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ARTICLE INFO ABSTRACT

Keywords: This study employed a newly developed MALDA-MOUDI approach to investigate the respiratory
Respirfatory deposition deposition of Electronic Nicotine Delivery Systems (ENDS) and Heated Tobacco Products (HTP)
Deposited mass aerosol and used the resulting data to assess associated health risks. MALDA-MOUDI is a tandem

E-cigarette aerosol
Heated tobacco aerosol
Health risk

system that integrates the Mobile Aerosol Lung Deposition Apparatus (MALDA) with the Micro-
Orifice Uniform Deposit Impactor (MOUDI) to enable effective estimations of the size-dependent
deposited mass of inhaled aerosol in major airway regions. The MALDA-MOUDI system covers a
wide particle size range, from nanometers to micrometers, making it ideal for comprehensive
aerosol exposure research. To study ENDS and HTP aerosol respiratory deposition using MALDA-
MOUDI, a series of laboratory experiments was conducted to obtain the deposited mass of ENDS
and HTP aerosol in human airways. Two types of ENDS and one HTP (JUUL, disposable, and
IQOS) were used in the study to generate test aerosol. MALDA-MOUDI respiratory deposition
experiments were carried out under both active (mainstream) and passive (secondhand) exposure
conditions. Metal-induced health risks were systematically evaluated based on the measured
respiratory deposited mass under presumed active and passive use scenarios. The acquired results
indicated that non-cancer and cancer risks associated with metals released from the tested ENDS
and HTP fell within acceptable levels for both active and passive use scenarios. The MALDA-
MOUDI system is a valuable tool for aerosol respiratory deposition studies and can be applied
to broader environmental and occupational aerosol exposure research to assess health risks
associated with toxic substances in aerosol particles.

1. Introduction

The study of aerosol respiratory deposition is an indispensable component of aerosol research. Inhalation of aerosol can result in a
portion of inhaled particles depositing in the respiratory tract, with deposition fractions varying by particle size (International
Commission on Radiological Protection, 1994; Miller et al., 2016; National Committee on Radiation Protection and Measurements,
1997). The deposited particles can introduce toxic substances into the airways, leading to potential lung problems, such as chronic
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bronchitis, asthma exacerbation, and reductions in pulmonary function, and other health effects (Hinds & Zhu, 2022). Therefore,
understanding aerosol respiratory deposition following aerosol exposure is crucial, particularly from a public health perspective.
However, conducting aerosol respiratory deposition experiments was challenging in the past due to the need for specialized facilities,
instruments, and protocols (Cheng et al., 1993; Cohen et al., 1990). Moreover, most published aerosol respiratory deposition exper-
iments have focused on the human upper airways, as fabricating lower airway replicas was difficult (Kelly et al., 2004; Zhou & Cheng,
2005). Consequently, the applicability of previously acquired respiratory deposition data in etiological research was limited because
the deeper regions of the respiratory tract are the primary sites of many adverse lung effects from aerosol exposure (Brown et al., 2002;
Oberdorster et al., 2005). The experimental data on aerosol deposition in the human lower airways remain scarce.

To address the limitations of prior aerosol respiratory deposition experiments, the Mobile Aerosol Lung Deposition Apparatus
(MALDA) was developed. MALDA comprises a set of 3D-printed human airway replicas, and was designed based on the anatomy of
human respiratory tracts and a theoretical model (Su et al., 2019, 2021). These airway replicas encompass the human upper airways,
including the nasal and oral passages, throat, and trachea, as well as the lower airways, with the tracheobronchial (TB) airways down
to the 11th lung generation and a representative alveolar region, fabricated by filling a conductive PLA casing with conductive porous
foam. The details about the structure of the MALDA are represented in our previous publications (Lee & Su, 2025; Su et al., 2019,
2021).

