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ARTICLE INFO ABSTRACT
Keywords: Airborne bacteria and fungi are major components of indoor bioaerosol exposure and can contribute to adverse
Rffal-ﬁme monitoring health outcomes, yet routine monitoring is often limited by the low time resolution and delayed results of
?‘zaer"sf’l exposure culture-based methods. These limitations can obscure short-lived, potentially hazard-relevant fluctuations in
ndoor air

indoor bioaerosol concentrations, reducing the utility of conventional methods for timely exposure screening and
risk-informed environmental response. To address this gap, we developed a field-deployable, real-time moni-
toring system that combines wet-cyclone air sampling with dual optofluidic adenosine triphosphate (ATP)
bioluminescence modules for differential estimation of airborne bacterial and fungal concentrations from a single
collected sample. The system uses time-resolved lysis and bioluminescence responses to distinguish bacterial and
fungal signals, enabling low-latency tracking of group-selective bioaerosol dynamics in indoor environments. We
evaluated analytical performance through laboratory calibration and chamber tests and further demonstrated
field applicability in occupied indoor spaces using comparisons with culture-based measurements and reference
instruments. This system is intended as a complementary tool for bioaerosol exposure surveillance and risk
screening, rather than a replacement for culture-based identification and confirmation workflows.
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1. Introduction

Bioaerosols are airborne particulate matter derived from biological
sources, such as bacteria, fungi, and pollen [1]. The inhalation of bio-
aerosols can have various adverse health effects, including infections,
allergic responses, toxic effects, and even cancer [2,3]. Globally, more
than 250 million people are affected by bioaerosol-related diseases [4].
Although the risk of aerosol transmission is generally considered to be
lower than that of direct person-to-person contact, the small size and
lightweight of bioaerosols allow them to travel hundreds of meters,
making transmission unpredictable and increasing exposure risks [5].
With increasing concerns regarding indoor and outdoor bioaerosol
exposure, effective monitoring has become a public-health priority.

Adenosine triphosphate (ATP) bioluminescence has become a
promising tool for rapid microbial quantification. This technique uses
ATP as a universal indicator of metabolic activity, enabling luciferase to
oxidize D-luciferin into oxyluciferin, emitting light proportional to the
ATP content [6]. An ATP-based bioluminescence method requires cor-
relation and calibration against culture-based measurements, as micro-
bial air-quality guidelines are primarily defined based on the
colony-forming units (CFU) per 1 m?air. The American Conference of
Governmental Industrial Hygienists (ACGIH) recommends that indoor
fungal concentrations remain below 1000 CFU/m?, while South Korea’s
Ministry of Environment stipulates separate standards for fungi (500
CFU/m®) and bacteria (800 CFU/m?) [7,8].

Several studies have adapted ATP-based bioluminescence methods
for the detection of airborne bacteria. For example, Cho et al. (2020)
used a wet cyclone for aerosol collection, followed by thermal lysis and
ATP quantification [9]. Oh et al. (2023) applied a swab-filter-based
impaction method with lysis buffer treatment [10]. Chen et al. (2024)
extracted ATP from both bacteria and fungi to estimate total microbial
activity and further employed loop-mediated isothermal amplification
to identify specific pathogens [11]. More recently, Ko and Hwang (2026)
reported a culture-independent fluorescence resonance energy transfer
(FRET)-based biosensor for airborne bacterial monitoring using an
ATP-specific aptamer, a fluorophore-labeled complementary DNA
strand, and graphene oxide. By employing an indirect hybridization
strategy to decouple fluorophore labeling from aptamer recognition, the
FRET-based biosensor achieved femtomolar-level analytical sensitivity
for ATP under indoor sampling conditions [12].

Despite these advances, previous studies have primarily focused on
total microbial concentrations without distinguishing between bacteria
and fungi. This represents a critical gap, as regulatory standards treat
these organisms separately owing to their differing health implications
and control requirements. To date, no existing method has enabled the
simultaneous and differentiated quantification of airborne bacterial and
fungal concentrations in real time.

Fig. 1 shows the concept of the time-resolved bioluminescence
detection strategy. Because bacterial cells lyse more rapidly than fungal
cells [13], bacteria release ATP earlier, whereas fungi release ATP later.
Previous studies suggest that fungal cell disruption often requires more
stringent or optimized mechanical and/or chemical treatment than
bacterial cell disruption because fungal cell walls are generally more
robust and compositionally complex [13-15]. Therefore, upon reagent
injection, bacterial suspensions exhibit a sharp and immediate increase
in bioluminescence, indicating rapid lysis and ATP release. Contrast-
ingly, fungal suspensions exhibit a delayed and gradual rise in the signal,
consistent with slower lysis kinetics. The observed time gap (At) con-
firms the feasibility of distinguishing bacterial and fungal ATP based on
their different lysis dynamics. This time-resolved detection strategy
enables the differential quantification of bacterial and fungal concen-
trations within a single analytical cycle, overcoming the limitations of
conventional ATP-based methods that only report total ATP. For the
selected experimental conditions (details are provided in Section 1 of
Supplementary Material), this strategy was verified experimentally
under static conditions.
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To preliminarily validate this strategy, static experiments were per-
formed using mixed bacterial and fungal suspensions (Fig. 2). Distinct
temporal profiles were observed, with bacteria producing an immediate
rise in signal, whereas fungi showed a delayed increase, confirming the
time gap between their lysis kinetics (Fig. 2a). When a bacterial lysis
buffer was applied, only bacterial ATP was released, enabling selective
bacterial detection (Fig. 2b). In contrast, the use of a cell lysis buffer
released ATP from both bacteria and fungi, yielding a total microbial
signal (Fig. 2c). Taken together, these results establish the feasibility of
differentiating bacterial and fungal ATP under static conditions. Build-
ing on this principle, we developed and evaluated an integrated Bio-
Aerosol Detection Device (BADD) for field-deployable, real-time
differential monitoring of airborne bacteria and fungi, aimed at low-
latency indoor bioaerosol exposure surveillance.

