
Biosensors and Bioelectronics 234 (2023) 115356

Available online 28 April 2023
0956-5663/© 2023 Elsevier B.V. All rights reserved.

Size-classified monitoring of ATP bioluminescence for rapid assessment of 
biological distribution in airborne particulates 

Jaeho Oh a, Jisoo Choi a, Milad Massoudifarid a, Ja Young Park b, Jungho Hwang a,*, 
Jiseok Lim c,**, Jeong Hoon Byeon c,*** 

a School of Mechanical Engineering, Yonsei University, Seoul, 03722, Republic of Korea 
b Gyeongsangbuk-Do Institute of Health and Environment, Yeongcheon, 38874, Republic of Korea 
c School of Mechanical Engineering, Yeungnam University, Gyeongsan, 38541, Republic of Korea   

A R T I C L E  I N F O   

Keywords: 
Bioaerosols 
Adenosine triphosphate bioluminescence 
Airborne particulate matter 
Size-classified 
Specific bioluminescence 

A B S T R A C T   

The COVID-19 pandemic ignited massive research into the rapid detection of bioaerosols. In particular, 
nanotechnology-based detection strategies are proposed as alternatives because of issues in bioaerosol enrich-
ment and lead time for molecular diagnostics; however, the practical implementation of such techniques is still 
unclear due to obstacles regarding the large research and development effort and investment for the validation. 
The use of adenosine triphosphate (ATP) bioluminescence (expressed as relative luminescence unit (RLU) per 
unit volume of air) of airborne particulate matter (PM) to determine the bacterial population as a representative 
of the total bioaerosols (viruses, bacteria, and fungi) has been raised frequently because of the high reponse 
speed, resolution, and compatibility with culture-based bioaerosol monitoring. On the other hand, additional 
engineering attempts are required to confer significance because of the size-classified (bioluminescence for 
different PM sizes) and specific (bioluminescence per unit PM mass) biological risks of air for providing proper 
interventions in the case of airborne transmission. In this study, disc-type impactors to cut-off aerosols larger 
than 1 μm, 2.5 μm, and 10 μm were designed and constructed to collect PM1, PM2.5, and PM10 on sampling 
swabs. This engineering enabled reliable size-classified bioluminescence signals using a commercial ATP 
luminometer after just 5 min of air intake. The simultaneous operations of a six-stage Andersen impactor and 
optical PM spectrometers were conducted to determine the correlations between the resulting RLU and colony 
forming unit (CFU; from the Andersen impactor) or PM mass concentration (deriving specific bioluminescence).   

1. Introduction 

The coronavirus disease 2019 (COVID-19) pandemic has highlighted 
the importance of developing rapid detection systems for bioaerosols 
(Matavulj et al., 2022; Qiu et al., 2022; Zhu et al., 2022). Because of the 
limitations of a large volume of air sampling and the tedious procedure 
of molecular diagnostics (e.g., polymerase chain reaction (PCR)), various 
nanotechnology-based real-time detection technologies have been pro-
posed (Addor et al., 2022; Agranovski and Usachev, 2021; Priyamvada 
et al., 2021); however, they still require numerous research and devel-
opment efforts and investment for validation and practical imple-
mentation. Moreover, the deployment of relevant experts may be a 
prerequisite utilizing and maintaining the nanotechnology-based 

detection systems for actual situations, impeding the general use of 
the detection systems for pandemics from the airborne transmission of 
respiratory pathogens (Kathiriya et al., 2021; Tahir et al., 2020; Xu et al., 
2022a; Yang et al., 2022). 

