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Abstract: In this study, we first conducted laboratory experiments on the sensitivity of a newly
developed bioaerosol sensor (BAS) suitable for in situ measurements. Then, we performed an in situ
test in a shared student space at a university. Furthermore, the effectiveness of ventilation and air
purification as a mitigation measure for a location with high concentrations of bioaerosol particles
(hot spots) was verified. The experimental results show that the measured values for polystyrene
latex are in good agreement with the predicted Mie theory value. They also show a good response to
fluorescent particles. The in situ test showed that the BAS fluorescent system does not respond to
non-fluorescent particles but only to fluorescent particles. During respiratory infection outbreaks,
real-time detection at hot spots and a reduction in particulate matter, including bioaerosols, through
ventilation and air purification equipment are effective. In this study, the BAS measurement results
showed significant correlations not only with fluorescent particles but also with live bacteria. This
does not prove that viruses can be measured in real time. If real-time measurements for viruses
become available in the future, the findings of this study will be helpful in mitigating respiratory
tract infections caused by viruses.

Keywords: bioaerosol sensor; real-time detection; laboratory experiment; in situ test; respiratory
tract infection; hot spot; mitigation measures

1. Introduction

In developed countries, people spend around 90% of their time indoors [1], and indoor
air quality has a significant impact on people’s health. The indoor environment plays host
to a variety of microbes, such as bacteria, fungi, and viruses [2,3]. Suspended bacteria,
fungi, and viruses in the built environment are known to have adverse effects on occupants.
The effects of airborne bioaerosols on human health can be classified as follows: “infectious
diseases”, “respiratory diseases”, and “cancer” [4]. For respiratory diseases, Jack A. Gilbert
et al. reviewed papers from 2002 to 2015 and showed that bacterial pathogens such as
Bacillus anthracis, Legionella pneumophila, and Mycobacterium tuberculosis, fungal pathogens
such as Cryptococcus neoformans, Histoplasma capsulatum, and Aspergillus fumigatus, and
pathogenic viruses, such as rhinovirus and influenza virus, can be transmitted via direct
inhalation [3]. In order to implement mitigation measures for microbial contamination in
indoor environments, it is necessary to quickly determine the behavior of microorganisms
in the air, and the measurement of airborne microorganisms is important for this purpose.

Traditional methods for the measurement of airborne microorganisms include the
impactor, filter, impinger, and cyclone methods [5,6]. In addition, the impactor and filter
methods for fungal measurements have become ISO international standards [7,8]. These
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methods are suitable for measuring target microorganisms but require sampling followed
by incubation, which can take several days before results are available. Viable but non-
cultivable microbes may not grow in the selected growth medium, and only a small fraction
of the total microorganisms can be cultured. Amann, R.I. et al. [9] reviewed previous
studies and found that the bacterial culturability was 0.001-0.1% in seawater [10-12],
0.25% in freshwater [13], 0.1-1% in mesotrophic lakes [14], 0.1-3% in unpolluted estuarine
waters [10], 1-15% in activated sludge [15,16], 0.25% in sediments [13], and 0.3% in soil [17].

As mentioned above, the traditional culture method cannot comprehensively assess mi-
crobial contamination in indoor environments. In recent years, the use of high-throughput
DNA sequencing has enabled comprehensive and more thorough analysis of microbial
communities [2]. In addition, comprehensive investigations into the built environment’s
microbiome have been reported since the early 2010s [18]. DNA sequencing analysis can
provide a comprehensive analysis of the microbiome, but it requires expensive equipment,
highly skilled operators, and time-consuming analysis. The 2001 incident of mail tainted
with Bacillus anthracis spores in the United States increased the need for the real-time
measurement of microorganisms [19]. In addition, for respiratory tract infections caused
by infectious bioaerosols, real-time detection and identification of the location of a sud-
den increase in bioaerosol particle concentrations (hot spots) will enable faster mitigation
measures to be taken.

