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/ Abstract \

Recently, new approach methods (NAM) have been utilized to reduce animal experimentation and housing and care costs. The use of NAM to
assess safety is paramount, underscoring the need for the method to be established for validity and reliability. NAM for inhalation toxicity is now
developing to replace traditional animal inhalation toxicity tests. To align with animal inhalation toxicity studies, dosimetry and dose metrics for in
vitro inhalation must be consistent with those of animal studies. In this study, we present a novel approach to address key elements of dosimetry
and dose metric characterization for in vitro inhalation toxicity testing using an air-liquid interface (ALI) system. By generating nanosized NaCl
aerosols and exposing a 6-transwell ALI system for two hours, we quantitatively determined deposited doses for each transwell. Our study further
identifies critical dose metrics for in vitro inhalation studies, including particle size, number concentration, concentration stability, and deposition
variability during exposure. Importantly, when comparing the deposition outcomes of in vitro and in vivo systems, our results demonstrate
that the in vitro deposition variability closely mirrors that observed in vivo lung deposition. This finding underscores the potential of our in vitro
methodology to align with regulatory inhalation guidelines, offering a robust framework for transitioning from animal-based inhalation studies to
NAM-based approaches. Our work contributes to the growing body of evidence supporting the scientific and regulatory feasibility of NAMs in
inhalation toxicology, highlighting their capability to deliver accurate and reproducible results.

\Keywords: In vitro inhalation, New approach methods, Air-liquid interphase, Dosimetry, Dose metric /

INTRODUCTION

New approach methodologies (NAMs) have been defined
as any in vitro, in-chemical, or computational (in silico)
method that, when used alone or in concert with others,
enables improved chemical, drug, and pesticide safety
assessment through more protective and/or relevant models
and as a result, contributes to the replacement of animals.
Traditionally, inhalation toxicity tests expose animals to
acute, subacute, subchronic, or chronic in the inhalation
chambers with defined concentrations. The duration of
exposure to animals lasts 4 hours, once for acute tests and
6 hours/day for subacute, subchronic, and chronic periods.
Generally accepted regulatory inhalation test guidelines
OECD test guideline (TG) 403 (acute) [1], 412 (subacute)

[2], 413 (subchronic) [3], and guidance document 39 [4] to
assist the regulated community and regulators in selecting
the most appropriate inhalation TG so that particular data
requirements can be met while reducing animal usage and
suffering. These guidelines prescribe sex and number of
animals to expose, exposure method (whole-body or nose-
only), duration of exposure, concentration levels (one control
and three concentrations), exposure conditions, chamber
airflow, test article concentration monitoring, particle size
measurement, and animal husbandry. These inhalation
tests are very expensive and require special equipment
and dedicated space. However, with the potential of in
vitro inhalation studies to mimic in vivo conditions, there is
hope for a more cost-effective and animal-friendly future in
inhalation toxicology.
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Flow-through exposure mode used in animal inhalation tests
has been applied to in vitro inhalation tests. In flow-through
ALl exposure systems, a minimal sample flow is introduced
to the apical surface of the biological test system. The slower
aerosol movement, caused by stagnation in the flow, results
in deposition primarily through diffusion [5-7]. Several in vitro
aerosolexposuredevicestoinvitrocell cultures atthe air-liquid
interphase (ALI) have been developed to mimic pulmonary
exposure situations, including a nano aerosol chamber for
in vitro toxicity (NACIVT) [8], multi-culture exposure chamber
(MEC) [9], Preciselnhale®/XposeALI® [10], and commercially
marked VITROCELL® and CULTEX®. Flow-through ALI
systems employ alternative deposition techniques, such as
thermophoresis and electrostatic deposition, and feature
varying configurations, such as parallel sample flow to the
apical side. These systems can also be adjusted with different
parameters, including flow rates and the use of constant or
pulsed electrophoresis [8, 11-12]. These systems have been
used to test cigarette smoke, fumes, nanoparticles and indoor
pollutants. A one-day workshop on ALl in vitro models for
respiratory toxicology held in Paris in March 2016 reached a
consensus conclusion that validation of in vitro inhalation is a
key issue to challenge [8]. Along with validation, the reliability
of in vitro inhalation toxicity measurements using ALl is a key
issue [13].