Considering the coexistence of viruses and bacteria in infectious 
aerosols (Fernandez et al., 2018; Jayaweera et al., 2020; Stiti et al., 
2022), including the airborne microbial ecosystem (Chen et al., 2021; 
Flies et al., 2020; Habibi et al., 2022; Perrone et al., 2022), the approach 
of indicating the biological hazard of the air from the bacterial popu-
lation in bioaerosols (i.e., airborne viruses, bacteria, and fungi) as an 
indicator can provide a representative measure and offer a workable 
protocol for rapid implementation using a generalized detection system 
(e.g., agar-based air sampling and incubation (longer than 24 h at the 
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very least) to express as colony forming unit (CFU) per unit volume of 
air) (Marcovecchio and Perrino, 2020; Rocha-Melogno et al., 2020). The 
countries in North America, Europe, and East Asia selected “CFU/m3” as 
a quantitative guideline or standard for bioaerosols to represent 
airborne microbial cleanliness or contamination (Burge et al., 1989; 
HKEPD, 2019; Korea Ministry of Environment, 2021; Rao et al., 1996). A 
single- or six-stage impactor containing agar collection plates was usu-
ally used to sample and incubate viable airborne particulates for the 
determination of CFU/m3 (Ali et al., 2022; Yan et al., 2022; Zhao et al., 
2022). 

Based on the rapid reaction kinetics and high resolution, adenosine 
triphosphate (ATP) bioluminescence (expressing as relative lumines-
cence unit (RLU) per unit volume of air) has recently been introduced as 
a rapid detection protocol (the fastest was approximately 3 min) to 
quantify a relative bacterial population in the air (Calabretta et al., 
2020; Cho et al., 2020; Fang et al., 2016; Kim et al., 2019; Park et al., 
2014, 2015; Yoon et al., 2010). The correlation between CFU/m3 and 
RLU/m3 can be made reliable (exhibiting higher R2 value (a statistical 
measure representing the proportion of the variance)) by increasing the 
number of detection data (Heo et al., 2021). Nevertheless, there were 
issues in lead time and viability but a nonculturable state to obtain the 
correlation (Jiang et al., 2022). On the other hand, ATP bioluminescence 
analysis still has limitations in providing meaningful information other 
than high and low bacterial populations in the air. The size-segregated 
bioluminescence, including the biological fraction of airborne particu-
late matter (PM), needs to be presented to provide proper interventions 
from the bioluminescence measurements because the airborne trans-
mission path may vary according to the sizes of respiratory bioaerosols 
(Liu et al., 2022; Pertegal et al., 2023; Xu et al., 2021, 2022b; Zhang 
et al., 2022). 

As a timely, affordable, implementable, and extendable manner, this 
study highlights the need to seek other approaches to develop a 
promptly realizable track of the detection for providing proper inter-
vention measures in pandemics, including analogous environmentally 
and occupationally transmitted settings. From the perspective of re- 
creating detection strategies using existing principles and devices, this 
study attempted to recombine technically proven devices (ATP lumin-
ometer and airborne PM monitor) and components (inertial impactor 
and ultrasonic humidifier) to generate size-classified (biological pop-
ulations for different PM sizes) and specific (biological fraction per unit 
mass of PM) bioluminescence without a technical delay. Through this 
recombination, ATP bioluminescence detection of size-classified PMs 
was conducted simultaneously with optical PM monitoring to provide 
the size distribution of bioluminescence and bioluminescence per unit 
PM mass for indoor environments through 5 min permeation of the air 
(25 L per each size) through the sampling swabs. In particular, disc-type 
inertial impactors were designed and installed in front of the swabs to 
classify PM1 (airborne particulates ≤1 μm in diameter), PM2.5 (par-
ticulates ≤2.5 μm), and PM10 (particulates ≤10 μm) to be collected on 
the surfaces of individual swabs for acquiring size-segregated ATP 
bioluminescence. The PM collection in the absence of the impactors was 
also conducted to obtain the bioluminescence of the total suspended 
particle (TSP). The corresponding CFU/m3 was obtained using a six- 
stage Andersen impactor to examine the correlations between the 
RLU/m3 and CFU/m3 for PM1, PM2.5, PM10, and TSP. The average 
mass concentrations (μg/m3) of the PMs and TSP were obtained simul-
taneously by portable optical spectrometers during swab collection. The 
size-classified RLU/m3 data were eventually divided by the mass con-
centrations of the PMs to derive RLU/μg levels that demonstrate bio-
logical significance on the sizes of airborne particulates. Furthermore, 
species analyses of the colonies on agar plates after incubation were 
carried out to identify the signal sources of the size-classified biolumi-
nescence by matrix-assisted laser desorption/ionization time-of-flight 
mass spectrometry (MALDI-ToF MS). 

