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ABSTRACT: Traditional in vitro and in vivo models for inhalation toxicology studies often fail
to replicate the anatomical and physiological conditions of the human lung. This limitation
hinders our understanding of intrapulmonary exposures and their related health effects. To
address this gap, we developed a ventilated artificial lung system that replicates human inhalation
exposures in four key aspects: (1) facilitating continuous breathing with adjustable respiratory
parameters; (2) distributing inhaled aerosols through transitional airflow fields in 3D-printed
airway structures, which enables size-dependent particle deposition; (3) duplicating the warm
and humid lung environment to promote inhaled aerosol dynamics, such as hygroscopic growth;
and (4) supporting the cultivation of human airway epithelium for aerosol exposure and
toxicological analyses. As a proof-of-concept application, we exposed human bronchial epithelial
cells to electronic cigarette aerosols in the system. Our results show that electronic cigarette
particles undergo significant hygroscopic growth within the artificial lung, leading to a 19%
greater deposition dose compared to data collected at room temperature and relative humidity.
Additionally, short-term exposure altered epithelial production of the chemokine Fractalkine in a nicotine-dependent manner, but no
acute toxic effects were observed. This artificial lung system provides a more physiologically relevant in vitro model for studying
inhalation exposures.
KEYWORDS: artificial lung, inhalation toxicology, intrapulmonary exposure, airway epithelium, electronic cigarette

1. INTRODUCTION
The human respiratory system functions as a crucial interface
connecting the external environment to the systemic circulation.
The respiratory epithelium is continuously exposed to an
expanding array of airborne substances from various sources,
including indoor and outdoor air pollution, tobacco smoke,
electronic cigarettes (e-cig) aerosols, bioaerosols, microplastics,
and engineered nanomaterials.1−5 Exposure to harmful airborne
substances substantially contributes to global morbidity and
mortality resulting from associated respiratory and cardiovas-
cular diseases.6,7 For instance, according to the Global Burden of
Disease study, air pollution [mainly particulate matter (PM)]
and tobacco (including secondhand smoke) were associated
with 8.08 million and 7.25 million premature deaths worldwide
in 2021, respectively.8,9 Therefore, it is of particular interest in
environmental health studies to assess the inhalation exposure
and subsequent health effects of various airborne substances.
However, obtaining toxicology results that are representative of
humans has been a longstanding challenge for both traditional in
vivo and in vitro tests and new approach methodologies.10,11

There is a need for newmodels that enhance our ability to better
replicate and test inhalation exposures as they occur in real
human lungs.
Knowing the characteristics of inhaled aerosols within human

lungs is key to understanding exposure dose and related

biological effects.12 Inhaled particles deposit in the lungs
through various mechanisms, including impaction (inertial
force), sedimentation (gravity), Brownian diffusion, and
interception.13 These processes are influenced by particle size,
airflow rate, and associated flow patterns (turbulent vs laminar),
which vary across different lung sections.14,15 Estimating particle
inhalation exposure commonly involves using lung deposition
models, such as the Human Respiratory Tract Model for
Radiological Protection.16 The lung deposition is predicted
based on aerosol characteristics, such as particle size
distributions and size-resolved toxic components, measured in
the environment or under defined laboratory conditions.17−22

However, experimental factors such as dilution ratio, temper-
ature, and humidity substantially influence particle size
distributions through aerosol dynamics, including coagulation,
condensation, evaporation, and hygroscopic growth.22,23

Consequently, it is uncertain whether aerosol characteristics
measured under different conditions accurately represent those
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in human lungs. Although recent progress has been made in
computational inhalation toxicology assessment by integrating
aerosol dynamic mechanisms and machine learning,24−27 their
predictive accuracy is limited by experimentally measurable
parameters. Validation of modeling outcomes against exper-
imental results is still necessary.28 Recent studies have utilized in
vitro human airway replicas created through three-dimensional
(3D) printing to experimentally study the lung deposition of
aerosols from different sources.29−31 However, the dynamic
respiratory processes and lung environment were not captured
in those studies. To advance inhalation exposure assessment,
new models are needed to better simulate the lung conditions
and breathing patterns.
Experimental inhalation toxicology studies have heavily relied

on animal models, which are different from humans in terms of
respiratory physiology, exposure times, life cycles, and exposure

conditions.32−34 The difficulty in translating results from
animals to humans, coupled with increasing ethical concerns
regarding animal use, is driving the transition toward alternative
approaches.34 The development of organotypic air−liquid-
interface (ALI) airway tissue derived from primary human
airway progenitors has presented a unique opportunity to assess
exposure and associated effects in vitro.35−37 Recently, airway/
alveolus-on-chip technology based on ALI was developed, and
biomimetic engineering has enabled in vitro analysis of lung
organoid pathophysiology and replication of inhalation
exposure.38−41 Despite these advancements, replicating the
intricate respiratory process involving inhaled aerosol dynamics
at the organ or system level remains challenging. For instance,
the serial dilution and clearance of inhaled aerosols during
continuous breathing result in dynamic exposure profiles over
time. The key features of particulates linked to their toxicity