In order for in vitro results to be comparable to in vivo
results, it is important that the dosimetry and dose metrics
are comparable. Dosimetry refers to the amount of a particle
dose, either inhaled, deposited, or retained, whereas Dose
metrics (i.e., the measure of the dose) can be expressed
as particle number, surface area, mass, surface reactivity,
specific surface reactivity, and others like ROS-inducing
capacity [14]. Table 1 compares exposure dose metrics in
vivo with in vitro inhalation study. In contrast, using rats or
mice in animal inhalation studies, in vitro study frequently
uses human primary pneumocytes or cell lines derived from
human carcinoma cells cultured in air-liquid interphase
(ALI) mode. In ALl culture, a key characteristic is that the
cells’ basal surface interacts with the liquid culture medium
while the apical surface is exposed to air. Typically, cells
are seeded onto the permeable membrane of a cell culture
insert, initially providing a culture medium to both apical and
basal compartments. Once the cells reach confluence, they
are subjected to an “air-lift” process, where the medium is
provided solely to the basal chamber. This arrangement
mimics the environment of the human airway, encouraging
the development of a mucociliary phenotype. The dose
metrics of animal inhalation tests require that the exposure
atmosphere should be held as constant as practicable, and
individual chamber concentration samples should deviate
from the mean chamber concentration by no more than
+10% for gases and vapors and by no more than +20%

for liquid or solid aerosols (Table 1). In vitro studies must
maintain the same concentration over the exposure period
as in vivo studies. However, animal studies require O, of at
least 19% CO,, less than 1% in an inhalation chamber, and in
vitro studies are usually conducted in a 5% CO, environment.
More than ten times of air change per hour is required for the
in vivo inhalation study, but dynamic airflow is recommended
for in vitro study, considering human ventilation 10 m3/day
and alveolar surface area 634,620 cm? [15], 0.017 ml/cm?/min
is the desired flow rate. When considering a surface area of 4.2
cm? for one well of 6-transwell, a flow of 0.07 ml/min/transwell
is desired but hardly achievable. Thus, when considering the
primary deposition mode to the alveolar region is diffusion,
the flow rate to the ALl transwell should be held as low as
possible not to damage alveolar cells and to make diffusion-
dominant deposition mode observed in the alveolar region. A
higher flow rate could lead to drying of the cell surface, which
could lead to cell death. Gas and vapor mainly deposit to the
lung by diffusion, while particle deposition is size-dependent.
For air concentration monitoring in an animal study, at least
2 samples for 4 hr exposure (acute) and 3 samplings for 6
hr exposure (subacute to chronic), or at least once if not
feasible due to limited airflow rates or low concentrations,
are required. For in vitro studies, sampling may not be
possible due to the large flow rate required for sampling.
Thus, real-time monitoring with low-flow rate sampling would
be desired. Although an animal inhalation study is needed to
measure mass median aerodynamic diameter (MMAD), an
in vitro study may not be feasible due to the large volume
required for an impactor. In the animal inhalation study, at
least two different methods of determining quantitative
particle exposure (i.e., particle counts, size distribution, or
particle mass) should be used with real-time monitors such
as scanning mobility particle sizers, differential mobility
analyzers, optical particle counters or aerodynamic particle
sizers. Invitro inhalation studies must also identify the particle
number, size distribution, or particle mass with appropriate
instruments. The mass concentration of exposed air should
be determined by the appropriate filter or tube (e.g., Charcoal
or silica) in both studies. Recent revisions of OECD inhalation
TGs for subacute and subchronic require the determination
of lung burden during post-exposure observation periods.
Also, lung deposition at the end of the first exposure day
would help to figure out daily lung deposition. Likewise, an in
vitro study also needs to determine the deposition of particles
or absorption of gas or vapor using a filter, quartz crystal
microbalance, and other possible methods. In addition, before
the in vitro inhalation experiment, it is desired to determine
whether individual transwell concentration samples should
deviate from the mean chamber concentration by no more
than £10% for gases and vapors and by no more than £20%
for liquid or solid aerosols.
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This report presents our results on the particle deposition study for in vitro inhalation using a 6-transwell with nano-sized
particles. We tested whether the exposure to nano aerosol to ALl is in accordance with the dosimetry and dose metrics we
suggested. Further, homogeneous deposition of nano aerosols to the 6-transwell with the maintenance of air concentration
was studied and compared with in vivo lung deposition data previously published. In addition, real-time monitoring of particle
size and the number of in vitro studies was conducted.