2. Experimental 

2.1. ATP bioluminescence detection system 

As shown in Fig. 1A, airborne PMs were collected on sampling swabs 
in a handheld prototype, where a disc-type inertial impactor was 
installed in front of the swab (immediately after the air inlet). Three cut- 
off diameters for the impactor construction were selected to classify PM 
sizes of 1, 2.5, and 10 μm. The inset table in Fig. 1A represents the main 
parameters to design the impactors, and the theoretical approach to 
derive the diameters of the nozzles is described in Supporting Infor-
mation (Eqs. S1-S6 and Fig. S1). The cut-off diameters were validated 
before the ATP bioluminescence detection (Fig. S2), and the resulting 
values were 1.14, 2.58, and 9.75 μm for the size-classification of PM1, 
PM2.5, and PM10, respectively (Eq. S7 and Fig. S3). Airborne PMs 
passed through the impactors when the motor was turned on to intake 
air (5 L/min, regulated by the flowmeter), where PMs larger than 1, 2.5, 
or 10 μm in diameter were collected on an impaction plate to be 
removed. The size-classified PM-laden airflow was then injected into a 
swab (UXL100, 3M, USA) for 5 min to collect the PM on the swab sur-
face. For the last 30 s of the intake, bacterial lysis buffer (diluted 1000 
times; bacterial protein extraction reagent (B-PER™), ThermoFisher 
Scientific, USA) droplets were produced using an ultrasonic humidifier 
(installed between the impactor and swab loading column; G5, Highon, 
Korea) to be co-collected on the surface of the swab for ATP extraction 
from the PM. A silica chamber next to the swab-loading column was 
used to eliminate the water from the airflow. After PM collection 
(including lysis buffer droplets), the swab was immersed in a cuvette 
containing reagents for the luciferin-luciferase reaction under vortex 
mixing for 5 s. As shown in Fig. 1B, ATP bioluminescence from the re-
action was obtained using a photomultiplier tube-type luminometer 
(Clean-Trace LM1, 3M, USA), as shown in Supplementary Video Clip. 

Supplementary video related to this article can be found at htt 
ps://doi.org/10.1016/j.bios.2023.115356 

2.2. RLU-CFU from lab test 

Staphylococcus aureus (S. aureus; Korean Collection for Type Cultures 
(KCTC) 1621) was used as test bacteria (Supporting Information, 
Fig. S4) because its presence in indoor as a component of airborne dust 
(White et al., 2020). The prepared bacterial suspension was aerosolized 
using a collison-type atomizer (9302, TSI, USA) in the presence of a 
particle-free compressed air supply (CAS-01, HCTm, Korea). The flow-
rate of the air (set at 2 L/min) was regulated using a mass flow controller 
(3660, KOFLOC, Japan). The droplets containing S. aureus from the 
atomizer were passed through a diffusion dryer to eliminate moisture to 
form bioaerosols. The bioaerosols were then diluted with particle-free 
air after charge neutralization using a soft X-ray charger (4530, HCT, 
Korea) to realize an electrostatically neutral state. The resulting 
bioaerosol-laden air entered the developed sampler at a flowrate of 5 
L/min to be collected on the sampling swabs. The optimal duration (30 
s) of the lysis buffer droplet supply was determined by scanning electron 
microscopy (SEM; 7800F, JEOL, Japan) of S. aureus on the swab 
(collected for 2 min) after exposure to the droplets with different du-
rations (10-50 s), as shown in Fig. S5A. The number concentration of 
airborne S. aureus was monitored using an aerodynamic particle sizer 
(APS; 3321, TSI, USA) after the injection of charge-neutralized 
S. aureus-laden airflow into a square duct (4 × 4 cm2), as shown in 
Fig. S5B. The levels of CFU/m3 for comparison were determined by the 
simultaneous delivery of the S. aureus-laden flow (28.3 (2.0 for bio-
aerosol flow + 26.3 for dilution flow) L/min for 2 min) to a six-stage 
Andersen impactor (TE-10-880, Tisch Environmental, USA) containing 
agar (tryptic soy) plates based on the standard testing method (ES 0271. 
1d) notified by the Ministry of Environment of Korea. The 
S. aureus-exposed agar plates were then placed in an incubator 
(VS-1203P4S, VISIONBIONEX, Korea) for 24 h at 37oC, and the number 
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of colonies was counted to estimate CFU/m3. 
For analogous analysis in the qualified testing agency (Gyeongbuk 