Real-time measurement methods include the use of outer membrane receptors and
structural features that recognize molecules responsible for most of the fluorescence in most
biological cells, including bacterial cells, spores, toxins, and viruses. The molecules respon-
sible for most of the fluorescence in most biological cells are amino acids, nucleic acids, and
some coenzymes (e.g., the reduced form of nicotinamide adenine dinucleotide (NADH)
and its phosphate (NADPH), flavins (flavin mononucleotide (FMN) and flavin adenine
dinucleotide (FAD)), and the B6 vitamers), as well as vitamin K and its congeners [20].
As the emission maxima are strongly dependent on the excitation wavelength, reduced
tryptophan (TRP) and NADH have emission maxima around 340 and 450 nm when they
are excited by light with a wavelength less than 300 nm [20,21]. Many studies have been
published on real-time measurements using laser-induced fluorescence (LIF). Li, ].K. et al.
reported the results of fungal (baker’s yeast) measurements using a multiple excitation
fluorometric system [21]. Dalterio, R.A. et al. reported the results of experiments using
bacteria such as Staphylococcus epidermidis, Enterobacter cloacae, and Escherichia coli [22].
Mason, H.Y. et al. stated that a microbial capture chip used in conjunction with a prototype
fluorescent detector is capable of statistically sampling the environment for pathogens [23].
These reports relate to experimental studies on target bacteria and fungi. In recent years,
many provocative papers have been published regarding ultraviolet laser/light-induced
fluorescence (UV-LIF) instruments. For wideband integrated bioaerosol sensors (WIBSs),
Savage, N.J. et al. discussed several particle analysis strategies, including the commonly
used fluorescence threshold defined as the mean instrument background (forced trigger;
FT) plus 3 standard deviations of the measurement [24]. Kénemann, T. et al. performed a
detailed experimental study on the measurement of single particles in real-time with the
spectral intensity bioaerosol sensor (SIBS). The SIBS is an instrument that provides resolved
fluorescence spectra (Amean = 302-721 nm) from each of the two excitation wavelengths
(Aex = 285 and 370 nm) for single particles. This paper critically assessed the strengths
and limitations of the SIBS with respect to the growing interest in real-time bioaerosol
quantification and classification [25]. Crawford, I. et al. obtained results from a study
evaluating the utility of supervised machine learning to classify single particle ultraviolet
laser-induced fluorescence (UV-LIF) signatures that were then used to investigate airborne
primary biological aerosol particle (PBAP) concentrations in a busy, multifunctional build-
ing using a multiparameter bioaerosol spectrometer. They pointed out that the use of
specialized training data focused on indoor bioaerosol composition in conjunction with
high-resolution, multiparameter UV-LIF spectrometers should significantly improve the
classification capability, providing excellent high-temporal-resolution datasets that can
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be used to interrogate PBAP emission mechanisms, evaluate their impact on air quality
and exposure, and eventually, lead to emission and dispersion mitigation strategies [26].
Huffman, J.A. et al. presented a critical review of major real-time instrument classes that
have been applied to PBAP research, especially with respect to environmental science,
allergy monitoring, agriculture, public health, and national security. For each of the eight
major classes of real-time techniques (fluorescence spectroscopy, elastic scattering, mi-
croscopy, holography, Raman spectroscopy, mass spectrometry, breakdown spectroscopy,
remote sensing, microfluidic techniques, and paired aqueous techniques), they presented
technical limitations, misconceptions, and pitfalls, and also summarized the best practices
for operation, analysis, and reporting [27]. Lieberherr, G. et al. presented the first reference
calibrations of three commercially available bioaerosol detectors (Droplet Measurement
Technologies WIBS-NEO, Plair Rapid-E, Swisens Poleno). The results showed the expected
range of particle sizes that the instruments could detect. The WIBS NEO was most ef-
fective with smaller particles; e.g., it could detect 90% of the particles that were 0.9 um
in diameter. The Plair Rapid-E was better with larger particles; e.g., it could detect 58%
of the particles at 10 um. The Swisens Poleno was also made for larger particles, but it
could work well with particles that were 2 pm or bigger [28]. On the other hand, in a
real-world setting, Patra, S.S. et al. conducted a study in a living laboratory office using a
wideband integrated bioaerosol sensor (WIBS) with pulsed Xenon ultraviolet (UV) sources
to measure suspended fluorescent particles. The results showed that humans are a ma-
jor source of super-micron fluorescent aerosol particles (FAPs) [29]. However, this study
did not measure viable bacteria, so the relationship between FAPs and viable bacteria is
not known.