Figure 1. Ventilated artificial lung system. (a) Components of the ventilated artificial lung system: (i) lung chamber with temperature and humidity
controlled by an incubator and humidifier; (ii) 3D-printed airway structures; (iii) ventilation control consisting of a ventilator with inspiratory and
expiratory limbs and elastic lung balloons; and (iv) Air−liquid interface (ALI) culture of primary human bronchial epithelial cells (HBECs). (b)
Illustration of the breathing cycles in integration with pulmonary exposure to e-cig aerosols from intermittent vaping. A typical 6-s breath cycle
simulates breathing at rest for a normal person (10 BPM and 480 mL/breath): 2-s inhalation, 2-s exhalation, and 2-s pause, as employed in this study.
For each vaping puff, 33 mL of e-cig aerosols were produced and introduced into the mouth inlet and then inhaled into the lungs during the following
breath. The measured air pressure represents that within the artificial lung chamber above atmospheric pressure. (c) Real-time particle number
concentrations (PNCs) in the lung chamber during a simulated 30 min vaping session, which includes 4-puff vaping (1 puff per minute) and the
subsequent gradual clearance of particles by continuous breathing. The PNC curve after 4-puff vaping was fitted to a first-order decay. (d) Airway
geometry used in this study for constructing the airway structures for 3D printing and computational fluid-particle dynamics (CFPD) simulation. Two
representative routes of airflow in each lung lobe were labeled. (e) Streamlines colored by the airflow velocity magnitude in the airway structures at t= 1
s (1/2 inhalation) obtained from CFPD simulation. (f) Averaged turbulence kinetic energy (TKE) at different cross sections along two routes in each
lung lobe.
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potential, such as the chemical composition and oxidative
potential, were shown to change significantly after entering the
lung environment.42 Furthermore, the lung’s anatomy creates
region-specific deposition patterns of inhaled particles.14,43

These factors collectively limit our understanding of the toxicity
associated with various inhalation exposures.
To address these challenges, we developed an artificial lung

system as a more physiologically relevant in vitro model for
human inhalation exposure. This system employs continuous
breathing to distribute and deposit inhaled aerosols through 3D-
printed airways. Computational fluid-particle dynamics (CFPD)
modeling and experimental measurements using standard
particles were conducted to test the system’s ability to recreate
regional airflow fields and associated size-dependent particle
deposition in the 3D-printed airways. The system also replicates
the human lung environment, including temperature, humidity,
and gas compositions, facilitating aerosol dynamics similar to
those in human lungs and supporting the cultivation of human
primary airway epithelial cells. As a proof-of-concept applica-
tion, we used the system to study e-cig aerosols, which possess
unique volatility and hygroscopic properties of interest. The
increasing popularity of e-cigs has led to serious public health
concerns worldwide.44,45 Current studies using traditional
toxicology approaches often fall short in replicating the
intrapulmonary exposure to e-cig aerosols, thus limiting our
understanding of their respiratory health effects.23,46,47 Utilizing
the artificial lung system, we assessed the biological effects of e-
cig aerosol exposure on human primary bronchial epithelium
under simulated vaping scenarios.

2. MATERIALS AND METHODS
2.1. Development of the Artificial Lung System. As

shown in Figure 1a, the developed artificial lung, enclosed within
a temperature-controlled incubator, features a lung chamber
that reproduces the size, shape, and volume of the average male
human lung at end-inspiration (i.e., 6 L),48 and a 3D-printed
human airway structure including the upper airway (mouth to
the trachea) and the branching tracheobronchial (TB) tree with
the farthest distal airways at generation 13 (G13).
To enable the artificial lung to actively “breathe,” a clinical-

grade human ventilator was connected to the lung chamber
incorporating elastic lung balloons on each side. The lung
balloons expand during inhalation driven by the ventilator and
then contract to “exhale” due to their elasticity, mimicking the
volume changes of human lungs during breathing, as
demonstrated in Video S1. Their combined compliance
(0.048 L/cmH2O) controls intrapulmonary pressure and flow
dynamics during each breath, based on the respiratory
parameters set on the ventilator. As such, the artificial lung
can replicate different human breathing patterns with various
respiratory rates [8−20 breaths per minute (BPM)], inspiratory
times (1−2 s), and tidal volumes (200−1200 mL). In this study,
a typical breathing pattern for a normal person at rest was set at
10 BPM and 480 mL/breath, generating a 6-s breath cycle
composed of 2-s inhalation, 2-s exhalation, and 2-s pause before
the next breath, as illustrated in Figure 1b.
A replica of human airways was prepared using high-