By using a pair of particle sizers to measure the variations in the particle size distributions of the inhaled aerosol particles across
major airway regions (head airway, TB tree, and alveolar region), size-dependent aerosol respiratory deposition fractions in the human
airways can be systematically estimated (Su et al., 2023, 2024). It’s worth noting that the initial version of MALDA was designed to
target particles in the nanometer (ultrafine) size range; therefore, it can be referred to as Nano-MALDA. Recently, another MALDA set
tailored for micrometer-sized aerosol (Micro-MALDA) was successfully developed (Lee & Su, 2025). By operating Micro-MALDA in
conjunction with Nano-MALDA, the applicable aerosol size range of the MALDA system was significantly expanded from the nano-
meter to the micrometer scale. These two MALDA sets enable a comprehensive measurement of aerosol respiratory deposition,
covering particle sizes commonly encountered in real-world aerosol exposure scenarios. To further enhance the capability of MALDA,
the MALDA sets were connected (individually) to a commercially available size-segregated aerosol sampler - Micro-orifice Uniform
Deposit Impactor (MOUDI, model 110-R, MSP Co., Shoreview, MN, USA). This integration resulted in a MALDA-MOUDI tandem
system, allowing a more effective and detailed analysis of the deposited mass of inhaled aerosol in major airway regions across a broad
particle size range (Lee & Su, 2025).

Over the past few decades, the global use of Electronic Nicotine Delivery Systems (ENDS) and Heated Tobacco Products (HTP) has
grown rapidly, particularly among younger populations (Ali et al., 2020; McKelvey et al., 2018). One of the factors driving the surge is
the common perception that ENDS and HTP are a safer alternative to traditional tobacco cigarettes. It is widely recognized that adverse
health effects from cigarette smoking are primarily linked to tobacco combustion. Thus, ENDS and HTP use, which does not involve
tobacco combustion, has gained popularity, particularly among teenagers and young adults (Buu et al., 2020; Cullen et al., 2018;
McKelvey et al., 2018). Although evidence suggests that using ENDS or HTP produces overall lower aerosol concentrations compared
to cigarette smoking (McAuley et al., 2012; Pacitto et al., 2018; Papaefstathiou et al., 2020), frequent use of them can degrade indoor
air quality and result in secondhand exposure to ENDS or HTP aerosol constituents, such as ultrafine particles and nicotine (Bekki et al.,
2017; Logue et al., 2017; Protano et al., 2017). Research has also reported that ENDS and HTP aerosols contain organic compounds (e.
g., 2,3-pentanedione, diacetyl) and metals (e.g., Cr, Pb, Mn, Zn) (Allen et al., 2016; Amoros-Pérez et al., 2022; Olmedo et al., 2018;
Uchiyama et al., 2015). Several investigations imply that inhalation of these constituents can trigger oxidative stress and inflammation,
and impair lung function in animals and humans (Areecheewakul et al., 2020; Hubbs et al., 2008, 2012; Staudt et al., 2018). Given the
rising prevalence of ENDS and HTP use and the fact that comprehensive regulations are still absent in many countries worldwide—for
example, the United Kingdom bans indoor combustible-cigarette smoking but sets no product-specific limits on ENDS (Public Health
England, 2016)—both active and passive exposure to them have emerged as significant public-health concerns, potentially fostering
nicotine dependence among non-smokers, and complicating efforts to curb combustible-cigarette use. (National Academies of Sci-
ences, Engineering, and Medicine, 2018; Soneji et al., 2017). Therefore, accurately assessing the health risks of active and passive
exposure to ENDS and HTP is essential, and such evaluations must be grounded in the thorough investigation of aerosol respiratory
deposition.

With this in mind, the purpose of this study was to apply the newly developed MALDA-MOUDI system to assess potential health
risks associated with toxic metals in ENDS and HTP aerosol. Evidence indicates that ENDS and HTP aerosols contain various potentially
harmful metals (Bekki et al., 2017; Gray et al., 2022; Olmedo et al., 2018), and such metals deposited in the human airways may
contribute to a variety of lung conditions, including lung inflammation, decreased lung function, and even lung cancer (Areecheewakul
et al., 2020; Bracken-Clarke et al., 2021; Monsé et al., 2021; Shehata et al., 2023). In this study, to examine the health impact of ENDS
and HTP aerosol exposure, a series of laboratory-based aerosol respiratory deposition experiments were conducted using the
MALDA-MOUDI approach under both active and passive exposure conditions. The deposited mass of metals in the respiratory tract was
carefully estimated and subsequently used to assess potential health risks.