As mentioned above, previous experimental studies on the real-time measurement of
microorganisms using fluorescence excitation have reported their results on viable bacteria
and measurements of fluorescent particles in real environments. However, few research
papers have covered the relationship between bioaerosol and viable bacteria in the built
environment. In this study, we report the results of: (1) Laboratory performance tests of a
newly developed bioaerosol sensor (BAS, KANOMAX Corporation, Osaka, Japan) suitable
for in situ measurements; (2) in situ measurements of bioaerosol particles in an indoor
environment; and (3) in situ verification of the effectiveness of air purifiers as a mitigation
measure when high concentrations of indoor bioaerosol particles occur. In this paper, we
refer to locations where bioaerosol particles suddenly appear in high concentrations as
“hot spots”.

2. Materials and Methods
2.1. Bioaerosol Sensor and Its Calibration Method

Among the fluorescent bioaerosol instruments that have been researched and devel-
oped to date, there have been many reports that used UV light sources with two different
wavelengths, or that used fluorescence spectroscopy to classify fluorescent bioaerosols
by wavelength [24,25,30]. The BAS reported in this study has a simple optical design for
the purpose of being small, lightweight, and easy to operate. When light (450 nm blue
laser diode, Thorlabo, Inc., Newton, NJ, USA) is illuminated onto suspended particles,
scattered light is emitted from the particles. Existing laser particle counters measure the
scattered light to determine the concentration of suspended particles by size. The devel-
oped bioaerosol sensor (BAS) adds a fluorescence measurement component to the existing
laser particle counter, and it consists of a pair of focusing mirrors and a photodetector
(Figure 1). The scattered light from one mirror is measured by PD (Hamamatsu Photonics
K.K., Shizuoka, Japan) as the total number of particles, and the fluorescent signal from
the other mirror, detected by high-sensitive APD (Hamamatsu Photonics K.K.) through a
high-pass color glass filter, is simultaneously determined as a bioaerosol. Both detectors
are mounted at 90 degrees to the laser ray and use two large-angle mirrors (approximately
90 degrees or more) to collect the scattering light and fluorescence. To characterize the
response of the BAS to non-fluorescent and fluorescent particles, laboratory experiments
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were conducted using PSL (polystyrene latex, Thermo Fisher Scientific Inc., Waltham, MA,
USA) standard particles and PSL standard particles dyed with red fluorescent dyes (OSL,
Thermo Fisher Scientific Inc., USA). The PSL particle sizes used in the tests were nominal
sizes of 0.5 um (3500A), 1 um (4010A), and 2 pm (4202A), while the OSL particle sizes
were nominal sizes of 0.5 um (R500), 1 pm (R0100), and 2 pm (R0200). The wavelength of
the incident light was 450 nm. As mentioned above, if the particle contains a fluorescent
component such as FMN, fluorescence is generated at a wavelength larger than the incident
light. A schematic diagram of the experimental setup is shown in Figure 2.

Particles
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light scattering | [S 77T fluorescense
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Mirror
v
Figure 1. Bioaerosol sensor optical system.
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Figure 2. A schematic diagram of the experimental setup.