2. BioAerosol Detection Device (BADD)

We designed a prototype BADD for the real-time and on-site quan-
tification of airborne bacteria and fungi using time-resolved ATP
bioluminescence (The prototype BADD was fabricated by ART Plus
(Icheon, Republic of Korea)). The system consisted of a wet cyclone for
bioaerosol sampling, as well as two optofluidic detection modules for
sequential ATP measurement, both housed within a light-shielded
chamber (Fig. 3a). Each detection module comprised a microfluidic
chip, in which cell lysis and bioluminescent reactions occurred, and an
optical sensor that detected emitted light. A single wet cyclone was
intentionally used so that same hydrosol sample could be supplied to
both detection modules. This shared-sample configuration reduced
inter-sampler variability and supported synchronized comparison be-
tween the bacterial signal measured by the optofluidic detection module
for bacteria (ODMB) and the total-microbial signal measured by the
optofluidic detection module for total microorganism (ODMT).

2.1. Wet cyclone

The tangential inlet generated a helical airflow that formed a thin
liquid film along the inner wall of the conical structure (Fig. 3b).
Airborne particles entering the cyclone were impacted onto this film and
became suspended in the liquid medium. The resulting hydrosol, which
contained concentrated bioaerosols, was subsequently delivered to the
detection modules. The wet cyclone design is described in Section 2 of
Supplementary Material (Figure S2). Details regarding the collection
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Fig. 1. Time-resolved optofluidic detection strategy for simultaneous quanti-
fication of adenosine triphosphate (ATP) bioluminescence signals originating
from airborne bacteria and fungi.
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Fig. 2. Preliminary validation of time-resolved detection strategy under static
conditions. (a) Time-resolved bioluminescence response of bacterial and fungal
suspensions. (b) Selective bacterial detection performed using bacterial lysis
buffer. (c) Total microbial detection performed using cell lysis buffer.

efficiency test are provided in Section 3 of Supplementary Material
(Figure S3).

Airborne microorganisms exist at low concentrations (order of
several hundred CFU/m?®), especially in indoor environments [16-18].
Meanwhile, ATP bioluminescence-based detection typically requires a
minimum concentration of several hundred CFU/mL for reliable quan-
tification [19,20]. Therefore, to bridge this gap, an enrichment factor of
at least 10° is required, allowing for the conversion of low microbial
loads from large volumes of air into small volumes of liquid suitable for
sensitive analysis. The enrichment capacity (EC) can be calculated using
the following equation:

_Qxn,

EC
L

@
where Q is the air sampling flow rate (L/min), L is the liquid injection
flow rate (L/min) and n, is the collection efficiency.

The wet cyclone was connected to an air pump that drew ambient air
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Bioluminescence detection in optofluidic detection modules.

at a flow rate of approximately 15 L/min. To achieve an enrichment
factor of at least 10° deionized water (DI water) was continuously
injected into the cyclone at a rate of 150 pL/min during air sampling (n,
was assumed to be nearly unity). However, owing to evaporation
occurring inside the cyclone, a portion of the injected liquid was lost.
Empirically, this evaporative loss was estimated to be approximately
80 uL/min under the studied operating conditions. Details of the cal-
culations are presented in Section 4 of Supplementary Material. As a
result, the liquid flow rate available for downstream analysis was
approximately 70 pL/min. This value was determined to be optimal for
balancing the desired concentration factor and ensuring a sufficient
volume for ATP extraction and detection. Under these conditions, the
enrichment capacity was EC ~ 2.14 x 105.

2.2. Optofluidic detection modules

To minimize the interference between bacterial and fungal ATP
signals during bioluminescence measurements (see shaded region of the
graph in Fig. 1), two optofluidic detection modules, each equipped with
a dedicated microfluidic chip, were independently configured. Each
module comprised a microfluidic chip connected to an optical sensing
unit, peristaltic pumps for liquid handling, and reagent reservoirs.

2.2.1. Optofluidic detection module for bacteria

An ODMB was designed for the rapid detection of bacterial ATP. It
operated with a bacterial lysis buffer (35 puL/min) and a lucifer-
in-luciferase solution (70 uL/min). When a sample was introduced at
35 pL/min, bacterial cells were quickly lysed in the mixing zone (resi-
dence time of 30 s), releasing ATP. The combined stream (70 pL/min)
then flowed through the incubation zone (8 min) to allow ATP
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extraction, after which the released ATP immediately reacted with
luciferase in the detection zone to generate a bioluminescent signal
(Fig. 3c-I). The ODMB chip design is presented in detail Section 5 of
Supplementary Material (Figure S5a).

2.2.2. Optofluidic detection module for total microorganism

Contrastingly, an ODMT introduced a time delay to ensure sufficient
lysis of fungal cells, which generally lyse more slowly than bacteria.
Following this delay, the system measured the total ATP signal origi-
nating from both bacteria and fungi (Fig. 3c-II). By subtracting the
bacterial ATP signal (obtained from the ODMB) from the total ATP
signal, the fungal ATP contribution could be isolated, allowing for an
independent quantification of bacterial and fungal ATP. The ODMT chip
design is presented in detail in Section 5 of Supplementary Material
(Figure S5b). In this configuration, both the sample and the premixed
reagent were introduced at 35 uL/min, yielding a total flow rate of
70 pL/min.