2. Methods
2.1. MALDA-MOUDI tandem system

The MALDA-MOUDI system has been demonstrated to generate reliable, size-dependent respiratory aerosol deposition data that
closely match conventional lung deposition curves, making it well-suited for aerosol exposure studies (Lee & Su, 2025). Fig. 1
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illustrates the MALDA-MOUDI system and the experimental procedure to determine the deposited mass of inhaled aerosol in major
airway regions. During the MALDA-MOUDI experiments, Micro-MALDA and Nano-MALDA were individually connected to the
MOUDI. Since Nano-MALDA, Micro-MALDA, and MOUDI all operate at the same flow rate (30 L/min), they can be used simultaneously
in an integrated configuration. Based on the experimental design, the size-dependent (d-dependent) deposited mass of aerosol in a
specific airway region (DMgjayq) can be obtained by:

DMead 18,4 :Mo.d — Mpeaa +TB.,d> 1)
DMAlv.d:MHead+TB,d - MHead+TB+Alv,d-, (2)
DMrotaia = DMpead+ 18,4 + DMary a 3)

where, M, 4 is the size-dependent mass concentration of test aerosol collected by MOUDI when no airway replicas are connected to the
inlet of MOUDI. Myqq. 1845 iS the size-dependent mass concentration obtained by MOUDI when the head airways and TB airways are
connected at the inlet of MOUDI. Mpeqd.1B-a1vd iS the size-dependent mass concentration obtained by MOUDI when the entire airway
replica set (from the head airways to the alveolar region) is connected to MOUDI. The size-dependent mass concentration of the test
aerosol was determined by weighing the filters retrieved from MOUDI using a microbalance (CAHN-35, ThermoFisher, Waltham, MA,
USA). According to the design of MOUDI, filters are positioned across eleven impaction stages, with each stage (filter) capturing
aerosol samples within distinct aerodynamic diameter ranges. DMpeqdi18d, DMarw,a, and DMryqq represent the size-dependent
deposited mass of the test aerosol in the head-to-TB airways, the alveolar region, and the entire human respiratory tract, respectively.

2.2. Products and aerosol generation

Three products were used in this study for both active and passive exposure experiments. The selected products include a
disposable e-cigarette (Onee Stick, Kangvape Technology, Shenzhen, China), a single-use vape pod e-cigarette (JUUL, JUUL Labs,
Washington D.C., USA), and an HTP device (IQOS ILUMA, Philip Morris, Stamford, CT, USA). All products were purchased from
licensed US retailers no more than 1 month before testing, and stored unopened at room temperature (15-25 °C), low humidity, and
out of direct light. The purchased disposable e-cigarettes, JUUL cartridges, and IQOS sticks were opened immediately before use and
tested the same day.

These three non-combustible nicotine products were selected to represent various recent technologies, including the most popular
types of ENDS—disposable devices, single-use pod systems—as well as HTP, which are expected to grow in market share. To generate
ENDS and HTP aerosol for respiratory deposition experiments, a puffing machine (CSM-eSTEP, CH Technologies, Inc., Westwood, NJ)
was employed. The puffing topography (frequency, volume, duration, volume, etc.) was set to 2 puffs per minute, with each puff
having a volume of 55 ml and a duration of 3 s. These parameters align with those specified by the International Organization for
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Fig. 1. MALDA-MOUDI system and the procedure to obtain the deposited mass of inhaled aerosol in different airway regions using Egs. (1)-(3).
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Standardization (ISO) 20768. We employed this method since it is the current inter-laboratory standard and lies within the range of
puff volumes for users (International Organization for Standardization, 2018).

2.3. Aerosol respiratory deposition experiments

For respiratory deposition experiments under active exposure conditions, the ENDS and HTP aerosol generated by the puffing
machine was delivered directly to the MALDA-MOUDI tandem system (Fig. 2(a)). In the passive exposure experiments, the ENDS and
HTP aerosols were first routed through a temperature (T) and relative humidity (%RH) conditioner to simulate the conditions the
aerosol encounters within an active user’s lung before being exhaled. The T and %RH conditioner was maintained at 37 °C and ~100 %
RH (Déry et al., 1967; Man et al., 1979). The conditioned aerosol was then transported to the stainless-steel dilution chamber before
being delivered to the MALDA-MOUDI system (Fig. 2(b)). The main compartment of the dilution chamber measured 61 cm (L) x 61 cm
(W) x 61 cm (H). The chamber was equipped with an electronic fan, and we assumed that the aerosols were well-mixed inside the
chamber. Temperature and relative humidity in the chamber were maintained at 20-25 °C and 50 + 10 % RH, respectively, replicating
standard indoor thermal environmental conditions (American Society of Heating, Refrigerating and Air-Conditioning Engineers,
2023).