Technopark, Korea), S. aureus suspension (1 × 103, 2 × 103, or 4 × 103 

CFU/mL) was aerosolized for 1 min with a flowrate of 1200 cm3/h using 
a commercial humidifier (DEH-R135A, Daewoo Electronics, Korea) to 
be suspended in a test chamber (2 m3) with a fixed relative humidity 
(40%). After securing uniform distribution in the chamber using a 
circulating fan, the part of the S. aureus-laden air was simultaneously 
sampled by a viable active sampler (MAS-100 eco, Merck, Germany) and 
the developed prototype for comparison. After incubation (24 h at 
37 ◦C) of agar plates installed in the viable sampler, the correlation 
between the CFU/m3 and RLU/m3 was analyzed. 

2.3. RLU-CFU from field test 

The field monitoring was carried out in three different indoor envi-
ronment settings for public education (elementary, middle, and high 
school class rooms), public transportation (airport and subway and train 
stations), and other purposes (general hospital lobby, chapel). The 
ranges of temperatures and relative humidity were 22.5-25.9 ◦C and 
47.0-71.7%, respectively. The CFU/m3 levels for TSP (without impac-
tors) were determined using a single-stage agar plate-inserted sampler 
(Spin Air, IUL, Spain). In contrast, average TSP (μg/m3) levels were 
obtained using an optical TSP monitor (PMM-304, APM Engineering, 
Korea), as shown in Fig. S6A. Similar CFU/m3 and PM mass concen-
tration data for size-classified configurations were obtained using the 
six-stage Andersen impactor and optical PM spectrometer (Innoair-315, 
Innociple, Korea), respectively (Fig. S6B). A part of colonies after growth 
in the incubator was isolated for species analyses using Biotyper 3.0 
microbial identification system (LRF20, Bruker Daltonics, Germany) 
coupled with a MALDI-ToF MS system (Supporting Information; Figs. S7 
and S8). 

Plots containing RLU/m3 and CFU/m3 data were generated using 
mean ± standard deviation values from at least three independent ex-
periments for each sampling point. 

3. Results and discussion 

3.1. Effect of pre-lysis 

The pre-lysis of biological particles in the collected PMs on the swab 
for a few minutes before immersing them in a cuvette was reported as a 
key procedure for the luciferin-luciferase reaction to generate readable 
bioluminescence signals (Kim et al., 2019). To determine the optimal 
duration of the pre-lysis, the diluted lysis buffer droplets generated by an 
ultrasonic humidifier were supplied to aerosolized S. aureus collected 
swabs. The morphological changes in S. aureus upon exposure to the 
droplets with predetermined supply times (10-50 s) were observed by 
SEM, as shown in Fig. 2. The spherical shape with a smooth surface of 
the untreated S. aureus was melted and distorted by increasing the 
droplet supply time, and these collapsed completely after 30 s of supply. 
No significant alterations in shape were observed by prolonging the 
droplet supply. Hence, 30 s may be practical to extract both intracellular 
and extracellular ATP from the collected bacteria for achieving rapid 
detection with sufficient bioluminescence signal strength. 