2.2.3. Mixing performance in the microfluidic chip

The microfluidic chips used in the ODMB and ODMT modules shared
identical geometries in the mixing zone. Mixing performance was
assessed using an image-based colorimetric method, in which the satu-
ration component in the HSV (Hue, Saturation, Value) color space
served as a quantitative indicator of color homogeneity [21,22]. In
summary, optical images of the inlet and outlet regions were analyzed to
calculate the mean and standard deviation of the saturation values, with
reduced saturation heterogeneity indicating improved mixing. As
detailed in Section 6 of Supplementary Material, the ODMB chip showed
progressive improvements in mixing from the inlet to the outlet at each
stage, confirming the effectiveness of its two-step mixing design.

2.2.4. Lysis performance in the microfluidic chip

The microfluidic chips used in the ODMB and ODMT modules shared
identical geometries in the incubation zone. Lysis performance was
evaluated by comparing the bioluminescence signals obtained at
different lysis times (4, 8, and 12 min). The times were changed by
adjusting the inlet flow rate. As described in Section 7 of Supplementary
Material (Figure S7), the 4 min condition produced no detectable or
weaker signals, whereas the 8 min and 12 min conditions showed
overall comparable signal levels for the tested microorganisms. These
results indicate that, under the flow and reagent conditions used in this
study, a lysis time of approximately 8 min was sufficient to generate
ATP-derived bioluminescence signals.

2.2.5. Bioluminescence detection

The optical detection zone of each module was designed as an
elliptical area (approximately 8 mm x 2 mm) to enhance light collection
efficiency. Two 1-in convex lenses (LB1761-A, Thorlabs Inc.) focused the
emitted light onto a photomultiplier tube (PMT; H10723-110, Hama-
matsu Photonics), which converted the optical signal into an electrical
output. Further details on the optical configuration are provided in
Section 8 of Supplementary Material.

3. Materials and methods
3.1. Preparation of test particles

Polystyrene latex particles with diameters of 80 nm, 350 nm,
500 nm, 1.0 pm, and 1.5 pm were purchased from Thermo Fisher Sci-
entific (USA) and used to evaluate collection efficiency of the wet
cyclone. The experimental methods and results used for evaluating the
collection efficiency of the wet cyclone are thoroughly described in
Section 3 of Supplementary Material.

The test microorganisms used were the Gram-positive bacterium
Staphylococcus aureus (S. aureus; KCTC 1621), the representative Gram-
negative bacterium Escherichia coli (E. coli; ATCC 25922), and the fungus
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Candida albicans (C. albicans; KCTC 77556). These strains were pur-
chased from Korean Collection for Type Cultures (KCTC) and American
Type Culture Collection (ATCC). These microorganisms are commonly
found in indoor environments and have been evaluated in various bio-
aerosol studies [23-25].

3.1.1. Bacterial suspension preparation

The bacteria were incubated in tryptic soy broth (BD Difco, Sparks,
MD, USA) at 37 °C under shaking (200 rpm) for 24 h. When the bacterial
suspensions reached an optical density of 1.0 at 600 nm, the cells were
harvested via centrifugation at 5000 xg for 10 min and washed three
times using DI water to remove the medium residues. The final con-
centrations of the cultured S. aureus and E. coli suspensions were both
approximately 108 CFU/mL.

3.1.2. Fungal suspension preparation

The fungi were incubated in sabouraud dextrose broth (BD Difco,
Sparks, MD, USA) at 37 °C under shaking (200 rpm) for 48 h. When the
fungal suspension reached an optical density of 1.0 at 600 nm, the cells
were collected via centrifugation at 5000 xg for 10 min and washed
thrice using DI water to remove residues. The concentration of resulting
fungal suspension was approximately 10’ CFU/mL.

3.2. Bioluminescent reagents

3.2.1. Reagents for ODMB

To identify the most effective lysis reagent for bacterial ATP detec-
tion, we evaluated several commercially available lysis buffers,
including a Bacterial Protein Extraction Reagent (B-PER; Thermo Fisher
Scientific, USA), cOmplete™ Lysis-M EDTA-free (Lysis-M; Roche,
Switzerland), and Bacterial Cell Lysis Buffer (GoldBio, USA). Each lysis
reagent was added to the bacterial suspension to disrupt the cell mem-
brane and release intracellular ATP. The luciferin-luciferase reaction
was performed using the ATP Bioluminescence Assay Kit CLS II (Roche,
Basel, Switzerland), which provided the enzymatic components required
for ATP-dependent luminescence. This configuration allowed for a fair
comparison of lysis efficiency across different reagents by ensuring that
the luminescence intensities reflected ATP release rather than reagent-
specific assay chemistry.

A comparative analysis showed that B-PER produced the strongest
and most consistent luminescence signals, indicating superior lysis ef-
ficiency for the bacterial samples. Therefore, B-PER was selected as the
optimal lysis reagent for subsequent bacterial detection experiments.
Detailed performance comparisons of the evaluated reagents are pre-
sented in Section 9 of Supplementary Material (Figure S9a).

3.2.2. Reagents for ODMT

To identify effective lysis reagents suitable for detecting a broad
range (in terms of concentration) of fungi, comparative experiments
were performed using several commercially available buffers. The re-
agents evaluated included a BacTiter-Glo™ Microbial Cell Viability
Assay (BacTiter; Promega, USA), Cell Lysis Solution for Yeast and Fungi
(CLS-Y; MP Biomedicals, USA) and Yeast Protein Extraction Reagent (Y-
PER; Thermo Fisher Scientific, USA). BacTiter contains both a lysis
buffer and a luciferin-luciferase enzyme system, allowing the direct
induction of ATP-dependent bioluminescence upon cell lysis. In
contrast, CLS-Y and Y-PER require an additional enzymatic step; the
bioluminescence reaction was performed using the luciferin-luciferase
reagent included in the ATP Bioluminescence Assay Kit CLS II (Roche,
Basel, Switzerland).