2.2. In Situ Measurement
2.2.1. Site Description: A Shared Student Space at Kogakuin University

The experiment was conducted on 22 July 2023, in a shared student space with a
capacity of 30 students at Kogakuin University. The area of the room was 114 m? and
the volume was 296 m®. Regarding the air conditioning and ventilation, outside air was
introduced by an air handling unit, and the amount of outside air was controlled by a
CO; sensor installed in the return air duct. The CO; sensor’s concentration control setting
was 500 ppm so that the maximum amount of outdoor air could be introduced during the
COVID-19 pandemic.

2.2.2. Measurement Items and Methods

In the in situ measurements, in addition to the BAS, existing laser particle counters
based on the light scattering principle (P611, Airy Technology Japan Ltd., Tokyo, Japan)
were used to measure suspended particle concentrations by particle size, and a Mattson-
Garvin slit-to-agar sampler (MG, Mattson-Garvin, San Diego, CA, USA) was used for
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measuring suspended bacterial concentrations. The bioaerosol sensor had 5 levels of
particle size measurement ranges: 0.5-1.0 ym, 1.0-2.0 pm, 2.0-3.0 um, 3.0-5.0 pm, and
>5 um. The particle size measurement range of P611 had 6 levels: 0.3-0.5 um, 0.5-0.7 pm,
0.7-1.0 um, 1.0-2.0 pm, 2.0-5.0 pm, and >5.0 um. The particle counters (P611) were cali-
brated by the manufacturer. To ensure the reliability of the results, an instrument difference
calibration was performed for the four particle counters beforehand. The correction coeffi-
cients were 0.98-1.03 by particle size. The flow rate of the BAS and P611 was 2.83 L/min,
and that of the MG sampler was 28.3 L/min.

Figure S1 shows the plan of the room and the measurement points of the instruments;
the BAS, P611, and MG samplers were placed on the same desk, and the sampling inlets
of each instrument were placed as close as possible to each other. In order to determine
differences in suspended particle concentrations by indoor location, one P661 unit was
installed at each of the three other locations in addition to the above measurement points.
The height of the P611 was set at 1.5 m.

The measurement period was from 10:00 to 15:00. The BAS and P611 took measure-
ments continuously every minute. The motor of the MG sampler makes one revolution
per hour. Therefore, the medium must be changed every hour. To allow for measurement
during the time of the medium change, two MG samplers were used in this study. A 15 cm
diameter SCDA (Soybean Casein Digest Agar, Nihon Pharmaceutical Co., Ltd., Osaka,
Japan) culture medium was used to measure bacteria; the SCDAs were incubated for 48 h at
32 °C. Colonies cultured in the culture media were counted using 12 equal CFUs to obtain
the concentration of suspended bacteria at 5 min intervals. To determine the correlation
between the number of occupants and the concentration of suspended bacteria, the number
of occupants was counted at 5 min intervals. During the period of the measurement, no
occupants used the desk where the BAS and MG samplers were set up, except during
media changes.

2.2.3. Methods to Detect Hot Spots and Validate Mitigation Measures

To characterize the response of the BAS to non-fluorescent and fluorescent particles
in a real environment, a nutritional supplement OS-1 (Otsuka Pharmaceutical Co., Ltd.,
Tokyo, Japan) was nebulized for 1 min starting at 14:00 while wearing a mask in the room.
The location and direction of the nebulizer generation are shown in Figure S1. The flow
rate of the nebulizer was 0.4 mL/min. To simulate a hot spot, a liquid containing a very
small amount of fluorescent particles (Streptavidin Fluoresbrite® YG Microspheres, 1.0 um,
Polysciences Inc., Warrington, PA, USA) was generated in the above OS-1 liquid for 1
min starting at 14:20. Then, two air purifiers (HEPA WALL, Nippon Muki Co., Tokyo,
Japan) equipped with high-efficiency particulate air (HEPA) filters were operated from
14:30 to 15:00 to study measures to reduce bioaerosol concentrations. The HEPA filter has a
collection efficiency of 99.97% for 0.3 um particles. The HEPA WALL (HW purifier) is a
portable air purifier, with a size of 880 (W) x 1415 (H) x 95 mm (D), that blows clean air
into the room from the upper punching opening (715 (W) x 565 mm (H)). Since the airflow
is blown horizontally, the structure is designed to purify air within its reach. The airflow
rate of the HW purifier used in this study was 900 m3/h, and the total airflow rate of the
two units was 1800 m?/h.