Table 1. Exposure dose metrics for In vivo vs in vitro inhalation

In vivo? In vitro using ALI

< +10% for gas & vapor;

Maintenance of concentration Desired as in vivo

< +20% for liquid or solid aerosols.

0, and CO, 0O, at least 19%; CO, less than 1% 0, at least 19%; CO, 5%
< i . i
Dynamic air flow At least 10 air change/hr 10 air change/hr; low flow rate desired not
to dry cell
Mode of deposition Impaction, sedimentation, diffusion Impaction, sedimentation, diffusion
Concentration monitoring Real-time desired, sample 1-3 times/day | Real-time desired

Aerosol particle size distribution | MMAD < 2um with GSD 1-3 Not able to measure MMAD due to high flow

to impactor
Real-time particle monitoring Desired Desired
Quantitative monitoring Filters, impingers/bubblers Filters, impingers/bubblers
. . Lung burden measurement durin Filter, Quartz crystal microbalance, etc, after
Lung deposition determination & ) & Q y
post-exposure observation exposure

a, described in OECD TG, 412, 413 and 39 [1-4]. MMAD, Mass median aerodynamic diameter; GSD. Geometric standard deviation
MATERIALS AND METHODS

Nano-sized particle generation and exposure to transwell

The generation of NaCl nanoparticles was a spray-dry method, as described by Chen and Chein [16]. NaCl particles were
selected to test our in vitro inhalation because NaCl aerosols can be generated with high reproducibility, ensuring consistent
particle size and concentration, and stable over time, meaning they do not easily evaporate or change their physical state
and are non-toxic [17-19]. Also, NaCl aerosols, such as particle sizers and samplers, are commonly used to calibrate and
test aerosol instrumentation [20]. The NaCl nanoparticles (0.5% of NaCl, Cat No. 7647-14-5, VWR) were generated using an
atomizer (AG-01, HCT, Icheon, Korea), and purified air was used as the carrier gas. A mass flow controller (MFC, AERA, FC-
7810CD4 V, Tokyo, Japan) generated nanoparticles with an airflow of 3 liter/min (Figure 1). The generated NaCl nanoparticles
were passed through a diffusion dryer, and a soft X-ray neutralized the particles. The NaCl aerosol particles were diluted
in a diluter and introduced to an HIVIS system (HCT In Vitro Inhalation System). The system accommodated a commercial
6-transwell plate (Falcon cat 353046) with inserts (0.4 um transparent PET membrane, cat 353090), and each transwell was
covered with an axial flow inlet funnel and outlet for exhausted air (Figure 2). Figure 3 shows the direction of the flow of
HIVIS. The exhausted air was passed through a sampling cassette to measure the air concentration, and the flow rate to the
exhausted sampling cassette was 12 ml/min or 30 ml/min, assuming 2 ml/min and 5 ml/min to each transwell using a low flow
sampling pump (Gilian LFS-113, Sensidyne, St. Petersburg, FL), which was previously calibrated by a Bios calibrator (Dry Cal DC
Lite, Butler, NJ). A scanning mobility particle sizer (SMPS, size range 9-294 nm, ART Plus., Icheon, Korea) monitored the particle
diameter and number during the 2-hrs of the exposure periods. A 6-transwell plate containing cell culture inserts (transparent
PET membrane 0.4 um pore size, REF 353090, Falcon, NY) containing 2 ml of water below the transwell inserts was exposed to
NaCl particles for 2-hr.
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Figure 1. Schematic diagram of aerosol generation system and HIVIS. A, air; B, air cleaner; C, MFC; D, atomizer; e, bypass valve;
F, diffusion dryer; G, Soft X-ray; H, mixing and diffuser; I, HIVIS system; J, 6-way divider; K, sampling cassette; L, low flow pump;

M, SMPS. Arrows indicate flow direction.
(- =
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Figure 2. HIVIS exposure to transwell

A 6-Transwell B. Exposure and exhaust funnel
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Figure 3. Exposure and exhaust funnel to transwell. Arrows
indicate flow direction.
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Monitoring of In vitro inhalation and analysis of
nanoparticles

The distribution of the NaCl nanoparticles concerning size
and number was measured directly using an SMPS. The air
samples were collected on a 37 mm MCE filter (0.45 pm, SKC)
from the outlet port of HIVIS using a Gilian flow sampler pump
at a 12 and 30 ml flow rate, respectively.