resolution 3D printing (Form 3, Formlabs, Inc., USA) and
installed in the lung chamber (Figure 1a). The airway geometry
(Figure 1d) was developed by integrating an upper airway from
computed tomography (CT) scans and a TB tree created using
Lung4Cer based on a stochastic algorithm.49,50 The model
comprises 375 individual airway sections including 188 distal

terminal airways. The farthest terminal airway printed in this
model is the 13th branching generation (G13), with the smallest
hydraulic diameter of 1.02 mm, best described as the level of
preterminal bronchioles. At this generation, the fast turbulent
airflow from the trachea transitions into slow laminar airflow,51

before being distributed throughout the lung chamber. To assess
airflow profiles and the transport of inhaled particles in the 3D-
printed airway structures, we conducted computational fluid-
particle dynamics (CFPD) simulations using the typical
breathing pattern (10 BPM, 480 mL per breath) described
above.
The temperature (37 °C) and relative humidity (RH, 88%) in

the artificial lung chamber were independently controlled by a
humidifier in the ventilatory limb and the incubator. The clinical
blood gas mixtures (5%CO2, 21%O2, balance N2) that replicate
alveolar gas composition are used to ventilate the artificial lung.
Therefore, the system replicates the heated, humidified, and
CO2-controlled environment similar to that of an incubator for
airway cell cultures.
Detailed materials and methods for developing the artificial

lung system and conducting CFPD simulations are provided in
the Supporting Information.

2.2. Aerosol Generation and Experimental Conditions.
In addition to e-cig aerosols, standard solid and liquid particles,
sodium chloride (NaCl) and diethyl-hexyl sebacate (DEHS),
were generated to test the developed artificial lung system. Two
environmental conditions were created within the lung
chamber: lung temperature and relative humidity [lung T/RH
(37 °C/88%)] and room temperature and relative humidity
[room T/RH (25 °C/38%)].
An e-cig puffing system was employed to generate e-cig

aerosols using JUUL pods filled with different e-liquid
formulations following programmed vaping patterns (Figure
1a).52,53 In this study, we tested marketed Virginia Tobacco
JUUL pods containing polyethylene glycol/vegetable glycerol
(PG/VG) in a 30:70 ratio and 5% (w/w) nicotine benzoate.
Additionally, we tested two lab-made e-liquid formulations that
partially replicate the constituents of the Virginia Tobacco
JUUL pods: one containing only PG/VG (30:70) and the other
containing PG/VG (30:70) with 5% (w/w) nicotine benzoate.53

A 33 mL puff of e-cig aerosols was delivered into the mouth inlet
of the artificial lung during the 2-s pause and subsequently
inhaled into the lung, which approximates the realistic vaping
process that includes a puff and inhalation into the lung.54 The
particle number concentrations (PNCs) in the lung chamber
were measured in real time using a nano water-based
condensation particle counter (N-WCPC, Model 3788, TSI,
Inc., USA). Dilution using compressed air at a ratio of 1:10 was
applied to ensure that the PNCs were within the measurable
range of the N-WCPC. The decay rates of particles under
different breathing patterns were calculated (see Section 2.5
Data Analysis). The deposition of the e-cig particles in the
artificial lung was characterized using a single-puff experiment
conducted in the lung environment, in which the ventilator was
immediately turned off after a puff of e-cig aerosols was delivered
into the lung chamber. The size distributions of e-cig aerosols
were measured using a Scanning Mobility Particle Sizer (SMPS,
Model 3936, TSI, Inc., USA) and an Aerodynamic Particle Sizer
(APS, Model 3321, TSI, Inc., USA). The measuring modes for
the SMPS and APS were optimized and covered a size range of
13 to 445 nm for the SMPS (electric mobility diameter) and 542
nm to 20 μm for the APS (aerodynamic diameter); these ranges
encompassed the majority of the particles emitted from e-cigs.
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DEHS and NaCl particles were generated using a
condensation monodisperse aerosol generator (Model 3475,
TSI, Inc., USA) and a collision nebulizer (CH Technologies
Inc., USA), respectively. These particles were introduced into
the artificial lung at a constant air flow rate equivalent to the
adopted breathing pattern (i.e., 14.4 L min−1). The schematic
experimental setup and size-distributions of the generated
DEHS and NaCl particles are provided in Figures S1 and S2,
respectively. The size distributions of the particles were
measured upstream and downstream of the artificial lung
using the SMPS and APS. The calculation of deposition
fractions is described in the Data Analysis section.