The concentration of airborne particles or bioaerosol particles in a room is determined
by the amount of particles generated in the room, the amount entering the room from
the outside air, and the amount of ventilation (Equation (1)). Therefore, to reduce the
concentration of bioaerosol particles, it is important to control their generation, ensure
non-bioaerosol air delivery rates (NADRs), and remove bioaerosols with air filters. There
are two types of air filter removal methods: A central method using air filters installed
in air conditioners, and individual methods using portable air purifiers installed indoors.
This section describes the effectiveness of ventilation and air purification in reducing the
concentration of suspended particles or bioaerosol particles.
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If the generation of suspended or bioaerosol particles in the room is stopped (M = 0),
Equation (1) becomes Equation (2). In this case, C, is the concentration at which the
suspended particle concentration begins to decay. Using Equation (2), Q can be obtained
from the decay in bioaerosol particle concentration (C) after the generation of fluorescent
particles is stopped. Similarly, from the decay in the bioaerosol particle concentration due
to the operation of the HW purifiers starting at 14:30, the reduction effect of bioaerosol
particles due to both the ventilation and air purifier can be determined.

C:CO(l—e’%t) +%(1—e*%f) (1)

C=Coe ! )

C = suspended or bioaerosol particle concentration (p/m3);

C, = initial indoor concentration or concentration immediately after bioaerosol particle
generation is stopped (p/m3);

M = amount of suspended or bioaerosol particles generated (p/h);

Q = equivalent clean airflow rate (m3/h);

V = room volume (m?);

t = elapsed time (h).

3. Results
3.1. Bioaerosol Sensor Performance Test

An optical filter to filter out the elastic light scattering is necessary to detect only
fluorescence that has an intensity that is three orders smaller than that of light scattering. A
500 nm high-pass filter is used to filter out scattered light at 450 nm. NIST (National Institute
of Standards and Technology, Gaithersburg, MD, USA) standard particles purchased from
Thermo Fisher, as described above, were used for calibration in a two-step procedure. First,
in order to confirm the particle size dependence of the light scattering signal of the BAS
optical system, in addition to the three types of PSL particles mentioned in Section 2.1, we
used 0.3 um (3300A), 0.8 um (3800A), and 3 um (4203A), and 5 um (4205A) were added,
and the light scattering intensity was measured for seven particle sizes. The intensities
of light scattering were verified via the Mie theory, as shown in Figure 3. Numerical
calculations according to Mie’s scattering theory assume the scattering of PSL (complex
refractive index = 1.59 + 0i) for 450 nm of polarized light emitted from a laser diode. The
scattering intensity was taken as the sum (I1 + 12) of the perpendicular component I1 and
the parallel component I2, which was integrated over the focusing angle by the mirror. This
integration at the focusing angle was substituted by the sum of angular meshes at 2-degree
intervals. The experimental values are the mean of the scattering intensity distribution with
standard deviations as error bars. It was confirmed that the theoretical and experimental
values were in good agreement. PSL-standard particles dyed with red fluorescent dyes
can show light scattering and fluorescence, which have broad correlations, as shown in
Figure 4. The minimum intensity of fluorescence depends on the particle size. However,
only one fluorescence threshold was set beyond the background noise.

The wavelength of the incident light is 450 nm. As mentioned above, a reduced FMN
has excitation and emission maxima greater than 450 nm. The appearance of the bioaerosol
sensor is shown in Figure S2.