Determination of deposit concentration

After 2-hr exposures to the transwell, 3 ml of water was
added to each transwell to make a total volume of 5 ml. NaCl
concentration was measured by a conductivity meter (EC60
Conductivity tester, Apera Instruments, Columbus, OH). It was
determined by a standard curve obtained from serial dilution
of NaCl from 5x103, 1x1073, 5x10%, 1x10* to 5x10%%.

Comparing in vitro deposition with in silico deposition
The estimated disposition (100% deposition = average air
concentration (mg/m?3) x flow rate x exposure duration (2-
hr)) was compared with the actual deposition obtained from
experiments. In addition, the actual deposition was compared
with the estimated deposition from the MPPD (2016, version
3.04, AL, USA) [21]

Statistical Analysis

The statistical analysis was performed using Sigmaplot
version 10 (Systat, San Jose, CA). The data were presented as
mean + standard deviation (SD). The coefficient of variation
(CV) and 95% confidence interval were also calculated. The
result evaluations were all performed using a T-test. The level
of statistical significance was set at p < 0.05 and p < 0.01.

RESULTS

Maintenance of concentration of particles to 6-transwell
during 2-hr exposure

The generated NaCl nanoparticles were delivered to the
HIVIS system to deposit 6-transwell. During the 2-hr exposure
period, particle number concentration was maintained stably
within £20% with a 30 ml/min pump and 12 ml/min pump
flow rate, respectively (Figure 4A & Figure 5A), as in vivo
OECD inhalation test guidelines suggested.

Figure 4. Maintenance in NaCl particle number concentration
and particle size distribution during 2-hr exposure period at a
12 ml/min flow rate.
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Particle distribution
During the 2-hr
distributions are described in Table 4. Particle distributions
are also described in Figure 4B and Figure 5 B. The median
diameters for flow rates 30 ml/min and 12 ml/min are 65.89
and 62.20 nm, respectively (Table 2)

exposure period, particle size and
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Table 2. Particle size and mass concentration of NaCl particles.

Flow rate Median | GM (nm) | GSD #Concentration | Mass Concentration
(ml/min) (nm) (10%/cm?) (mg/m?3)

30 65.89 71.30 1.87 1.40 2.64

12 62.20 68.39 1.87 1.38 2.19

GM, geometric mean diameter,

GSD, geometric standard deviation

Figure 5. Maintenance in NaCl particle number concentration and particle size distribution during 2-hr exposure period at a

30ml/min flow rate.
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Deposition of the particles to 6-transwell
Tables 3 and 4 describe the results of 10 repeats of NaCl particle deposition to 6-transwell during 2-hr of exposure. Ten
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repeats of deposition experiments were conducted with two flow rates, 12 and 30 ml/min. The average concentrations of

deposit to each 6-transwell were 4.55 pg and 4.03 pg, respectively, for 30 ml/min and 12 ml/min flow rates, and standard

deviations were below 20% from the mean, as seen in Tables 3 and 4. Flow rate 30 ml/min showed significantly higher (P<0.05)

deposited concentration compared with flow rate 12 ml/min. and also flow rate 30 ml showed significantly higher (P<0.01) air
concentration compared with flow rate 12 ml/min (Table 3 and 4).

Table 3. Deposition of NaCl particles to transwell with low-flow pump 30 ml/min.

Flow rate 30 ml/min
6-transwell % of SD from Sampling filter

Experiment | Conductivity? | Concentration® mean Conductivity | Concentration | Air concentration
number (us/cm) (vg) (us/cm) (vg) (mg/m?)