3.2. Correlations between RLU/m3 and CFU/m3 at laboratory-controlled 
conditions 

Based on the selected duration of the lysis droplet supply, co-plotting 
of the ATP bioluminescence and number of S. aureus colonies (or num-
ber concentration of aerosolized S. aureus obtained by APS) per 1 m3 of 
air was conducted to identify the correlations, as represented as R2. The 
RLU/m3 were proportional to the counted colonies (Fig. 3A) and aerosol 
S. aureus numbers (Fig. 3B), where the R2 values of the plots were 0.938 
and 0.951, respectively. This suggests that the developed protocol based 
on a 30 s duration for the lysis droplet supply effectively acquired reli-
able bioluminescence signals for determining bioaerosol concentrations 
without a tedious cell culture procedure. The reliability of the developed 
platform was examined further by one (Gyeongbuk Technopark) of the 
qualified testing agencies in South Korea for bioaerosol detection, which 
has a 2 m3 test chamber to aerosolize and sample S. aureus for incubation 
and subsequent colony counting. Fig. 3C shows the plot reported by the 
agency, which was consistent (R2 = 0.939) with those from the 

Fig. 1. Illustration of the sampling platform for 
detecting the size-classified ATP bioluminescence 
in the airborne PMs. (A) Major components of the 
platform and design parameters to construct inertial 
impactors are to be installed in front of the swab 
sampling column for classifying PM1, PM2.5, and 
PM10. (B) The protocol to read ATP bioluminescence 
of the PMs as RLU. The PMs after the impactors were 
collected on the surfaces of the individual swabs to be 
immersed in cuvettes for luciferin-luciferase reaction 
under vortexing to generate bioluminescence. The 
luminescence intensity (i.e., RLU) was acquired using 
a commercially available luminometer to secure the 
size-classified microbial population in air. The RLU/ 
m3 values were estimated by dividing the obtained 
RLU by the sampled air volume.   
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laboratory tests, warranting further investigation for field tests. 

3.3. Correlations between RLU/m3 and CFU/m3 at field testing conditions 

The developed platform for realistic settings was validated by 
scouting different public indoor places to operate the developed plat-
form with a single- or six-stage impactor to plot RLU/m3-CFU/m3. The 
resulting plot (Fig. 4) exhibited linearity with R2 ≥ 0.9. The correlation 
between the RLU/m3 and CFU/m3 was comparable to that from the 

controlled environment (Fig. 3), even though bioaerosols usually co- 
existed with non-biological PMs (e.g., dust) for natural indoor environ-
ments (Bowers et al., 2013; Li et al., 2017; Wang et al., 2010), unlike the 
laboratory-controlled conditions. Because of diversity of microbial 
species in the air, sampling and comparison to ensure reliable correla-
tion between the RLU/m3 and CFU/m3 were conducted more than 600 
times referring to our previous study for the statistical convergence (Kim 
et al., 2019), even for realistic settings. The results also suggest that the 
pre-lysis can establish consistent performance across bare and 

Fig. 2. Morphologies of aerosol S. aureus collected on sampling swabs. The SEM observation was conducted to obtain images for untreated (A), 10 s (B), 20 s 
(C), 30 s (D), 40 s (E), and 50 s (F) supply of the diluted lysis buffer droplets on the S. aureus collected swab surfaces. 