3.2. In Situ Measurement
3.2.1. Bioaerosol Particles and Suspended Bacteria

Due to the different particle size ranges of the P611 and BAS, the results presented
below are unified into four ranges (0.5-1.0 um, 1.0-2.0 pm, 2.0-5.0 pm, and 5.0 um) that
were obtained from the measured data of both instruments. The P611 measurement results
showed a sharp increase in suspended particle concentrations of 0.5-1.0 um, 1.0-2.0 pm, and
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2.0-5.0 um immediately after OS-1 generation at 14:00 and fluorescent particle generation
at 14:20 (Figure 5). On the other hand, the BAS measurement results showed a sharp
increase in suspended particle concentrations of 0.5-1.0 um, 1.0-2.0 um, and 2.0-5.0 pm
immediately after the 14:20 fluorescent particle generation. After rising, the concentrations
decreased due to the ventilation caused by the air conditioning system, and the operation
of the HW purifiers at 14:30 further reduced the bioaerosol concentrations (Figure 6).
The highest concentrations were found for 1.0-2.0 pum particles, followed by 2.0-5.0 pm
particles. Although the fluorescent particles used were 1 um particles, there were many
particles larger than 1.0 um due to condensation between particles in suspension (OS-1).
These measurements confirmed that the BAS does not detect non-fluorescent particles
but only fluorescent particles. Incidentally, the peak concentration of fluorescent particles
after fluorescent particles were generated was 2.3% of the peak concentration of >0.5 um
suspended particles.

100.0
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O Experiment
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(e}

=
o
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Figure 3. Calibration using PLS standard particles.
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Figure 4. Light scattering and fluorescence using PSL standard particles dyed with red fluorescent dyes.
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A significant correlation was found between bioaerosols measured by the BAS and

suspended bacteria measured by the MG sampler (Figure 7). The 95% confidence intervals
and 95% estimated intervals are shown in Figure 7. A significant correlation was also

observed between bioaerosols and occupants (Figure 8).
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Furthermore, a significant correlation was also found between the number of occupants
and the concentration of suspended bacteria (Figure 9). Occupants are known to be a source
of indoor airborne bacteria [31], and this result is consistent with previous studies.
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Figure 9. Correlation between suspended bacterial concentrations and number of occupants.

The above results show correlations between bioaerosols, airborne bacteria, and the
number of occupants. In all cases, significant correlations were observed, but many of
the observed values fell outside the 95% confidence interval. It can be inferred that many
factors in the actual environment affect bioaerosols and bacteria. More data need to be
accumulated in the future.
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3.2.2. Demonstration of the Effect of Air Purifiers on Bioaerosol Particle
Concentration Reduction

The equivalent air change rate per hour (eACH) Q/V, calculated with the bioaerosol
particle concentration after the fluorescent particle generation stopped at 14:21 to 14:30,
was 7.1 h~1. Since the room volume was 296 m3, Q was 2102 m3/h. Since the room capacity
was 30 persons, the equivalent clean airflow rate per person was 71 m3/h/person. The Q/V
obtained from the concentration of bioaerosol particles during the 10 min period from 14:30,
the time when the HW purifiers operation was started, was 14.0 h~1, the Q was 4144 m3/h,
and the equivalent clean airflow rate per person was 138 m®/h/person. It was confirmed
that the operation of the purifier significantly reduced the concentration of fluorescent
particles in the room.