Among the tested reagents, BacTiter demonstrated the highest signal
intensity and most stable performance with fungal cells. Therefore,
BacTiter was selected as the optimal lysis reagent for ODMT-based
fungal detection. Detailed comparative results are provided in Section
9 of Supplementary Material (Figure S9b).
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3.3. Standard curves for ATP solution

Fig. 4a shows the experimental setup used to assess the detection
capabilities for the ODMB and ODMT at various ATP concentrations. An
ATP solution was prepared by dissolving a certain amount of ATP
powder (contained in the ATP Bioluminescence Assay Kit CLS II). The
solution was then diluted to obtain a series of solutions of different
concentrations. Subsequently, each diluted ATP solution was injected
into the microfluidic chip. In the ODMB, B-PER and BacTiter solution
(containing both the lysis buffer and luciferin-luciferase components)
were sequentially injected. For the ODMT, a single reagent (BacTiter)
containing both lysis buffer and luciferin-luciferase was used.

The resulting bioluminescence signal was measured using a PMT in
each optical detection module. Two standard curves were established by
correlating the bioluminescence intensities measured by the ODMB and
ODMT, respectively, with ATP concentration (Carp, nM); AVopup = a X
Carp and AVpopyr = b X Carp, where a and b are proportionality con-
stants. AVopyp and AVopyr denote output voltages (mV) from the PMTs
of the ODMB and ODMT, respectively, relative to their baseline dark
noises.

3.4. Standard curves for bacteria and fungi samples

The prepared bacterial and fungal suspensions were independently
diluted. Thereafter, the diluted bacterial samples were injected into the
ODMB. The B-PER and BacTiter solutions were then sequentially
introduced according to a standard ATP test procedure. B-PER lysed
bacterial cells, while BacTiter triggered an ATP-dependent biolumines-
cence reaction. The experiments were repeated using a diluted fungal
sample injected into the ODMB. The experiments were also repeated by
varying the concentrations of the bacterial and fungal samples (Fig. 4b-
). All luminescence signals from both the bacterial and fungal samples
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were recorded using a PMT integrated into the ODMB. Because ODMB
lacks fungal lysis capability, the fungal samples generated only
background-level luminescence.

The diluted bacterial samples were injected into the ODMT, after
which a BacTiter solution was introduced into the ODMT. Since the
BacTiter contained both a lysis component and a luciferin-luciferase
enzyme, the resulting luminescence signal was recorded using a PMT
integrated into the ODMT. The experiments were repeated using diluted
fungal samples injected into the ODMT. In addition, the experiments
were repeated by varying the concentrations of the bacterial and fungal
samples (Fig. 4b-I).

For CFU analysis, each diluted sample (0.1 mL) was plated onto a
growth medium. Tryptic soy agar (TSA) was used for bacterial cultures
(incubated at 37 °C for 24 h), and Sabouraud dextrose agar (SDA) was
used for fungal cultures (incubated at 37 °C for 48 h). Colony counts
were recorded after incubation (Fig. 4b-II).

A standard curve for bacterial concentration was established by
correlating the bioluminescence intensities measured from the ODMB
with CFU values obtained from plate counting: AVopyp = ¢ X Cpaterias A
Vopom =€ X Cungi, Where Cpqreriq and Cpung represent the bacterial and
fungal concentrations (CFU/mL), and ¢ and ¢ are proportionality con-
stants. Notably, the proportionality constant ¢ was effectively zero
because an ODMB cannot lyse fungal cells and, therefore, produces
negligible luminescence for fungi. Similarly, the bioluminescence sig-
nals measured from the ODMT were correlated with CFU values to
establish standard curves for both bacteria and fungi, following the re-
lations AVopyr = d X Cpacteria, and AVopyr = € X Cpug, Where d and e
are proportionality constants.

The ODMB signal reflected ATP derived exclusively from bacterial
cells, while the ODMT signal represented total ATP from both bacteria
and fungi. Accordingly, the bioluminescence from bacteria could be
estimated as follows:
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Fig. 4. (a) Schematic diagram of the process used to establish standard curves for ATP concentration by measuring bioluminescence signals in ODMB and ODMT. (b)
Schematic of experimental setup for establishing calibration curves for bacteria and fungi.
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AVopms
c

(2)

Chacteria =

Bioluminescence from fungi can be estimated by subtracting the
ODMB signal from the ODMT signal, as follows (see Section 10 of Sup-
plementary Material)

1
e 3
e

Cpungi =

dx AV,
X (AVODMT - #)

3.5. Chamber test of BADD for aerosolized bacteria and fungi

The performance of the BADD was evaluated under controlled lab-
oratory conditions to assess its response to time-varying airborne
microorganism concentrations. Fig. 5 shows a schematic diagram of the
experimental setup used for this assessment.

S. aureus and C. albicans were used as representative bacterial and
fungal species, respectively. For each test, 10 mL of bacterial suspension
(~108 CFU/mL) or 10 mL of fungal suspension (~106 CFU/mL) was
loaded into an Aerogen Pro nebulizer (Aerogen Ltd., Ireland) mounted
on top of a sealed acrylic test chamber (500 x 500 x 500 mrn3, 125 L).
The Aerogen Pro nebulizer used vibrating mesh technology to generate
aerosols without requiring an external air supply. Each suspension was
aerosolized for 10 min, and a small circulation fan was installed and
operated during aerosolization to ensure uniform mixing of the bio-
aerosols within the chamber.