Fig. 3. Plots to assess the correlations between 
RLU/m3 and CFU/m3 (or particle number con-
centration, particles/cm3) at laboratory- 
controlled conditions. (A, B) RLU/m3-CFU/m3 (or 
particles/cm3 obtained APS) plot for aerosolized 
S. aureus to identify the correlation between the 
developed platform and culture-based colony count-
ing. (C) RLU/m3-CFU/m3 plot from the tests by the 
qualified testing agency (Certificate No. 22-0205; 
Gyeongbuk Technopark, Korea) through the suspen-
sion of S. aureus with different predetermined con-
centrations in the air of a 2 m3 chamber.   
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dust-incorporated bioaerosols, but it is unclear if ATP in airborne PMs 
had been completely extracted through the lysis droplet supply because 
PMs in indoor environments also include fungal spores (Venkateswaran 
et al., 2003). This was also related to the wetting of the swabs by the lysis 
droplet supply that compensates for the bioluminescence signal irregu-
larities during the luciferin-luciferase reaction from the diversity of PM 
composition in the absence of pre-lysis. The selectivities (the slope (a) in 
the linear (y = ax + b) trend line of RLU/m3-CFU/m3 plot) with pre-lysis 
were more than 1.4 times greater than those without pre-lysis for the 
comparison at whole sampling points, supporting that pre-lysis is a 
viable pretreatment for reliable acquisition of the bioluminescence sig-
nals, even with non-biological PMs. In addition, the broad distributions 
of RLU/m3 and CFU/m3 values varied according to the number and 
activity of occupants, including the situation of air conditioning and 
cleaning. The developed platform may cover various levels of air quality 
in terms of biological risk, according to the high correlation between the 
RLU/m3 and CFU/m3 for the broad range of field tests. 

3.4. Size-classified ATP bioluminescence and colony counting results at 
field testing conditions 

The data for size-classified bioluminescence and colony count were 

Fig. 4. RLU/m3-CFU/m3 plot from field tests at various public indoor fa-
cilities. The tests were conducted with the consent of the organizations and 
under the observation of the person in charge. The measurements were 
repeated more than three times at each point. 

Fig. 5. Size-classified ATP bioluminescence and colony counting results at the selected points (airport and subway markets) for the field tests. (A, B) Size 
distributions and relative fractions of RLU/m3 for each PM section. (C, D) Analogous data based on CFU/m3 for each PM section. (E) R2 values for PM1, PM2.5, PM10, 
and TSP to determine size-classified correlations between the RLU/m3 and CFU/m3. 
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acquired at several points for the field tests, as shown in Fig. 5A and B. 
The RLU/m3 and CFU/m3 values increased cumulatively as the PM size 
increased. Based on the results consistent with physical phenomena, the 
microbial population could be segregated stoichiometrically, as shown 
in Fig. 5C and D, providing the population distribution with different PM 
sizes. Through size-classification, it was possible to identify which PM 
sections have dominant distributions of bioaerosols. Furthermore, there 
were no significant differences in the distribution between the ATP 
bioluminescence and culture-based colony measurements. This obser-
vation suggests that reliable data for bioaerosol size distribution can be 
secured through the size-classified detections of the bioluminescence of 
PMs in a few minutes without waiting for colony growth. The RLU/m3- 
CFU/m3 correlation exhibited R2 ≥ 0.89, even for the size-classified 
configurations (Fig. 5E), proving that the integration of a lysis droplet 
supply, inertial impaction, and luciferin-luciferase reaction is a viable 
option for the rapid analysis of bioaerosol size distribution. 

3.5. PM and size-classified specific bioluminescence results at field testing 
conditions 

The specific bioluminescence (bioluminescence per unit mass of PM) 
data were determined by dividing RLU/m3 by PM mass concentration 
(μg/m3) that indicates specific biological risks (RLU/μg). The mass 
concentrations of each PM section were monitored simultaneously and 
averaged to take this into computation to estimate the size-classified 
specific bioluminescence for identical points for the field tests (Fig. 6A 
and B). Relatively higher (lower) levels correspond to relatively higher 
(lower, mostly non-biological composition) biological fractions of the 
PM because of coexistence of bioaerosols and non-biological aerosols in 
the air. Interestingly, the resulting specific bioluminescence exhibited an 
opposite trend to the size-classified configuration (Fig. 6C and D). In 
larger PMs, bioaerosols may mainly exist with non-biological dust par-
ticles, whereas, in smaller PMs (i.e., PM1 section), they flew in a nearly 
bare form. Hence, single particles in the PM1 section may have signifi-
cantly different compositions (nearly biological or non-biological) from 
those in larger PMs (a mixture of biological and non-biological). In other 
words, in the case of bioaerosols in PM1, their surfaces are highly likely 
to come into unprotected exposure to humans and animals. This suggests 
that concentrating on removing smaller PMs can more efficiently sup-
press the direct contact of bare bioaerosols with the bodies that can be 
infected. Unlike previous studies relevant to the ATP bioluminescence 
detection of bioaerosols, specific bioluminescence data acquired using 
the developed platform can show the relative biological risks for 

different PM sections beyond simply showing a microbial population of 
the air. 