4. Discussion

As mentioned above, the incident of mail being tainted with Bacillus anthracis spores
in the United States in 2001 increased the need for the real-time measurement of microor-
ganisms [19]. Subsequently, real-time instruments using fluorescence excitation have been
developed. As mentioned above, many thought-provoking papers have been published
in recent years on technological developments in UV-LIF instruments (WIBS, SIBS, WIBS-
NEO, Rapid-E, Poleno, etc.), threshold strategies to reduce interferential conflation, indoor
air quality measurement, and machine learning strategies. Various UV-LIF instruments
have their own characteristics. In addition, the measurement results obtained in a living
laboratory office environment using the WIBS showed that humans are a major source of
super-micron fluorescent aerosol particles [24-29]. The BAS used in this study allows for
multipoint measurements in the field as needed; like other real-time instruments, the BAS
uses fluorescence excitation and cannot identify the type of microorganism. However, if
there is a hot spot (a place where the concentration of bioaerosol particles rises sharply),
it can be detected in real time, and mitigation measures can be taken as soon as possible.
Bioaerosol is an aerosol comprising particles of biological origin or activity that may affect
living things through infectivity, allergenicity, toxicity, pharmacological, or other processes.
Particle sizes may range from an aerodynamic diameter of approximately 0.5 to 100 um [32].
The BAS particle sizing range was 5 levels above 0.5 pm, and the wavelength of the BAS
light source used in this study was 450 nm, as it is the wavelength at which a reduced FMN
has excitation and emission maxima.

In the laboratory performance tests conducted in this study, only one fluorescence
threshold was set beyond the background noise. In the demonstration test in a real environ-
ment, it was confirmed that the fluorescent optical system of the BAS does not respond to
non-fluorescent particles but only to fluorescent particles. In other words, it was confirmed
that the BAS can detect hot spots in the real environment. Although the target environments
were different, this percentage was comparable to the results of previous studies [9-17]. In
addition, a significant correlation was found between the number of occupants and air-
borne bacteria, and since humans are the major source of super-micron fluorescent aerosol
particles [29], it has been suggested that the BAS can detect human-origin microorganisms
in real time. In addition, as a future application, real-time measurements of human-origin
bacteria in surgical operation rooms of hospitals and in pharmaceutical and food factories
are considered feasible. It has been reported that human-origin bacteria are frequently
present in the air during surgical procedures [33]. In order to better understand the relation-
ship between bioaerosol particles measured by a BAS and human-origin microorganisms,
it will be necessary to accumulate data on the relationship between the BAS and viable
bacteria in various environments in the future.

In the rooms measured in this study, the equivalent ventilation frequency of the
air handling unit air conditioner was 7.1 h~! and the equivalent clean airflow rate was
2102 m3/h, even without operating the HW purifiers. When the air purifier operation
was added, the equivalent ventilation frequency for bioaerosol particles was 14.0 h—! and
the equivalent clean airflow rate was 4144 m?3 /h. The difference between 4144 m3 /h and
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2102 m3/h was 2042 m? /h. This was 242 m>/h greater than the combined equivalent clean
airflow rate of the two HW purifiers of 1800 m3 /h. If the room is fully mixed, it is estimated
that operating the HW purifiers will only increase the equivalent clean airflow rate by
about 1800 m? /h. However, in an actual case, as shown in Figure S1, the purified airflow
from the HW purifiers could efficiently dilute the bioaerosol because the airflow from the
two HW purifiers was directed toward the measurement point (BAS installation point:
hot spot). Regarding the airborne particle concentration by location in the room, there
was a difference in the eACH at the >0.5 um suspended particle concentration between
the P611 installed at the same location as the biosensor (location A) and the other three
locations (locations B, C, and D) at 14:24-14:30 and 14:30-14:40; the suspended particle
concentration at location A was 8.2 h™1, location B was 5.0 h—1, location C was 5.3 h™1,
and location D was 3.3 h~1, showing differences depending on the measurement location.
This is due to the fact that the air in the room is not in a completely mixed state. As can
be seen from the above differences, the eACH was highest in location A, as more clean air
from the HW purifiers reached it earlier. This indicates that the proper installation of the
individual-method air purifiers would have a better effect.

