DAPI with > 5 ug ml™ yeast required a
staining time less than 10 sec while a longer time was
required for the other concentrations. These data indicate
that half of the yeast fraction could be stained within 10
sec using 0.1 and 1 ug mlI"’ DAPI concentrations with a
yeast concentration of using > 10 ug ml™. For 100 pg
ml™! yeast concentration, 50 % of the maximum staining
of yeast was achieved by using 0.1, 1, 3 and 5 pg ml’'
DAPI concentrations at 7, 4, 1 and 1 sec, respectively.
Thus, > 10 ug mil™ yeast with DAPI 3-10 ug ml™ should
be used in staining airborne microbes in an aerosol state
in order to achieve a high stability and lower total
intensity change in staining because a shorter time for
yeast staining is required using this condition.

Excitation and emission spectra of 0.1 and 1 pg ml’*
DAPI concentration and mixtures of 1-100 pg ml” yeast
concentration were obtained immediately after mixing.

The excitation fluorescence intensity could be enhanced
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Fig.3 Time dependency for staining half of the yeast cells (A) as a consequence of yeast

concentratlons in the range of 1-100 pg mi™,
excitation wavelength 360 nm and emission wavelength 456 nm.

0.1-10 ug mi™,

(B) consequences of dye concentration for
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Fig.4 Fluorescence spectrum of free DAPI at concentrations of 0.1 ug mI”" and mixing with yeast at
concentration of 1-100 pg mi". (A) excitation spectrum (emission at 456 nm) and (B)

emission spectrum (excitation at 360 nm).

by using 0.1 and 1 ug ml" DAPI mixed with 5-100 pg
ml' yeast compared with DAPI mixed with < 5 pg ml”
yeast or free DAPI (Fig. 4). When the yeast
concentration was increased, the maximum excitation
spectrum of 0.1 and 1 pg ml" free DAPI was shifted
from 344 and 344 to 351 and 350 nm respectively. The
above data are consistent with the absorbance red shift
reported for DAPI bound to calf thymus DNA (Lin et al.,
1977), polyd(G-C)2 (Wilson et al., 1989), poly(A)
(Kapuscinski, 1990), poly(A)-poly(U) (Tanious e al.,
1992), single- and double-stranded DNA (Kapuscinski,
1995; Cosa et al., 2001; Biancardi et al., 2013).
Analogous to mixing DAPI with calf thymus DNA,
double-stranded DNA, poly(A) or poly(A)-poly(U),
mixing DAPI with yeast was also found to enhance the
fluorescence intensity in our study. When the yeast
concentration was increased, the fluorescence intensity
was also increased substantially. The maximum emission
spectrum of 0.1 and 1 pg ml" free DAPI were shifted
from 455 and 457 to 470 and 477 nm respectively when
yeast at a concentration of 5-100 pg ml" was added. The
enhancement in fluorescence intensity and the maximum
emission spectrum red shift for the mixture of 0.1 and 1
pg ml" DAPI with 5-100 pg ml™ yeast gave results that
were the same as that for when DAPI bound to poly(A)
and poly(A)-poly(U). Tijssen et al. (1982) observed a
rapid red shift in the emission spectrum from 456 nm for
free DAPI to 525 nm for DAPI stained yeast (S. fragilis)

since a reaction of DAPI with peripherally-localized

polyphosphates on the surface of yeast cells could not
observed in commercial baker’s yeast, indicating the
absence of or a low concentration of peripherally-

localized polyphosphates.
IV. CONCLUSION

The time dependency and spectra of the yeast
staining process indicate that the yeast S. cerevisiae were
stained instantaneously by DAPI in pure water at dye
concentrations of 0.1-10 pg ml" and 50 % of the
maximum amount of stained yeast could be observed in
less than 10 seconds, while using optimal microbe and
dye ratios resulted in an instantaneous increase of
fluorescence intensity when yeast cells were added to a
dye solution and spectral shifts demonstrated that the
fluorescence intensity was increased and that spectral
shifts were observed when DAPI became bound to and
formed an intercalation complex in G-C regions in DNA,
A-U regions in RNA or polynucleic acid inside the cells.
The proportion of yeast and dye concentration effected
both staining efficiency and time dependency, and, by
adjusting the conditions (e.g., DAPI 3 ug ml" and yeast
> 10 pg ml’ for the present case), stable and rapid
staining processes (<10 seconds 50 % staining) could be
obtained. The above findings suggest that the use of an
aerosol staining process represents a plausible approach

to solving this problem.
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