3.6. Species identification results at field testing conditions 

The signal sources of the bioluminescence were verified by con-
ducting species analyses using MALDI-ToF MS for the sampled bio-
aerosols in the selected points (airport and subway markets) for the field 
tests. As shown in Fig. S9, the microrganisms releasing ATP were 
diversely distributed (mostly originated from the skin, mouth, nostrils, 
human hair, and pets) (Acheson et al., 2002; Faridi et al., 2015; Kawatsu 
et al., 2006) with places and PM sizes while the number of microbial 
species (nine species were identified) for the airport (at security check) 
was greater than those of subway markets (seven species). These results 
suggest that the bioluminescence signals mainly came from human ac-
tivity despite the diversity, while more bioaerosol species can be found 
when many people’s physical actions are performed simultaneously 
(walking, talking, taking off clothes, and loading baggage on conveyors) 
in a confined space. Considering the original dimensions of the listed 
microorganisms, a smaller PM size means a higher probability that the 
bioaerosols are floating alone in the air. A larger PM size means that 
bioaerosols can be attached to non-biological dust, which is consistent 
with the specific bioluminescence data (Fig. 6C and D). In addition, the 
site-categorized identification of the bioaerosol species was conducted 
(Fig. S10), where more species of bioaerosols were observed in trans-
portation facilities than in education and other public ones, supporting 
the positive correlation between the activities of unspecified individuals 
and bioaerosol diversity, as shown in Fig. S9. Interestingly, the number 
of identified species for the airport and hospital was greater than other 
sites despite their relatively low RLU/m3 and CFU/m3 levels because of 
better ventilating situations (Fig. 4), suggesting that air conditioning 
and cleaning systems can be effective in reducing the bioaerosol con-
centration, but further action will be needed to reduce the number of 
bioaerosol species. As the opposite situation, the lowest number of 
identified species was observed for the church (the most static of the 
occupants’ activities; equivalent to the less crowded environment) 
despite its RLU/m3 and CFU/m3 levels were similar or higher than those 
for the airport and hospital (Fig. 4). By incorporation with species 
identification; however, the size-classified and specific bioluminescence 
data acquired by the developed platform may also assist in developing 
an epidemiologic investigation related to bioaerosols. 

Fig. 6. PM mass concentration (μg/m3) and size- 
classified specific bioluminescence (RLU/μg; 
relative biological risk of each PM section) results 
at the identical points for the field tests. The size- 
classified RLU/m3 levels were individually divided by 
the mass concentration of each PM or TSP. The 
average concentrations of PMs and TSP for the sam-
pling period were obtained by commercially available 
optical spectrometer and TSP monitor, respectively. 
(A, B) Size distributions and relative fractions of the 
PMs. (C, D) 3- and 2-axis plots for the size-classified 
specific bioluminescence.   
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4. Conclusions 

As a rapid implementation methodology, the platform was con-
structed by recombining a commercially available ATP luminometer and 
accessories for air sampling and size-classification with no micro/ 
nanofabrication for integrated precision sensors. It was possible to 
provide which size of airborne PMs has physical dominance and in-
tensity, thereby providing meaningful information for proper interven-
tion measures within minutes. This simple engineering attempt enabled 
the derivation of reliable data for size-classified microbial populations in 
the air of different indoor environments for providing proper manage-
ment strategies for airborne biological risks. The size-classified and 
specific bioluminescence data were even informative in interpreting 
species analyses of bioaerosols. The platform developed in this study 
may be operated even by non-experts as a general-use device to identify 
bioaerosol exposures in both environmental and occupational settings. 
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