2.3. Predicted Lung Deposition of E-cig Particles. To
investigate the impact of the lung environment on the deposition
of e-cig particles, we employed the multiple-path particle
dosimetry (MPPD) model (v 3.04) to estimate the deposition
fractions and deposition doses throughout the entire human
lung, including the upper airway (also referred to as the head
airway in the MPPD model), TB airways, and alveoli.55 The
MPPD prediction adopted the stochastic airway geometry and
the same breathing pattern as our experimental test (i.e., 10
breaths per min, tidal volume of 480 mL, and oral breath). The
total and regional deposition fractions were estimated based on
the observed bimodal size distributions of the e-cig aerosols. As
discussed above, the increase in the mass of e-cig particles in the
lung environment was attributed to water absorption by the e-
cig particles from the surrounding environment. To estimate the
deposition doses of the e-cig particles, we utilized the observed
size characteristics for the two aerosol modes under the
respective environmental conditions, while maintaining the
samemass fractions for the two aerosol modes observed at room
T/RH. The basic modeling parameters and detailed aerosol
characteristics for the MPPD model prediction are tabulated in
Tables S1 and S2, respectively.

2.4. Expose Human Bronchial Epithelial Cells to E-cig
Aerosol. To match the simulated bronchiole exposure
conditions in the artificial lung system, primary human bronchial
epithelial cells (HBECs) were used in a proof-of-concept study
to examine the toxic effects of e-cig aerosol exposures under
physiologically relevant conditions. Primary HBECs closely
mimic the native airway epithelium, maintaining key functions
such as mucus production, mucociliary clearance, barrier
integrity with tight junctions, and biological responses, thereby
providing a more accurate representation of human respiratory
biology than immortalized cell lines.56 In this study, three
independent replicate experiments using different batches of
ALI cultures of HBECs from the same donor at the same passage
were conducted on different dates. Detailed information on the
materials and methods for HBEC cultivation is provided in the
Supporting Information. Each experiment included four
exposure groups: a control group (exposed to clean air) and
three experimental groups exposed to e-cig aerosols produced
from different e-liquids�PG/VG, PG/VG+Nic, and JUUL.
These experimental groups are designed to recover major
constituents of popular formulations, including the e-liquid base,
nicotine salt, and other additives such as flavors, in a progressive
manner.57 The three experiments had sample sizes n = 9, 8, and 6
cell culture wells per group, respectively, totaling n = 23 for each
group. On the day of exposure, fully differentiated HBEC layers
in ALI cultures were placed in the lung chamber with (e-cig
exposure groups) or without (control group) exposure to e-cig
aerosols through simulated intermittent vaping sessions over 2
days. Photos of the experimental settings are shown in Figure S3.

Based on a study surveying e-cig use patterns,22 HBEC cultures
were exposed to 13 vaping sessions in 6.5 h (one vaping session
every 30 min) per day. For each vaping session, 4 consecutive
puffs were applied at 1 min intervals (1 puff per min, with a 2-s
puff duration and a 33 mL puff volume) (Figure 1b,c). As a
result, the artificial lung with HBEC cultures “vaped” a total of
104 puffs over 2 days. During times outside of exposure periods,
the HBEC cultures were returned to the incubator.
After exposure, the HBEC tissue cultures and supernatant

were collected for histological and biomarker analysis,
respectively. The HBEC tissue cultures were fixed in 4%
paraformaldehyde, embedded in paraffin, and 4 μm sections
were prepared and stained using hematoxylin and eosin (H&E)
by the Translational Pathology Core Laboratory at UCLA.
Nicotine in the supernatant, as a biomarker of exposure, was
quantified using gas chromatography−mass spectrometry
(GC−MS, 6890/5975, Agilent Technologies, Inc., USA)
according to our established method.58 The chemokine
Fractalkine (CX3CL1), as a biomarker of biological effects,
was quantified via ELISA assay (DCX310, R&D Systems, Inc.,
USA) following the manufacturer’s instructions using a BioTek
Synergy HT microplate reader (Agilent Technologies, Inc.,
USA).

2.5. Data Analysis. 2.5.1. Aerosol Data. For each
experimental condition, at least three independent tests were
conducted. The size distribution data from the SMPS and APS
were matched for the same test and averaged from independent
tests for each experimental condition using DataMerge software
(TSI, Inc., USA). The particle mobility diameter measured by
the SMPS was converted to the aerodynamic diameter, and the
mass-based particle size distributions were calculated from the
directly measured number-based particle size distributions by
the SMPS and APS, assuming spherical particles with the density
of corresponding materials (Table S3). Summary statistics,
including the geometric mean, geometric standard deviation,
total number, and mass concentration, were calculated for each
aerosol mode. The deposition of the tested particles in the
airway structures was determined based on the size-resolved
particle concentrations before and after passing through the
airway structure replica.31 A detailed description of the
calculation of the particle decay rate due to ongoing breathing
and particle deposition in the 3D-printed airways is provided in
the Supporting Information. Additionally, the differences in the
aerosol characteristics (i.e., size geometric mean, total number
and mass concentration) and the predicted deposition fractions
and deposition doses in different lung regions and environ-
mental conditions were assessed using t tests.