During the respiratory deposition experiment, 10 to 20 puffs of ENDS and HTP aerosol were generated. This puff range was
optimized through a set of preliminary trials to ensure adequate aerosol mass collection on MOUDI filters, allowing sufficient aerosol
samples to load on filters for small particles while preventing overload on filters for large particles. The filter installed in MOUDI for
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Fig. 2. The schematic of the experimental setup for (a) active vaping, and (b) passive vaping using the MALDA-MOUDI tandem system.
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aerosol collection was a 37 mm Polytetrafluoroethylene (PTFE) membrane filter (R2PJ037, PALL Co., Port Washington, NY, USA).
After the experiment, PTFE filters were immediately removed from the MOUDI and weighed using a microbalance to minimize mass
loss from solvent evaporation. Filters were then placed in separate Petri dishes and stored in a freezer for subsequent metal analysis.

MOUDI was cleaned with isopropanol alcohol (IPA) after each experiment to prevent cross-contamination. The human airway
replicas in both Nano-MALDA and Micro-MALDA were also flushed with IPA after every five experimental runs. Following the airway
cleaning, the inner surfaces of the airway replicas were recoated with a thin layer of fresh silicone oil (§159-500, Fisher Scientific
International, Inc., Pittsburgh, USA) to maintain consistent surface properties. The airway systems of Micro-MALDA and Nano-MALDA
were periodically re-evaluated to ensure their performance.

To verify that the ENDS and HTP aerosol respiratory deposition data obtained from the MALDA-MOUDI approach is comparable to
conventional lung deposition curves (International Commission on Radiological Protection, 1994), the regional deposited mass of
aerosol was used to calculate deposition fractions in the corresponding airway regions using the following equations:

DFpead 184 = DMpgead18.4/Mo 4 @
DFp.a-DMyyya /M, 4 5)
DFTuml‘d = DMTnml,d/Mo‘d (6)

where DMyeqd+ 18,4, DMaty.d, DMrotaia and M, 4 have been defined previously. DFyeqqs 18,4 DFaw.a and DFpyqq are the size-dependent
aerosol respiratory deposition fractions (ranging from 0 to 1) in the head-to-TB airways, the alveolar region, and the entire human
respiratory tract, respectively. To further compare the aerosol respiratory deposition fractions obtained from the MALDA-MOUDI
approach with those from the previously adopted method using MALDA alone, additional aerosol respiratory deposition experi-
ments (particle number-based) were conducted using only the two MALDA sets (without MOUDI). In the particle number-based
experimental approach, respiratory deposition fractions were determined by particle sizers. The Scanning Mobility Particle Sizer
(SMPS, NanoScan 3910, TSI Inc., Shoreview, MN, USA) was used for nanometer-sized particles, while the Aerodynamic Particle Sizer
(APS, Model 3321, TSI Inc., Shoreview, MN, USA) was employed for micrometer-sized particles. Given that a total flow of 30 L/min
was required to operate the two MALDA sets, the sampling probes for real-time monitoring devices were designed with stainless steel
tubing of suitable diameter to match the MALDA flow rate and connected to the SMPS and APS.

The major physical properties (e.g., particle diameter) of ENDS and HTP aerosols can shift markedly with both the dilution ratio
and the residence time of the sampled plume. Consequently, comparable size-distribution measurements demand consistent dilution
and residence time (David et al., 2020; Kane & Li, 2021; Lalo et al., 2020; Luo et al., 2021). Under these operating conditions, our
passive exposure experimental settings represented an air-change rate of 8.33 h! and an overall dilution ratio of approximately 270:1.
To prevent impactor over-loading and to ensure reliable SMPS/APS readings, we empirically set a maximum aerosol concentration,
which was <1 % of the particle-number concentration at which coincidence-counting artefacts have been reported (Oldham et al.,
2023) (see Section 3.1 for details). This threshold was applied to both passive and active exposure experiments to avoid potential
measurement errors. For both mass-based and number-based studies, each experimental condition was repeated three times to obtain
statistically meaningful averages and standard deviations.