During aerosolization, the BADD recorded bioluminescence voltage
signals at 1-min intervals to detect ATP-originated bioluminescence
signals released from the collected airborne microorganisms. The BADD
was operated at a sampling flow rate of 15 L/min. Simultaneously, an
Aerodynamic Particle Sizer (APS; model 3321; TSI Inc., USA), which
measured the particle size and concentration based on the aerodynamic
diameter, was used to monitor the total particle concentration within
the chamber over the same time intervals. Aerodynamic diameter is
defined as the diameter of a spherical particle with a density of 1 g/cm®
that settles at the same velocity as the particle in question under the
influence of gravity. The APS was operated at a sampling flow rate of
1 L/min. Details regarding the APS are provided in Section 11 of Sup-
plementary Material. To compensate for the total air flow rate of 16 L/
min, make-up clean air was supplied to the acrylic chamber through a
high efficiency particulate air filter. This setup ensured sufficient and
stable airflow to support the operation of both the BADD and APS
throughout the experiment.

The real-time bioluminescence signals recorded by the BADD were
then compared with APS-derived particle concentration profiles to
validate the responsiveness of the BADD to time-dependent microbial
levels. Air sampling with MAS-100 NT was not performed because
operating this sampler at 100 L/min for 1 min would withdraw a sub-
stantial fraction of the air from the chamber (125 L) within a short
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Fig. 5. Experimental chamber setup for evaluating airborne microbial detec-
tion using BADD system.
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period, thereby significantly disturbing the chamber bioaerosol con-
centration profile. Meanwhile, the APS was operated at 1 L/min,
resulting in a much smaller disturbance to the chamber atmosphere and
making it more suitable for monitoring time-varying particle concen-
trations under controlled conditions. Therefore, APS measurements
were used in the chamber test as a low-disturbance reference for time-
varying aerosol concentrations. This chamber setup confirmed that the
BADD could reliably detect and track dynamic changes in airborne
bacterial and fungal concentrations in real time under controlled labo-
ratory conditions.

3.6. Field test of BADD

The measurement performance of the BADD was compared with that
of the MAS-100 NT (Merck, Germany) through field tests conducted at
two different locations within Yonsei University, Seoul, Korea: the lobby
of the College of Engineering Building on August 16 (16:20-17:30) and
the lobby of the Engineering Hall on September 24 (15:00-16:00), 2025.
During the field measurements, the ambient temperature and relative
humidity were 27.3 + 0.6 °C and 58.6 + 1.4%, respectively, in the
lobby of the College of Engineering Building and 24.1 + 0.4 °C and 68.2
+ 1.7%, respectively, in the lobby of the Engineering Hall.

The commercial air sampler (MAS-100 NT) complied with the ISO
14698 guidelines and fully met the cut-off-diameter requirement. The
cut-off diameter refers to the aerodynamic particle size at which the
sampling efficiency of a device drops to 50%, meaning that particles
larger than this threshold are efficiently collected, whereas smaller
particles may pass through or be collected with lower efficiency.
Airborne microorganisms passed through 400 holes (each approxi-
mately 0.7 mm in diameter) and were directly collected on a TSA plate
and SDA plate, for bacteria and fungi, respectively. The MAS-100 NT
was operated at a flow rate of 100 L/min for 1 min over 10-min in-
tervals. Thereafter, the bacterial and fungal colony numbers on the agar
plate were counted after incubation for 72 h at 37°C and 120 h at 30°C,
respectively. The concentration of bacteria (Cggcteriaair) Or fungi
(Crungi.air) in air was calculated as follows [26]:

CFUbacteria or CFUﬁ_mg

v x 10[CFU/m?] 4

Cbacteria,air or Cfungi.air =
where CFUpqcreriqandCFUfng; represent the colony counts of bacteria and
fungi, respectively. V is the volume of the sampled air (L). Because 100 L
of air was sampled using the MAS-100 NT, a correction factor of 10 was
applied to express the results as CFU per cubic meter of air.

Based on the calibration functions in Egs. (1), (2), and (3), the
following inverse relationships were derived to convert the biolumi-
nescence signals from the BADD into airborne microbial concentrations:

AV,
Cbacteria,air = c XOD;/I?: (5)
1 d x AV,
Chngi. air =56 ¥ (AVODMT - %) 6

Airborne microbial concentrations were calculated from the MAS-
100 NT data and compared to the BADD data. In parallel, the concen-
trations of airborne particles were continuously monitored using an APS.

4. Results and discussion
4.1. Standard curve results for ATP solution

To evaluate the performance of the optofluidic detection modules,
the bioluminescence signals from ATP standards were measured across a
range of concentrations.

Fig. 6a shows the relationship between ATP concentration and PMT
voltage in the ODMB. The ODMB exhibited a linear response to ATP
concentration (Vopyp (mV) = 2.4x 1073 x Carp + 0.69), with a
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Fig. 6. Bioluminescence response of optofluidic detection modules. (a) Calibration curve of bacterial detection module (ODMB) as a function of ATP concentration
(R? = 0.98). (b) Representative time-response curve of ODMB at an ATP concentration of 171.5 nM (datum point P in panel (a)). (¢) Calibration curve of total
microorganism detection module (ODMT) as a function of ATP concentration (R* = 0.99). (d) Representative time-response curve of ODMT at an ATP concentration
of 171.5 nM. (e) Bioluminescence responses of ODMB to bacterial and fungal suspensions (R* = 0.99 for S. aureus, R? = 0.93 for E. coli). (f) Bioluminescence responses
of ODMT to bacterial and fungal suspensions (R* = 0.88 for S. aureus, R* = 0.96 for E. coli, R* = 0.96 for C. albicans).

correlation coefficient of R? = 0.98. In ATP-free blanks acquired under
identical optical settings, the baseline mean value (Vjjqnx) was 0.69 mV
while the standard deviation (opign) Was 0.0075 mV, resulting in a
detection threshold of 0.7125 mV (According to Currie (1968) [27], the
detection threshold is calculated as Vg = Vpignk + 30biank)- By
substituting 0.7125 mV into the linear response equation, Ca7p becomes
9.36 nM. (limit of detection [LOD]). Each data point shown in Fig. 6a
was obtained by averaging the signal over 1-min intervals within the
plateau region of the time-response curve. For example, Fig. 6b shows
the time-response curve of the datum point ‘P’ of Fig. 6a, showing an

increase in bioluminescence intensity and then a plateau at an ATP
concentration of 171.5 nM.