2.5.2. Biomarker Data. Biomarker data were first cleaned for
values below the lower limit of quantitation (LLoQ) and outliers
using the ROUTmethod (Q = 1%). The data exhibited a normal
distribution with sample sizes of n = 23 for each group. For
nicotine, differences between the PG/VG+Nic and JUUL
groups were tested using a paired t test with matched samples
according to experimental batch and well locations in the plate.
Differences in Fractalkine levels among the four groups were
tested using ANOVA, also with matched samples according to
experimental batch and well locations in the plate.
The statistical analysis and visualization of the results were

performed using Prism 9 software (GraphPad Software, Inc.,
USA).
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3. RESULTS AND DISCUSSION
3.1. Dynamic Airflow Patterns in the Ventilated

Artificial Lung. To demonstrate the realistic inhalation
exposure scheme facilitated by the active breathing of the
artificial lung system, we created a simulated 30 min session of
vaping e-cigs integrated with the normal breathing pattern (10
BPM, 480mL per breath). This session involved taking 4 puffs at
a rate of one puff perminute, followed by subsequent ventilation,
as illustrated in Figure 1b,c. The intrapulmonary exposure to e-
cig aerosols during the 30 min session was monitored by
measuring PNCs through the sampling port in real time. An
example measurement, shown in Figure 1c, depicts the 4-puff
vaping cycle creating a stepwise increase in peak PNCs within
the lung chamber, followed by a gradual clearance of inhaled e-
cig aerosol in a first-order decay (k = 0.52, r2 = 0.99) due to
continuous breathing.
The 3D-printed airway structure, spanning from the mouth

inlet to G13 small airways (Figure 1d) facilitates the distribution
of inhaled airflow within the lung chamber. CFPD modeling
revealed that the peak airflow velocity during inhalation (Time =
1 s in Figure 1b) gradually decreases from the upper to lower
airways as the total cross-sectional areas increase (Figure 1e).
The averaged turbulence kinetic energy (TKE) was calculated at
different cross sections along two routes in each lung lobe
(Figure 1d,f). The overall decreasing trend of TKE from the
trachea to distal airways suggests that the turbulence in the
trachea-to-G2 airway region gradually transitions to laminar flow
as it passes through each subsequent generation of airways. The
airflow streamline profiles in different airway sections through-
out a complete breath cycle are provided in Figure S4. The
comparison of airflow in the trachea and distal airways was also
visualized by introducing a puff of e-cig aerosols into the lung
chamber with and without human airway structures (Video S1).
Consequently, the flow rate and pattern exhibit regional
variations, impacting the regional distribution and deposition
of inhaled particles.

3.2. Particle Deposition in the 3D-Printed Airways. To
evaluate particle deposition in the 3D-printed airways, we used
e-cig particles as well as standard DEHS and NaCl particles
under the typical breathing pattern (10 BPM and 480 mL/
breath) or equivalent airflow (Figure S1). A “U” shaped
deposition curve was observed for the size range of 20−10,000
nm (Figure 2). For e-cig and NaCl particles, which are primarily
nano- and submicron particles, the deposition fraction increased
as particle diameter decreased. The experiment conducted with
DEHS particles provided the deposition fraction for the micron-
size range where the deposition fraction increased as particle
diameter increased. To further elucidate particle transport
within the airways, CFPD simulations were conducted for
particles of four sizes (10, 100 nm, 1, and 10 μm). As shown in
Figure S5, distinct distribution and deposition patterns were
observed for particles of different sizes, influenced by various
mechanical forces within the dynamic airflow fields. Ultrafine
particles (10 nm) exhibited higher deposition, driven primarily
by Brownian diffusion. Similarly, coarse particles (10 μm)
showed substantial deposition due to a combination of inertial
impaction and gravitational sedimentation. In contrast, particles
of intermediate sizes (100 nm and 1 μm) exhibited lower
deposition, as neither mechanism was particularly effective for
these sizes.
The obtained size-resolved particle deposition fractions were

then compared to results from the MPPD model for the upper

and TB airways. The MPPD modeling incorporated a similar
stochastic airway geometry and the same breathing pattern as
used in our experiments. The observed deposition curve of
different particles in the upper and TB airways resulted from the
combined effects of these different mechanisms.13 In general,
our experimental data exhibited similar trends to those predicted
by the MPPD model. However, differences between our results
and modeling predictions were expected for various reasons. For
instance, our artificial lung utilized an upper airway geometry
obtained from a CT scan of a specific volunteer, producing an
individual-specific particle deposition curve. In contrast, the
MPPDmodel incorporates semiempirical estimations of particle
deposition in human lungs across a population.59 Lung
physiology, including airway geometry, varies with demographic
factors, such as age, sex, and ethnicity, as well as lung conditions,
which can lead to distinct exposure conditions. Future studies
could develop different airway replicas with specific character-
istics related to lung diseases or different groups to provide
information on individual susceptibility to inhalation exposure.