2.4. Aerosol metal composition analysis

To analyze the metal constituents in size-segregated aerosol by ICP-MS, MOUDI filters with collected aerosol were prepared ac-
cording to the EPA I0-3 method (U.S. EPA, 1999). Metal analysis was performed at an ISO 17025-accredited commercial laboratory in
Houston, USA. A total of 20 metals (Al, Sb, As, Be, Cd, Cr, Co, Cu, Fe, Pb, Mn, Mo, Ni, Se, Ag, Sr, Sn, Ti, V, and Zn) were targeted based
on published research (Gray et al., 2019, 2022; Hess et al., 2017; Olmedo et al., 2018). For each set of MOUDI filters, a blank filter was
provided and analyzed alongside the sample filters to determine the background metal concentration. The metal concentration in each
sample was calculated by subtracting the metal concentration of the blank filter (blank-adjusted metal concentration). If the
blank-adjusted metal concentration of a target metal was below the limit of detection (LOD) of the instrument, the concentration of
that metal was recorded as non-detect (N.D.).

2.5. Deposited dose estimation

Once the size-dependent respiratory deposited mass data were acquired from the MALDA-MOUDI experiments and the size-
dependent metal constituent data were available from the ICP-MS metal analysis, the deposited dose of a target metal in the bodies
of actively and passively exposed individuals could be estimated. For active exposure studies, the per-puff, size-dependent respiratory
deposited dose of a target metal k (PDDy 4, ng/kg-puff) in an active user’s body was calculated using the following equation:

PDDyq = (DMroqia X Cka X IR) / (BW x Q x N) @

where DM, ¢ Was calculated using Eq. (3). Cy 4 represents the size-dependent mass fraction (ranging from 0 to 1) of the target metal k
in ENDS and HTP aerosol. Cy 4 was determined by the ratio of the mass of the target metal obtained from a filter to the mass of aerosol
collected on the same filter. IR is the human inhalation rate per hour, set at 15 L/min. BW is the average human body weight, which is
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70 kg (U.S. EPA, 2011). Q refers to the flow rate used in the MALDA-MOUDI experiment (30 L/min). N denotes the number of puffs
generated during each active exposure experiment.

For passive exposure studies, the hourly size-dependent respiratory deposited dose of a target metal k (HDDy 4, ng/kg-hr) was
estimated using the following equation:

HDDy g = (DMrotarq X Cig X IR) /| (BW x Qx T) )

where the definition of DMryq 4, Ck4, IR, and BW remain the same as previously described. The inspiratory flow rate Q of 30 L/min
corresponds to the minute ventilation rate of an adult during light activities (NCRP, 1997). T represents the experimental time (in
hours) used in each passive exposure experiment.

The estimated PDDy 4 and HDDj 4 were then summed across the particle size (d) to calculate the size-cumulative per-puff deposited
dose (PDDy) for active exposure, and the size-cumulative hourly deposited dose (HDDy) for passive exposure.

2.6. Health risk assessment

With the PDDy and HDDy, calculated, the average daily dose (ADDy, ng/kg-day) and the lifetime average daily dose (LADDy, ng/kg-
day) of a metal could be reasonably estimated for both active and passive exposure scenarios. For active exposure, the average daily
dose (A_ADDy) and the lifetime average daily dose (A_LADDy) of the target metal k were determined using the following equations:

PDDy x CR x CT

A_ADDy = —ar 9

A_LADD; — PDDy x CR x CT 10)
LE
where the contact rate (CR) of active users to ENDS and HTP aerosol was set at 365 puffs/day, based on previously published studies on
the average puff frequency among exclusive e-cigarette users (Aherrera et al., 2020). We considered this value appropriate as a
health-protective worst-case assumption, since the recent studies reported that the upper-percentile consumption of pod-type devices,
such as JUUL, was about 300 puffs/day (Tillery et al., 2023), and established IQOS users were also assumed to use at least 300
puffs/day (Cheng et al., 2025). CT represents the contact time (years) of active users. AT denotes the averaging time (years) used to
estimate ADDj, for active use of ENDS and HTP. In this study, both CT and AT were assumed to be 36.4 years, according to published
data (Bhatt et al., 2018). The lifetime expectancy (LE) was considered to be 70 years (U.S. EPA, 2011).
For passive exposure, the average daily dose (P_ADDy) and the lifetime average daily dose (P_LADDj) of the target metal k were
estimated using a similar approach:

HDDy x CR x CT

PADDy = ——————— 11
, AT (11)
P_LADD; = %EM" (12)

where CT, AT, and LE are the same values as described for active use. The contact rate (CR) in passive exposure, which is an average
daily exposure duration for a passively exposed individual to secondhand ENDS and HTP aerosol was assumed as 4 h/day. This figure is
grounded in a worst-case scenario in which a non-user remains with the user in the same shared indoor space that is not subject to
vaping/using prohibitions (e.g., a private home). With 365 puffs per day at 30 s per puff, the total use time comes to roughly 3.0 h; we
rounded this figure up to 4 h to include a health-protective buffer, to account for the lingering aerosol in the room air after active users’
vaping/using sessions, as it takes time for the aerosol’s natural dissipation.

The calculated average daily dose, A_ADDy and P_ADDy, were then utilized to estimate the non-cancer health risks using the hazard
quotient (HQy), which was determined through dividing A_ADD; and P_ADD; by the published reference dose of the target metal k
(RfDy). To account for the additive health effects from different metals, the hazard index (HI) was calculated by the summation of
relevant HQy values. On the other hand, the calculated lifetime average daily dose, A_LADD; and P_LADDy, were multiplied by the
published cancer slope factor of the target metal k (CSF) to assess the excess lifetime cancer risk associated with the target metal found
in ENDS and HTP aerosol. The published RfDy and CSF; values (or their conversion equivalents) used in this study to assess non-cancer
and cancer risks for a target metal k were sourced from publicly available databases or websites, including the EPA Integrated Risk
Information System (IRIS), the California EPA Office of Environmental Health Hazard Assessment (OEHHA), and the (Agency for Toxic
Substances and Disease Registry, 2024; California Environmental Protection Agency, 2024; U.S. EPA, 2024). For both active and
passive exposure, the estimated non-cancer risk is deemed unacceptable if the calculated HQy or HI exceeds 1.0, suggesting a potential
non-canceg effect. The cancer risk is considered unacceptable if the calculated excess lifetime cancer risk for the target metal k exceeds
1.0 x 107"
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3. Results
3.1. Aerosol respiratory deposition

Fig. 3 illustrates the particle size distribution of aerosol generated by the three test products. As shown in Fig. 3(a), for number-
based particle size distribution, the disposable e-cigarette and JUUL exhibited a bimodal size distribution under active and passive
exposure conditions, whereas the IQOS produced a unimodal distribution in both exposure conditions. Notably, a substantial fraction
of the aerosol generated from the tested products fell within the nanoparticle size range. In Fig. 3(b), the mass-based particle size
distributions showed a bimodal pattern under active exposure for all test products, but showed a unimodal distribution under passive
exposure. Overall, active exposure represented higher aerosol mass concentrations than passive exposure. The mass median diameters
(MMADs) measured 0.57 pm (disposable), 0.58 pm (JUUL), and 0.21 pm (IQOS) during active exposure, with corresponding values of
0.51 pm, 0.59 pm, and 0.31 pm during passive exposure.

Figs. 4 and 5 show the aerosol size-dependent respiratory deposition fractions obtained from the mass-based MALDA-MOUDI
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approach via Egs. (1)-(6), and from the number-based method using MALDA alone. Also shown in the figures are the corresponding
ICRP lung deposition curves. The mass-based and number-based data exhibited general consistency in their trends across the nano-
meter to micrometer size range. Additionally, Figs. 4 and 5 express a general similarity in deposition patterns and values, regardless of
the ENDS or HTP products, or their use conditions. This similarity may be attributed to the liquid-based nature of ENDS and HTP
aerosol and the predominantly spherical morphology of them, as commonly assumed (National Academies of Sciences, Engineering,
and Medicine, 2018).

Fig. 6 displays the respiratory deposited mass in the head-to-TB airways, alveolar region, and the entire human airways (total)
obtained by the MALDA-MOUDI tandem system for the three test products under active and passive exposure conditions. It can be seen
that the particle sizes associated with significant respiratory deposited mass closely correspond to the mode size of the mass-based size
distributions shown in Fig. 3.
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Fig. 4. E-cigarette aerosol respiratory deposition fractions for active vaping
(error bars indicating the standard deviation).
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Fig. 5. E-cigarette aerosol respiratory deposition fractions for passive vaping

(error bars indicating the standard deviation).