Fig. 6¢ shows the relationship between ATP concentration and PMT
voltage in the ODMT, which exhibited a linear response to ATP con-
centration (Vopyr = 3.7 x 1073 x Carp + 0.69; mV), with a correlation
coefficient of R? = 0.99. In ATP-free blanks obtained under identical
optical settings, the baseline mean and standard deviation for the ODMT
was 0.690 + 0.0095 mV, resulting in a detection threshold of
0.7185 mV. From this, the ATP LOD was determined to be 7.70 nM.
Each data point shown in Fig. 6¢ was obtained by averaging the signal
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over 1-min intervals within the plateau region of the time-response
curve. Fig. 6d presents the time-response curve of the ODMT at an
ATP concentration of 171.5 nM, showing an increase and then stabili-
zation of the bioluminescence signal.

4.2. Standard curve results for bacterial and fungal solutions

To evaluate the performance of the optofluidic detection modules,
the bioluminescence signals from microbial samples were also measured
across a range of concentrations.

Fig. 6e shows the detection performance of the ODMB for bacteria
and fungi at different concentrations. B-PER effectively lysed S. aureus
and E. coli, allowing efficient ATP extraction and subsequent detection
of bioluminescence signals with correlation coefficients of R> = 0.99 and
R? = 0.93, respectively. Contrastingly, B-PER was ineffective against
C. albicans, resulting in a negligible bioluminescence response, demon-
strating that B-PER is suitable for selectively targeting bacterial cells.
Based on these results, the ODMB output voltage exhibited a linear
correlation with bacterial concentration (Vopys = 1.1 x 1073 x
Chacteriaposiive +  0.66 for ~ Gram-positive  bacteria; Vopms = 6.2
1074 x Chacteria_negative +0.67 for Gram-negative bacteria).

Accordingly, the bacteria concentration in the liquid samples was
quantified as:

Vooms —  0.66

Cbacteria _positive (CF U/ nIL) = W (7)
\% - 0.67
Cbacteria,negative (CF U/ mL) = % (8)

By substituting detection threshold of 0.7125 mV into Eq. (7) and Eq.
(8), the LODs calculated were as 20.5 CFU/mL for S. aureus (Gram-
positive) and 36.3 CFU/mL for E. coli (Gram-negative).

Under identical ODMB and B-PER conditions, E. coli exhibited a slope
of 6.2 x 1074, while S. aureus showed 1.1 x 1073. The higher biolumi-
nescence signal of S. aureus was due to the fact that the intrinsic ATP
content of Gram-positive bacteria is higher than that of Gram-negative
bacteria [28]. Therefore, it was demonstrated that B-PER was suffi-
ciently effective in releasing ATP, although Gram-positive S. aureus is
generally more resistant to lysis because of its thick peptidoglycan layer.

Fig. 6f shows the detection performance of the ODMT for bacteria
and fungi at different concentrations. Unlike the ODMB, the ODMT
utilized a single reagent (BacTiter) that integrated both the lysis buffer
with luciferin-luciferase, thereby enabling concurrent cell lysis and
bioluminescence generation within the microfluidic channel. Under the
selected reagent and assay conditions, the tested bacterial samples
generated earlier bioluminescence signals than the tested fungal cells,
whereas the fungal signal appeared after a longer lysis period. As a
result, the fungal signal was generated primarily within the detection
zone. The ODMT exhibited linear responses to the concentrations of
Gram-positive bacteria, Gram-negative bacteria, and fungi (Vopur =
1.1 x 1073 X Chacteriaposire + 0-65, Voomr = 5.9 X 107* X Chacteriangane +
0.71; Vopmr = 1.6 X 1073 X Cpingi + 0.69).

The total ATP amount was first determined from the ODMT voltage
signal to isolate the fungal signal from a Gram-positive bacteria—fungi
mixture sample. The bacterial ATP contribution was then subtracted
using the bacterial concentration obtained from the ODMB, yielding the
net fungal ATP signal. The fungal concentration in the Gram-positive
bacteria—fungi mixture sample (Cpyngips) Was then derived from the
isolated fungal ATP signal, using the following equation:

1
Cngirs  (CFU/mL) = = ~55
) ©)]
v 0.69 11 x10*x  (Vopmp — 0.66)
opmT = 11 x 104
Similarly, the fungal concentration in the Gram-negative

Journal of Hazardous Materials 512 (2026) 142352

bacteria—fungi mixture sample (Cpuging) Was derived from the isolated
fungal ATP signal, using the following equation:

1
Chagin (CFU/mL) =36~ 55

59 x10*x (Vopms — 0.67)
6.2 x10*

(10

<VODMT —-0.71 -

Using ATP-free blanks measured in triplicates under identical optical
settings, the detection threshold was defined as Vi = Vi + 30biank,
where opanis equal t00.0075 mV. By substituting 36y into the ODMT
calibration curves, the ODMT LODs under single-analyte conditions
were calculated as 25.9 CFU/mL for S. aureus (Gram-positive), 48.3
CFU/mL for E. coli (Gram-negative), and 17.8 CFU/mL for C. albicans,
based on the respective calibration slopes of 1.1 x 1073, 5.9 x 107#, and
1.6 x 1073,

4.3. Chamber test results for aerosolized bacteria and fungi

Because bioaerosol concentrations can fluctuate abruptly, the rapid
responsivity of the BADD was a critical indicator of its performance. To
evaluate this capability, chamber experiments were conducted using
aerosolized S. aureus and C. albicans.