3.3. Hygroscopic Growth of E-cig Particles in the Lung
Environment. To demonstrate the effects of the warm and
humid lung environment on particle properties, the size
distributions of the e-cig particles were measured immediately
after one puff was introduced into the lung chamber at room T/
RH (25 °C/38%) and lung T/RH (37 °C/88%). A clear
trimodal distribution of the e-cig particles under both conditions
was observed (Figure 3a), with a primary mode at submicron
sizes (300−400 nm), a secondary mode at ultrafine sizes (<100
nm), and a tertiary mode at micron sizes (1000−2000 nm).
Note that the scales in Figure 3a are different for the two modes.
The number concentrations of particles smaller than 500 nm
were 3 orders of magnitude higher than those of particles larger
than 500 nm, thus considerably contributing to the particle mass
concentrations (Figure 3b). Due to the size gap between the
measuring ranges of the SMPS and APS, the mass-based size
distributions of e-cig aerosols did not form a continuous curve.
A warm and humid lung environment led to a significant

increase in the geometric mean diameter of particles larger than
500 nm, from 1.32 (95%CI: 1.28−1.36) to 1.87 (95%CI: 1.58−
2.16) μm (p < 0.01, t test) (Figure 3a,c). This was likely due to
the hygroscopic growth of e-cig particles by absorbing water
vapor in warm and humid lung environments. The hygroscopic
growth of e-cig particles was also confirmed by the denser

Figure 2. Size-resolved particle deposition fraction in the 3D-printed
airway structures. The particle deposition was determined using e-cig,
diethyl-hexyl sebacate (DEHS), and sodium chloride (NaCl) particles
from at least three independent tests with error bars for the standard
deviations. The solid line in the plot represents the modeled size-
resolved particle deposition fraction in the upper and tracheobronchial
(TB) tree via themultiple-path particle dosimetry (MPPD)model. The
stochastic lung morphometry and the same breathing pattern (10 BPM,
480 mL tidal volume) as the experiments were used in the MPPD
modeling to generate the deposition fraction curve.
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“clouds” of e-cig aerosols that formed within the lung
environment as demonstrated in Video S2. This also caused a
significant increase in the total mass concentration by 2.4-fold
(Figure 3c). Given that hygroscopic growth results in particles
with slightly lower densities than the original e-cig particles, this
estimation could be underestimated. Nevertheless, small
particles accounted for the majority of the total number
concentration in both the room T/RH (>99.9%) and the lung
T/RH (>99.7%) (Figure 3d). However, large particles
contributed more to the total mass concentration than small
particles in the lung environment due to mass gain from
hygroscopic growth. We did not observe any differences in the
total number concentrations and size increase of the submicron
particles between the two conditions.
According to the deposition fraction curve (Figure 2), the

hygroscopic growth of e-cig particles in the lung environment is
anticipated to lead to higher exposure doses. Additionally, the
variations in airway structures and airflow characteristics across
different lung sections may result in enhanced particle
deposition with a region-specific pattern.14 This is important
for understanding the pathology of respiratory diseases
associated with inhalation exposure.60,61 To illustrate the
comprehensive lung deposition profile of e-cig particles and
the effects of the lung environment, we used theMPPDmodel to
predict lung deposition based on the observed size distributions.

Particle growth in the artificial lung was shown to cause over
70% more total deposition fractions compared to the room
condition (Figure 4a). Enhanced deposition was observed
predominantly in the upper and TB airways rather than in the
alveolar regions, primarily due to the substantial growth of
micron-sized particles. Overall, hygroscopic growth resulted in a
mass gain of more than 140% for e-cig particles in the warm and
humid lung environments. However, elevated deposition
fractions do not necessarily reflect the deposition doses of e-
cig components, as the increased mass is mainly attributed to
water vapor. By applying the same mass fractions distributed for
the two aerosol modes as observed at room T/RH in the MPPD
model, we estimated that the increase in particle size in the lung
environment led to a 19% greater deposition dose compared to
the room condition (Figure 4b). These results emphasize the
importance of considering hygroscopic growth in inhalation
exposure assessments, particularly when using lung deposition
models.
In addition to e-cig particles, various other airborne particles,

such as cigarette smoke, aerosolized pharmaceuticals, and
environmental aerosols from different sources, exhibit varying
degrees of hygroscopicity. The hygroscopic growth factor
(HGF) of these particles, as reported in previous studies, is
summarized in Table S4. Hygroscopic growth of inhaled
particles occurs over time scales ranging from milliseconds to

Figure 3. Particle size distribution of the e-cig aerosols in the artificial lung system. (a) Number-based and (b) mass-based particle size distribution of
the e-cig aerosols in room and lung environmental conditions. (c) Summary data of the e-cig aerosols including the geometric means, total number
concentrations, and total mass concentration. The data are presented with 95% confidence intervals. (d) Percentage contributions of different size
regimes to the total particle number and mass concentrations. E-cig aerosols were classified as small particles (<500 nm, measured by a Scanning
Mobility Particle Sizer) and large particles (>500 nm, measured by an Aerodynamic Particle Sizer).