Since the beginning of the 21st century, there have been epidemics of respiratory
infections such as those caused by SARS-CoV-1 in 2003, HIN1 influenza in 2009, MERS
in 2012, and SARS-CoV-2 in 2019. Of these, the 2009 H1N1 influenza and the 2019 novel
coronavirus infection became pandemics. Ventilation with clean air is effective at combating
infectious aerosols that are the pathogens of respiratory infections. The Lancet COVID-19
Commission Task Force on Safe Work, Safe School, and Safe Travel recommends Non-
infectious Air Delivery Rates (NADR) for reducing exposure to Airborne Respiratory
Diseases for School, Work, and Travel [34]. The NADRs for the three categories of good,
better, and best are 10 L/s/person (36 m3/h/person), 14 L/s/person (50 m3/h/person),
and >14 L/s/person (50 m3/h/person), respectively [34]. In addition, ASHRAE Standard
241-2023: Control of Infectious Aerosols, published on 24 June 2023, recommends various
occupancy categories, such as the infection risk management mode (IRMM) and a minimum
equivalent clean airflow per person in a breathing zone (ECAi) [35]. These include an ECAi
of 20 L/s/person (72 m3/h/ person) and 25 L/s/person (90 m3/h/ person) for classrooms
and lecture halls in educational facilities, respectively. As mentioned above, the equivalent
clean airflow rate for bioaerosols in the room under study was 2102 m3/h, which is
71 m3/h/person for a capacity of 30 persons. This value satisfies the ECAi and falls within
the best category recommended by the Lancet Task Force and the classroom recommended
by ASHRAE Standard 241-2023 for classrooms. Furthermore, with the HW purifiers
in operation, the equivalent clean airflow rate for bioaerosols per person per hour is
138 m3/h/ person, meeting the ECAi of the ASHRAE Standard 241-2023 recommended for
lecture halls. During respiratory infection outbreaks, real-time detection of hot spots and a
reduction in bioaerosols via air purification equipment are effective.

Although this study confirmed through experiments and field demonstrations that
the real-time detection of fluorescent particles by the BAS is possible and that there is a
significant correlation between bioaerosols measured with the BAS and airborne viable bac-
teria, it does not prove that viruses can be measured in real time. If real-time measurements
for viruses become available in the future, the findings of this study on hotspot detection
and mitigation measures will be helpful in mitigating respiratory tract infections caused
by viruses.

5. Conclusions

Since the beginning of the 21st century, there have been epidemics of respiratory
infections such as those caused by SARS-CoV-1 in 2003, HIN1 influenza in 2009, MERS
in 2012, and SARS-CoV-2 in 2019. Of these, the 2009 H1N1 influenza and the 2019 novel
coronavirus infection became pandemics. Ventilation with clean air is effective at combating
infectious aerosols that are the pathogens of respiratory infections. If there is a hot spot
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(a place where the concentration of bioaerosol particles rises sharply), the virus can be
detected in real time, and mitigation measures can be taken as soon as possible.

The newly developed bioaerosol sensor (BAS) with fluorescent excitation has been
validated in the laboratory using PSL standard particles and PSL standard particles dyed
with red fluorescent dyes (OSL). The measured values for PSL are in good agreement
with the predictions using the Mie theory. The measurements also show a good response
to OSL. The results of the measurements performed in the university’s shared space
show that the BAS fluorescent system does not respond to non-fluorescent particles but
only to fluorescent particles. A significant correlation was found between bioaerosol
measurements in the BAS and viable bacteria in the MG sampler. The main source of
bacteria in the built environment was the occupants, and a significant correlation was
identified between bacteria and occupants. It was suggested that the BAS can detect
human-origin bioaerosols in real time. If the BAS can detect human-origin bioaerosols,
it will be possible to detect bacterial-origin hot spots in real time and apply mitigation
measures quickly. In the shared student space, which is the subject of this study, if HW
purifier operation is added to the air conditioning operation, the equivalent clean airflow
rate per hour per occupant is 138 m? even when the room is at full capacity, which meets
the Lancet Task Force’s recommendation of 50 m®/h/person defined as the best category
and the ASHRAE Standard 241-2023 recommendation of an ECAi of 90 m3/h/person in
the classroom and lecture hall.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos14111656/s1. Figure S1: Plane of the room to be measured
and measurement points; Figure S2: Appearance of the bioaerosol sensor (BAS).
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