2.62 +0.11 4.73+0.19 4.08 10.8 19.54 5.32
2 3.47+£0.15 6.27 +0.27 4.30 10.0 18.09 5.03
3 2.52+0.13 4.51£0.24 5.34 10.9 19.52 5.42
4 2.23+0.07 3.90+0.13 3.34 12.4 21.10 5.86
5 2.10+£0.13 3.60£0.22 6.15 12.2 20.76 5.77
6 2.54+£0.30 4.36 £ 0.51 11.77 11.9 20.25 5.63
7 2.68+£0.18 4.55+£0.30 6.60 13.6 23.05 6.40
8 2.67 £0.21 4.53 +0.36 8.00 10.6 17.96 4.99
9 2.68+0.24 4.52 +0.41 8.98 10.1 17.12 4.76
10 3.05+0.10 5.06 £0.20 3.91 133 22.54 6.26
Mean+SD 4.55 + 0.74* 6.25 20.00 £ 1.95 5.54+0.54**

a, average conductivity of 6 transwell; b, average concentration of deposited NaCl;*, P<0.05 30 ml vs 12 ml; **, P<0.01 30 ml vs 12 ml. 95%
Confidence interval 4.36-4.74, CV =0.16
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Table 4. Deposition of NaCl particles to transwell with low-flow pump 12 ml/min.

Flow rate 12 ml/min

6-transwell Sampling filter
Experiment | Conductivity® | Concentration® | % of SD from | Conductivity | Concentration | Air concentration
number (us/cm) (mg) mean (ms/cm) (mg) (mg/m?)
1 2.08+0.15 3.65+0.26 7.02 18.56 10.6 2.94
2 2.50+0.22 4.37 +0.38 8.64 18.91 10.8 3.00
3 2.63+0.24 4.50 +0.40 8.95 20.14 11.5 3.19
4 2.12 +£0.07 3.61+0.12 3.25 18.23 10.7 2.97
5 2.18+£0.11 3.70+0.18 4.89 17.89 10.5 2.92
6 2.63+0.24 4.46 +0.25 5.66 19.59 11.5 3.19
7 2.32+0.11 3.63+0.17 4.61 17.56 11.2 3.11
8 2.55+0.25 3.94+0.39 9.80 17.25 11.0 3.06
9 2.87+0.27 4.41+0.43 9.78 17.25 11.0 3.06
10 2.32+0.15 3.56 £0.23 6.51 18.50 11.8 3.27
MeanSD 4.03 +0.40* 6.95 11.06 +0.43 3.07+0.12%*

a, average conductivity of 6 transwell; b, average concentration of deposited NaCl' *, P<0.05 30 ml vs 12 ml; **, P<0.01 30 ml vs 12 ml. 95%
Confidence interval 3.93-4.13, CV 0.10.

Comparing in vitro deposition with in silico deposition

The Multiple-Path Particle Dosimetry (MPPD) model is a computational tool used to predict the deposition of inhaled particles
in the human respiratory system [16]. It's particularly useful in toxicology, exposure science, and risk assessment, especially
for aerosols and nanoparticles. It also accounts for factors like airflow, breathing patterns, and particle properties (size, shape,
density) to calculate how much of the inhaled material reaches each region of the lung. We compared MPPD deposition
with experimental ALl deposition to estimate particle deposition in silico vs in vitro. The estimated disposition was compared
with the actual deposition obtained from experiments and MPPD modeling (Table 5). Although MPPD estimated a total of
0.250 deposition to the head, tracheobronchial, and pulmonary regions of the human lung with both flow rates, the actual
deposition was 0.23 and 0.91 of the estimated deposition, indicating sufficient deposition to ALI transwell (Table 5). Our
previous comparison between 6-hr animal exposure to AgNP for 6-hr with MPPD modeling also shows the discrepancy
between in vivo and in silico. MPPD (version 3.04) estimated 27% of pulmonary deposition after 6-h (1-day) exposure, while the
actual deposition fraction measured by silver mass weight analysis was 13.4% [30].