Figure 4. Impact of hygroscopic growth on e-cig particle deposition. (a) Deposition fraction and (b) deposition dose of e-cig aerosols in different lung
regions under room T/RH (25 °C, 38% RH) and lung T/RH (37 °C, 88% RH), as predicted by the MPPDmodel. The stochastic lung morphometry
and the same breathing pattern (10 BPM, 480 mL tidal volume) used in the experimental measurements were incorporated into theMPPDmodeling.
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seconds or longer, which aligns with breathing cycles.62,63

Consequently, this growth substantially impacts particle
deposition in the lungs.64−66 By replicating the lung environ-
ment, our artificial lung system could characterize aerosol
dynamics as they occur in human lungs, providing more human-
relevant data for assessing exposure risks and determining
administrative doses of various aerosols.

3.4. Proof-of-Concept Study on Toxicological Effects
of E-cig Aerosol. Our artificial lung system replicates several
key aspects of human inhalation exposure and therefore
facilitates inhalation toxicology studies with greater physio-
logical relevance than traditional methods. As a proof of
principle, we exposed cultured human primary bronchial
epithelium to e-cig aerosols generated from different e-liquids
formulations using a simulated vaping scenario over 2 days
(Figure 5a and Methods). The e-cig aerosols produced from
these three e-liquids exhibited similar, but not identical, trimodal
size distributions (Figure S6a). Specifically, the PG/VG, PG/
VG+Nic, and marketed JUUL Virginia Tobacco pods, featured
increased levels of micron (>1 μm), submicron (100−1000
nm), and ultrafine particles (<100 nm), respectively. Con-
sequently, the JUUL Virginia Tobacco pods, which contained a
complete set of e-liquid constituents had the greatest number of

particles, but the least aerosol mass compared to e-liquids with
partial constituents (Figure S6b).
HBECs cultured under ALI conditions differentiated into a

pseudostratified mucociliary epithelium in each well, comprising
various airway epithelial cells, including goblet cells, ciliated
cells, and basal cells (Figure 5b). After exposure to e-cig aerosols,
the pseudostratified mucociliary epithelium in each group
maintained its cellular structures with no observed histological
changes. Nicotine levels in the cell culture supernatant after
exposure confirmed nicotine delivery to the airway epithelium
from both the lab-made e-liquid (PG/VG+Nic) and the
marketed JUUL pods (Figure 5c). The different nicotine
doses received by the two groups were likely due to variations in
e-liquid composition (e.g., flavor and other additives) affecting
the emission of nicotine-containing aerosols. As suggested by
aerosol characterization results (Figure S6), the marketed JUUL
pods yielded less aerosol mass than the lab-made e-liquid (PG/
VG+Nic). Despite these slight differences, exposure to both
nicotine-containing aerosols (PG/VG+Nic and JUUL) resulted
in decreased levels of chemokine Fractalkine (CX3CL1)
released by HBECs into the culture supernatant (Figure 5d).
Fractalkine is an important regulator of immune cells involved in
inflammatory responses to inhaled toxicants. Our results align
with human studies showing lower levels of Fractalkine in the

Figure 5. Impact of e-cig aerosol exposure on airway epithelium from simulated vaping scenarios. (a) Schematic illustration of human bronchial
epithelial cells (HBECs) exposed to e-cig aerosols within the artificial lung over 2 days. Primary HBECs from a healthy nonsmoking donor were
cultured under air−liquid interface (ALI) conditions and fully differentiated into pseudostratified mucociliary epithelium. Replicate ALI cultures of
HBECs were exposed to clean air (control group) or different e-cig aerosols (experimental group) for 2 days, using a vaping regimen of 4 puffs per 30
min session (Figure 1c), 13 sessions per day, totaling 104 puffs. The tested e-cig aerosols were produced using a JUUL device filled with either lab-made
e-liquids [propylene glycol/vegetable glycerin (PG/VG) in a 30:70 ratio, with or without 5% nicotine benzoate] or marketed JUUL Virginia Tobacco
pods (containing 5% nicotine benzoate). Three independent experiments were conducted with sample sizes of n = 9, 8, and 6 for each group,
respectively, each using different batches of ALI cultures of HBECs from the same donor at the same passage. (b) Representative ALI cultures of
HBECs from each group after the two-day exposure were prepared for histological analysis, stained with hematoxylin and eosin (H&E) and imaged at
20× magnification. (c) Nicotine levels in the HBEC culture supernatant after the two-day exposure (total n = 23 for each group, with samples from
each experiment indicated with different colored dots). Differences in nicotine levels between the PG/VG+Nic and JUUL groups were tested using a
paired t test, matching the well locations in the plate. (d) Chemokine Fractalkine (CX3CL1) levels in the HBEC culture supernatant after the two-day
exposure (total n = 23 for each group, with samples from each experiment indicated with different colored dots). Differences in Fractalkine levels
among the four groups were tested using ANOVA with multiple comparisons. Adjusted p-values from comparing each exposure group to the control
group are shown in the figure.
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airways of healthy e-cig users compared to nonusers, along with
other biomarkers suggesting overall suppressed immune
responses due to e-cig use.67,68 The observed decrease in
Fractalkine in response to e-cig aerosol exposure is likely due to
the effects of nicotine.