For bacterial aerosols, the BADD voltage signals closely followed the
sharp rise and fall of chamber concentrations, with an observed delay of
approximately 15 min caused by sample transport through the wet
cyclone and microfluidic modules. During aerosolization, the signals
increased rapidly and then dropped sharply once nebulization was
stopped, showing a strong correlation with the particle concentration
dynamics (Fig. 7a).

For fungal aerosols, the BADD likewise exhibited a clear response to
changes in C. albicans concentration. A delay of approximately 15 min
was also observed, and the signals rose distinctly during aerosolization
and decreased once the process ceased (Fig. 7b).

These results demonstrated that the BADD could rapidly respond to
concentration changes in both bacteria and fungi. Notably, when
comparing the BADD outputs with the actual concentration profiles, a
temporal correction of approximately 15 min was required, confirming
that the system could sensitively and reliably track abrupt variations in
bioaerosol levels in real time.

4.4. Field test results of BADD

Two field tests were conducted at Yonsei University, Seoul, Korea: in
the lobby of the College of Engineering Building on August 16
(16:20-17:30), and in the lobby of the Engineering Hall on September
24 (15:00-16:00), 2025.

During the first field test, the ODMB voltage signal closely followed
the temporal variation in the total airborne particle number concen-
tration recorded by the APS (Fig. 8a). Although the APS reported the
total particle number concentration without distinguishing between
biological components, the similar temporal patterns indicated that the
ODMB reliably tracked fluctuations in bioaerosol loading through ATP-
dependent detection. A 15-min temporal correction, consistent with the
chamber results, was applied to align the ODMB signals with the APS
and MAS-100 NT measurements.

Fig. 8b shows the airborne bacterial concentrations estimated from
the ODMB voltage signals using Eqs. (1), (7), and (8). Eq. (1) provides
the EC, while Egs. (7) and (8) relate the ODMB voltage to bacterial
concentration. Combining these relationships yields:

1  Vopus — 0.66

Cbacteriayoxitive.air (CFU/m3) - E X W X 106 (11)

1 V —0.67
Cbacteria_negative.air (CFU/m3) = R X % X 106 (12)
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Fig. 7. (a) Bioluminescence intensity measured over time during exposure to aerosols generated by nebulizing bacterial suspension. (b) Bioluminescence intensity
measured over time during exposure to aerosols generated by nebulizing fungal suspension. Chamber conditions: temperature = 26 °C, relative humidity = 34%.

Because the conversion factors differed for Gram-positive and Gram-
negative bacteria, the resulting absolute concentrations spanned a
range; however, both estimates exhibited similar temporal trajectories,
indicating that the ODMB robustly resolved time-varying bacterial
loading under field conditions.

The ODMT exhibited a similar response, showing an initial increase
followed by a decline that paralleled the APS trend (Fig. 8a). The
airborne fungal concentrations estimated from the ODMT voltages using
Egs. (1), (9), and (10) are also shown in Fig. 8b. Egs. (9) and (10) relate
the ODMT voltage to the fungal concentration after subtracting the
bacterial contribution measured using the ODMB. Here, fungi (PB) and
fungi (NB) denote the fungal concentrations corrected by subtracting the
Gram-positive- and Gram-negative-based bacterial contributions,
respectively. Combining Egs. (1), (9), and (10) yields:

1 1
Cpngion,ar (CFU/m’) = g% 16 7g75 (Voowr —0.69 13)
- (VODME — 066) ) X 106

1 1
Cﬂngi(NB),air (CFU/ms) = E X W

% (Vopup —0.67) ) x 10° (14)

(VODMT —0.71-0.95

Under the present operating conditions (15-L/min wet cyclone), the
airborne LODs were 96 CFU/m? (Gram-positive bacteria) and 169 CFU/
m? (Gram-negative bacteria) for the ODMB, and 83 CFU/m?® for the
ODMT-derived fungi; thus, concentrations near these thresholds should
be carefully interpreted.

In the second field test, both the ODMB and ODMT voltage signals
(Fig. 8c) exhibited temporal variations that closely followed the APS
trend, demonstrating consistent ATP-dependent detection of airborne
bioaerosol fluctuations. The same 15-min temporal correction used at
the first site was applied to align both modules with the APS measure-
ments (and, where available, MAS-100 NT measurements). Fig. 8d
shows the airborne bacterial concentrations estimated from the ODMB
voltages using Eq. (11) and Eq. (12), as well as the airborne fungal
concentrations estimated from the ODMT voltages using Eq. (13) and
Eq. (14). The ODMB-derived bacterial concentrations and ODMT-
derived fungal concentrations were comparable to the corresponding
MAS-100 NT culture-based measurements in terms of magnitude and
overall temporal tendency (Fig. 8d), while occasional deviations were
expected owing to the differences between ATP-based and culture-based
readouts. The dynamic indoor lobby environment (e.g., changes in oc-
cupancy, ventilation, and door-opening events) may have contributed to
the observed rapid concentration excursions, emphasizing the value of
real-time monitoring for capturing transient bioaerosol fluctuations.

4.5. Limitations of BADD in field applicability

When interpreting field measurements, differences between the ATP-
based signals from the BADD and culture-based CFU counts can be
attributed to four factors.