Table 5. Parameters used in multiple-path particle dosimetry (MPPD) and exposure model and regional deposition.
A. Model parameter

Model parameter Human
Model Yeh/Schum 5-lobe
Airway morphometry Functional residual capacity 3300 ml
Upper respiratory tract 50 ml
Density 2.16g/cm?
Particle properties Geometric mean diameter 71.30 nm (30 ml/min)
68.39 nm (12 ml/min)
Geometric standard deviation 1.87
Aerosol concentration 5.54 mg/m?3(30 ml/min)
3.07 mg/m3 (12 ml/min)
Exposure condition Breathing frequency 12 times/min
Tidal volume 625 ml
Breathing Oronasal mouth breathing
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B. Regional deposition

Flow rate Head Tracheobronchial | Pulmonary Total*
30 ml/ min 0.041 0.079 0.124 0.250
12 ml/min 0.062 0.080 0.124 0.266

*Deposition is expressed as a fraction.

Comparing in vitro deposition with in vivo deposition

The results of ten in vivo lung deposition studies we conducted previously were compared with current in vitro studies to
determine the deviation of deposition homogeneity. Silver nanoparticles (AgNP) ranged from 11-20 nm, gold nanoparticles
(AuNP, 11-105 nm), and multiwalled carbon nanotubes (MWCNT, 1015) were exposed to 4-6 rats for 6-hrin a nose-only inhalation
chamber. After 6-hr exposure, rats were sacrificed and lungs were removed to measure deposited mass concentration. The
average percent of deviation from the mean was 12.31%, ranging from 6.1 to 21.7% (Table 6). Comparing in vivo deposition
to lung with in vitro deposition to ALI, our in vitro deposition showed a similar percent of deviation from the mean. A previous
out study conducted for AgNP in vitro inhalation [24, Appendix 2] showed less than 5.4% deviation from the mean could be
comparable with AgNP in vivo deposition studies.

Table 6. In vivo short-term particle deposition to the lung after short-term inhalation nose-only exposure.

Exp | Particle | Size (nm) | Particle # Exposure | Exposure | Deposition | Animal | Deviation Analytical. | Ref
No (#/cm3) (pg/m?3) (hr) (pg/lung) No. from mean (%) | Method

1 AgNP 20 1.31 %107 964.67 6 10.72+0.53 | 5 6.1 ICP-MS 30
2 AgNP 18-19 1.98 x 10¢ 31.22 6 0.25+0.02 |4 8.0 AA 31
3 AgNP 18-19 4.06 x 10° 81.79 6 0.65+0.08 |4 12.3 AA 31
4 AgNP 18-19 7.23 x10° 115.60 6 098+0.16 |4 16.3 AA 31
5 AgNP 11 1.44 x 10° 17.38 6 0.05+0.005 | 4 10.6 ICP-MS 32
6 AuNP 13 1.97 x 10° 12.80 6 0.51+0.088 | 4 17.3 AA 33
7 AuNP 105 1.06 x 10° 13.70 6 0.43+0.040 | 4 9.3 AA 33
8 AuNP 11 1.67 x 10° 34.80 6 2.94+0.64 5 21.7 ICP-MS 32
9 AuNP 11 1.38 x 10° 19.34 6 3.24+078 |4 7.4 ICP-MS 34
10 | MWCNT | 1015 1.66 x 10° 4253 6 6.61+093 |6 14.1 EC 35

12.31(6.1-21.7)

AgNP, silver nanoparticles; AuNP, gold nanoparticles; MWCNT, multiwalled carbon nanotubes; ICP-MS, inductively coupled plasma mass

spectrometer; AA, atomic absorption spectrometer; EC, elemental carbon analyzer.
DISCUSSION

Our dose metric study indicated that in vitro inhalation studies can be compatible with in vivo studies if the dosimetry and dose
metrics are well characterized. Our in vitro inhalation study showed that well-maintained exposure concentration during a 2-hr
exposure period, as prescribed by the OECD test guidelines and guidance documents, was within less than 20% deviation from
the mean. Further, we characterized particle number and size distribution during the in vitro exposure period, corresponding
to real-time monitoring of particle number and size suggested by the guidelines and guidance document. In addition, we
monitored exposed air concentration during the exposure period and deposited concentration after exposure. Our results
suggested that an in vitro study can be compatible with an in vivo inhalation study if the dosimetry and dose metrics are well
characterized.