3.5. Innovation, Limitations, and Future Directions.
Studying aerosol exposures in human lungs and associated
biological effects is crucial for understanding their health risks
and developing mitigation and treatment strategies for related
diseases. However, current inhalation toxicology methods often
fail to replicate the dynamic interactions between inhaled
aerosols and the respiratory system.17−22 Our developed
artificial lung system includes continuous breathing, transitional
airflow fields in 3D-printed airways, and the warm and humid
lung environment. This system therefore replicates key aspects
of human inhalation exposure including gradual clearance, size-
dependent deposition, and aerosol dynamics, as occurs in real
human lungs. When combined with ALI cultures of HBECs, our
artificial lung system provides a more physiologically relevant in
vitro exposure model for studying respiratory toxicology and
pharmacology. As demonstrated in this study, short-term
exposure to e-cig aerosols from simulated vaping for 2 days
altered epithelial production of Fractalkine, an established
mediator of inflammation and immune responses related to
chronic obstructive pulmonary disease (COPD).69 In compar-
ison, our prior studies employing traditional in vitro (cell lines)
and in vivo (mice) approaches demonstrated acute toxic effects,
including cell death and lung injuries resulting from even fewer
vaping puffs (5−120 puffs).53,70 This difference highlights the
limitations of conventional toxicology approaches, which use
simplified exposure protocols and lack human physiological
relevance. Although our current study on e-cig aerosols focused
on specific toxicological assessments as a proof of principle to
demonstrate the functionality of the artificial lung system, the
cultured HBECs, which preserve the cellular structures and
biological functions of the native airway epithelium, will also
facilitate studies on exposure-induced biochemical reactions and
provide additional insights into mechanisms of inhalation
toxicity. Additionally, long-term exposure can be achieved in
the future since the cultured HBECs can generate a self-
sustaining epithelial layer for several months. In summary, the
artificial lung system holds the potential for wider application in
various inhalation exposure studies, especially in evaluating and
comparing the inhalation toxicity of different tobacco products,
thus informing regulatory decision-making. The uniqueness of
our artificial lung system in facilitating physiologically relevant
inhalation exposure studies compared to traditional toxicology
models are summarized in Table S5.
It must be noted that the current artificial lung system has

several limitations. Although the elastic lung balloons accom-
modate volume changes during respiration and drive symmetric
airflow patterns, the rigid lung chamber itself cannot expand and
contract as real human lungs. Currently, the system focuses on
simulating vaping exposure using an upper airway model with a
mouth tract to replicate mouth-breathing. In the future, it can be
adapted to include a nasal tract for studying the inhalation
exposure and health effects of other emerging environmental
aerosols, such as wildfire smoke, brake and tire wear particles,
and airborne microplastics.71 The current airway replica spans
only from the mouth inlet to airway G13, primarily due to the
resolution limits when 3D printing the geometrically complex
airway structures. Despite this, the model effectively recreates
the regional airflow fields and fractionally deposits inhaled

particles, thus exposing the bronchial epithelium to the aerosol
fraction that would reach the bronchus under their characteristic
laminar airflow conditions. While the current model is a valuable
tool for studying exposures in the conducting airways, further
development is underway to include alveolar exposures. This
will involve constructing porous microhoneycomb structures to
achieve expansive surface areas and near-diffusion airflow,
characteristic of the alveolar compartment.72 Consequently, the
air-blood barrier cocultures will replace HBEC cultures for
biological and toxicological assessments. Furthermore, individ-
ualized lung models can be developed with variable lung
volumes and airway geometries, along with specific respiratory
parameters and cellular biology, to account for differences across
diverse demographic groups (e.g., age, sex, and ethnicity) and
health conditions (e.g., healthy individuals and those with
obstructive lung diseases). This capability of the artificial lung
system enables precise exposure risk assessments, providing
novel insights into individual susceptibility to inhalation
exposures and lung toxicity.
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