First, viable-but-nonculturable cells persist in a metabolically active
state that retains intracellular ATP yet fails to produce colonies under
routine plating; consequently, ATP levels can remain high while CFUs
are low in the same air sample [29-31]. Second, cellular ATP content
varies by taxon and physiological state; therefore, equal CFUs do not
suggest equal ATP levels (and conversely, equal ATP levels do not sug-
gest equal CFUs). For example, spores versus vegetative cells and
exponential versus stationary phases exhibit order-of-magnitude dif-
ferences in the number of ATPs per cell, leading to a systematic diver-
gence between ATP- and CFU-based readouts as the community
composition and growth state shift in the field [32]. Third, matrix
constituents in real-world aerosols may affect luciferase kinetics and
light yield, potentially biasing the bioluminescence response [33]. To
evaluate this effect, potential interference from particulate matter dur-
ing ATP-based detection was assessed (spike-and-recovery test). Resul-
tantly, no significant interference was observed under the tested
conditions. Detailed results are provided in Section 12 of Supplementary
Material. Fourth, the composition and abundance of airborne microbial
communities can vary substantially with location, season, and envi-
ronmental conditions [34-36]. Accordingly, ATP-CFU calibration re-
lationships established from laboratory-prepared single-species
suspensions at controlled temperature and relative humidity (26 °C,
34%) may not adequately account for the species-specific ATP content
and lysis behavior of microorganisms present in real-world aerosols. In
practical field applications, the laboratory-derived calibration co-
efficients may therefore be used as baseline values; however, when
systematic deviations arise owing to site- or season-dependent shifts in
airborne microbial communities, the application of additional correc-
tion factors based on verification against a reference culture-based
method may be necessary to improve quantitative accuracy. Thus,
reliable field quantification may be achieved through an initial
site-specific verification followed by periodic validation, without
necessitating re-establishment of the calibration relationship for every
deployment.

From an operational perspective, field deployment is constrained by
consumable usage and reagent storage stability. Under the present
continuous-flow configuration, each reservoir in the BADD had an
approximate capacity of 30 mL, corresponding to continuous operating
durations of approximately 3.3 h for the DI-water supply, 14.3 h for the
B-PER reservoir, and 4.8 h for the shared luciferin-luciferase reservoir.
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Fig. 8. Field test results of Bioaerosol Detection Device (BADD) conducted at two different locations within Yonsei University, Seoul, Korea. (a) Real-time voltage
signals obtained from ODMB and ODMT modules compared with airborne particle concentration (APS) at the College of Engineering Building site. (b) Bacterial and
fungal concentrations estimated from ODMB and ODMT voltages, compared with MAS-100 NT results. (c) Real-time ODMB, ODMT, and APS signals measured at the
Engineering Hall site. (d) Bacterial and fungal concentrations estimated from ODMB and ODMT voltages, compared with MAS-100 NT results. Fungi (PB) represents
fungal concentration estimated after accounting for contribution from Gram-positive bacteria, whereas Fungi (NB) represents fungal concentration estimated after
accounting for contribution from Gram-negative bacteria. During the field measurements, the ambient temperature and relative humidity were 27.3 + 0.6 °C and
58.6 + 1.4%, respectively, at the College of Engineering Building site, and 24.1 + 0.4 °C and 68.2 + 1.7%, respectively, at the Engineering Hall site.
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In addition, some assay reagents require controlled storage conditions to
maintain stable performance over extended periods. Therefore,
extended field deployment would benefit from cooled reagent com-
partments or replaceable reagent cartridges.

4.6. Complementary application of BADD and ultraviolet laser-induced
fluorescence (UV-LIF) instruments

Ultraviolet laser-induced fluorescence (UV-LIF) instruments, such as
ultraviolet aerodynamic particle sizer and wideband integrated bio-
aerosol sensor, are valuable tools for real-time bioaerosol monitoring
because they provide rapid, single-particle fluorescence measurements.
However, they generally report fluorescent particles rather than directly
quantifying airborne bacterial and fungal concentrations in CFU-based
terms, and their outputs may be influenced by non-biological fluores-
cent interferers [37]. In contrast, the ATP-based BADD quantifies
metabolically active microbial burden after collection and lysis [38].
Moreover, the BADD is less dependent on intrinsic particle fluorescence
and enables operational estimation of bacterial and fungal contributions
through differential lysis. Accordingly, UV-LIF and ATP-based ap-
proaches should be regarded as complementary tools for bioaerosol
surveillance.

5. Conclusion

This study developed a BADD that integrates a wet cyclone sampler
(15 L/min) and dual optofluidic bioluminescence modules (ODMB and
ODMT) for the real-time, simultaneous monitoring of airborne bacteria
and fungi. The device enabled sequential ATP extraction and lumines-
cence detection from bacteria and fungi, allowing the simultaneous
quantification of both bacteria and fungi within a single analytical cycle.
Laboratory validation demonstrated LODs of 20.5 CFU/mL for Gram-
positive bacteria, 36.3 CFU/mL for Gram-negative bacteria, and 17.8
CFU/mL for fungi in liquid samples, corresponding to airborne limits of
96 CFU/m3, 169 CFU/m3, and 83 CFU/mg, respectively. Furthermore,
chamber tests confirmed a rapid response to time-varying concentra-
tions with a temporal correction of approximately 15 min. Field tests
conducted in two indoor environments (College of Engineering Building
and Engineering Hall, Yonsei University) verified that the BADD outputs
closely tracked the temporal variations in airborne bacterial and fungal
concentrations measured using a commercial sampler (MAS-100 NT).
Overall, the BADD provides a compact, field-validated system for low-
latency monitoring of indoor bacterial and fungal bioaerosol fluctua-
tions. Rather than replacing culture-based identification and confirma-
tion workflows, it can serve as a complementary tool for bioaerosol
exposure surveillance, risk screening, and risk-informed environmental
response in dynamic indoor settings.

Environmental implications

Conventional culture-based bioaerosol monitoring often provides
delayed results and may miss short-lived fluctuations relevant to indoor
exposure and environmental response. The proposed BADD enables real-
time, on-site differential tracking of airborne bacterial and fungal con-
centrations, supporting exposure surveillance and risk screening in dy-
namic indoor environments. As a complementary tool to culture-based
identification workflows, this platform can improve the timeliness of
bioaerosol monitoring and support risk-informed environmental
management.
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