The flow rate not to damage respiratory epithelial cells cultured on ALl was suggested by 5 ml/transwell [22-23], and also
our previous study indicated that 10 ml/min did not damage cells for 2-hr exposure [24]. Therefore, the flow rates we
used, 12 and 30 ml, do not damage epithelial cells during a 2-hr exposure period. It is challenging to characterize the lung
deposit concentration during in vivo study; the only way to determine the lung deposit concentration (called lung burden
measurement) is to sacrifice the animal right after exposure. The deposit mass dose quantification for particle inhalation
test is one of the difficult tasks in an in vitro inhalation toxicity test. There are several methods available depending on the
materials, such as using filter paper laid on the transwell for further chemical analysis, such as the ICP-MS (Inductive coupled
plasma mass spectroscopy or AA (atomic absorption) for metals or UV-VIS (Ultraviolet-Visible spectroscopy) method or a
placing quartz crystal microbalance (QCM). Although QCM is a susceptible device used to measure minute mass changes on
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a surface by detecting variations in the resonance frequency
of a quartz crystal [25-26], QCM is highly sensitive to surface
changes, which can be a disadvantage if the measurements
are affected by unwanted surface contaminants or if surface
preparation is inconsistent, and measurements can be
influenced by temperature, pressure, and humidity changes,
requiring careful control and calibration to ensure accuracy
[27-28]. Also, it works best with thin, rigid, and evenly
distributed films. Soft, highly viscous, or unevenly distributed
films can complicate the interpretation of results [29]. The
accuracy and sensitivity of the measurements depend heavily
on the quality and stability of the quartz crystal used in the
device [25].

Deposit dose determination in an in vitro inhalation study
using multiple ALl transwells causes a significant complication.
Because only one transwell or a few transwells are determined
for mass dose, there are doubts about whether multiple
transwells receive the same dose. Our HIVIS system clearly
shows a similar dose within £20% throughout the 6-transwell.
In this system, two different flow rates, 12 ml/min and 30 ml/
min were used to expose a 6-transwell, assuming flow rates
of 2 ml/min and 5 ml/min, respectively, are delivered to each
transwell. Previous studies using MFC with a flow rate of 60
ml/min to 6-transwell (10 ml/min per transwell) indicated
that a 10 ml/min flow rate per well for 2-hr exposure did
not damage A549 lung cells [24]. When we generated silver
nanoparticles (AgNP, 50 nm) to expose ALl transwells, AgNP
deposited with spatial uniformity (Appendix 1). In this current
experiment, we used a flow sampler instead of MFC to deliver
extremely low-flow air (2 to 5 ml/min per well) so as not to
damage cells.

Inhaled particles are typically deposited to the human
respiratory tract, typically three main regions: upper airways
(nasal passages, mouth, larynx, and trachea), conducting
airways (trachea, bronchi, and bronchioles), and pulmonary
or alveolar region (bronchioles, alveolar ducts, and alveoli).
Smaller particles (<1 pm), such as nanoparticles or ultrafine
particles, tend to reach this region and deposit by diffusion
(Brownian motion). The deposition of nanoaerosol observed
in our system to ALI transwell could be dominantly diffusion
mode, as in respiratory alveolar cells. Although the higher flow
rate (30 ml/min) resulted in more airand deposit concentration
to the ALl transwell, the lower flow rate (12 ml/min) showed
more deposition fraction. The deposit dose of approximately
0.48-0.54 pg/cm? transwell surface area/hr to the ALl transwell
is not small. Although not directly comparable, a rat silver
nanoparticle (AgNP, 20 nm) in vivo inhalation study of 0.96
mg/m3 for 6-hr exposure showed a 10.72 pg/lung retained
dose [30]. When rat alveolar surface area is assumed 4,000
cm? [36], 2.68 ng of AgNP/cm?/6-hr (0.45 ng/cm? /hr) were
deposited. Our in vitro exposure study showed nearly 1,000
times higher levels of deposition when compared with AgNP

in vivo exposure. The amount of deposition can be adjusted
by aerosol generation by controlling MFC flow and dilution
of air. Therefore, users of in vitro inhalation should always
determine aerosol concentration ranges to the desired
deposition to test cell systems.

To ensure the accuracy and reliability of our results, we
analyzed errors from experimental and instrumental sources
and assessed the comparability of in vitro and in vivo data.
Variability in aerosol deposition across transwells was
quantified using mean, standard deviation, and coefficient of
variation (CV), with confidence intervals calculated to indicate
reproducibility. Instrumental errors, including those from the
aerosol generator and particle size analyzer, were minimized
through calibration according to manufacturer guidelines,
and measurement uncertainties were included in the error
estimates. To compare in vitro and in vivo deposition, we
calculated metrics such as percent deviation and root mean
square error (RMSE) to quantify agreement and variability.
These methods collectively ensure the reliability and
reproducibility of the study.

The degree of deposition of particles to in vitro ALl transwell,
as well asin vivo animal lungs, can vary depending on the type
of particle. When we compared in vivo lung deposition with in
vitro ALI deposition, in vitro NaCl aerosol deposition showed
a lower percentage of deviation from the mean than in vivo
lung deposition. NaCl particles showed consistent deposition
throughout the 6-transwell with less variation due to the
ready formation of salt crystal particles after the spray-drying
procedure. Our previous limited study on AgNP also showed
less variation throughout the 6-transwell [18]. However, some
particles generated by the atomizer did not show consistent
deposition throughout the 6-transwell with high variation.
Before conducting an in vitro inhalation study, test particle
generation, maintenance of exposure concentration with real-
time monitoring, deposit dose determination method, and
deposition variation among ALl should be studied thoroughly.
In this experimental setting, we did not provide 5% CO,,
humidity, and appropriate temperature for the cell culture
system because this paper aimed to highlight the importance
of dosimetry and dose metrics. HIVIS has a water circulation
system to provide proper temperature for ALl cell culture,
and CO, and humidity can be provided by simple engineering.

CONCLUSION

A New Approach Methodology (NAM) for inhalation toxicity is
beingdevelopedtore placetraditionalanimal-basedinhalation
tests. To ensure that in vitro results are comparable to in vivo
outcomes, dosimetry and dose metrics must align between
both systems. This study assessed key elements of dosimetry
and dose metrics for in vitro inhalation toxicity using an air-
liquid interface (ALI) system, where NaCl nanosized aerosols
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were generated and exposed to a 6-transwell ALl setup.
We carefully monitored particle size, particle number, and
concentration stability during the two-hour exposure period.
The geometric mean particle sizes were 68 nm (GSD 1.87) and
71 nm (GSD 1.87) for flow rates of 12 mL/min and 30 mL/min,
respectively. Aerosol number and mass concentrations were
maintained at 1.38x10°particles/cm3 (2.64 mg/m3) for 71
nm particles and 1.40x10° particles/cm3 (2.19 mg/m3) for 68
nm particles throughout the exposure. Deposition efficiency
across the transwells showed coefficients of variation of 0.16
and 0.1, with 95% confidence intervals of 4.36-4.74, and
3.92-4.13, respectively. Comparing in vivo and in vitro short-
term deposition, the deposition deviation from 10 short-term
animal studies averaged 12.3%, while our in vitro deposition
deviation was less than 7%. These results demonstrate that
the in vitro dose metrics align closely with in vivo metrics,
meeting regulatory inhalation guidelines and reinforcing the
reliability of this ALI-based NAM for inhalation toxicity testing.
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Appendix A1

AgNP 50 nm were generated by the evaporation and
condensation method and AgNP aerosols were delivered to
transwell containing MCE (mixed cellulose ester) filter in HIIVS.
AgNP were visualized by Hyperspectral microscopy (Ref. 24)).

Appendix A2

Deposition rate of AgNP 20-30 nm to 6-transwell. Column (E)
shows deposition rate to 6-transwell 157.59 + 8.5. (Ref 24,
Table 2)

TABLE 2 | Deposition rate of 20-30 nm AGNP nancaerosols o the transwell

Trans-well (A} (B} Flow D) A (E) Concentration  (F) Flow  (G) 100% H) %
number of downstream rate duration concentration Agin rate deposition  of deposition = E/H
filter to 6- to transwell  (ng/m) = A/(B the filter 1o each 1o the x 100%
(ng) transwell {min) xC) placed transwell fitter
(mimir) in the (mt/miny in the
transwell transwell
Ing) ing) =D
xC
xF/10°
1 3.330.23 60 120 463,532 166.94 10 555 304
2 163.01 204
3 16253 283
4 14370 259
5 152.76 275
] 15659 282
Auerage = SD 157.50 + 85 2842154
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