3.2. Aerosol metal constituent

ICRP © DF(Number) @ DF (Mass)

The ICP-MS metal analysis revealed that seven out of the twenty target metals (Cr, Cu, Al, Zn, Ti, Pb, and V) were detected at
quantities exceeding the LOD. The total mass of these detected metals on each MOUDI filter was summed and compared to the cor-
responding aerosol mass collected on the same filter. Fig. 7 presents the average size-dependent metal-to-aerosol mass ratio for the
three products. As can be seen, the size-dependent metal-to-aerosol mass ratio generally exhibited a U-shaped distribution across the
nanometer to micrometer size range. For active exposure, IQOS demonstrated a relatively lower metal-to-aerosol mass ratio in the
smaller particle size range (nanometer to submicron) compared to the disposable e-cigarette and JUUL under both exposure condi-
tions. Fig. 8 shows the size-dependent mass proportion (%) among the seven detected metals. Cr, Cu, Al, and Zn were the most
abundant metals among the seven detected metals, whereas Ti, Pb, and V were found in relatively lower amounts. No clear patterns or
correlations were observed between metal proportion and particle size.
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Fig. 6. Deposited mass of e-cigarette aerosol in human airways acquired by the MALDA-MOUDI approach for (a) active vaping and (b) passive
vaping (N = 3).
(error bars indicating the standard deviation).

3.3. Health risk estimation

In this study, four of the seven metals identified in the ENDS and HTP aerosol—Cu, V, Pb, and Cr—are recognized for their potential
to pose either non-cancer or cancer risks to humans. For instance, Cu exposure can cause respiratory irritation (CalEPA OEHHA: 0.1
mg/m>), V can lead to lung damage (ATSDR MRLs: 0.0001 mg/m>), and Pb is associated with neurological effects (EPA: B2; CalEPA
OEHHA: CSF = 0.042 (mg/kg-day)’l). Cr(VI) is the most toxic form of chromium and is classified as carcinogenic to humans (IARC
Working Group on the Evaluation of Carcinogenic Risks to Humans, 2016). However, due to the limited published data on the pro-
portion of Cr(VI) in the total Cr commonly detected in ENDS or HTP aerosol, the detected Cr in this study was conservatively assumed
to be in the less toxic form, Cr(III), to prevent an unreasonable overestimation of the cancer risk associated with aerosol exposure.
Excessive inhalation of Cr(III) can induce allergic sensitization and asthma (ATSDR MRLs: 0.0001 mg/rns).
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Fig. 7. Size-dependent metal mass ratio in aerosol for tested ENDS and HTP in conditions of
(a) active exposure, and (b) passive exposure (N = 3). (error bars indicating the standard deviation).
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Based on the acquired size-dependent respiratory deposited mass from MALDA-MOUDI experiments (Fig. 6), and the size-
dependent metal constituent data from ICP-MS analyses (Figs. 7 and 8), health risks associated with the four toxic metals detected
in the ENDS and HTP aerosol were estimated using Eqs. (7)-(12). Table 1 lists the calculated non-cancer and cancer risks for both
active and passive exposure using the three products. For non-cancer risks, the values of HQ and HI were all below 1.0, indicating
metal-induced non-cancer risks were within acceptable levels in both active and passive exposure. Vanadium (V) was identified as the
primary contributor to non-cancer risk in this study. Among the tested products, IQOS showed a relatively higher non-cancer risk in
active exposure (HI = 0.329), while the disposable e-cigarette posed the greatest risk in passive exposure (HI = 0.650). On the other
hand, the cancer risks associated with active and passive exposure for the three products were also within acceptable limits, with
excess lifetime cancer risk values ranging from 6.85 x 1078 to 9.34 x 1077, all below the acceptable criteria of 1.0 x 107°,
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Fig. 8. Size-dependent proportion of seven detected metals in e-cigarette aerosol for different e-cigarettes in conditions of (a) active vaping and (b)
passive vaping (N = 3).

4. Discussion
4.1. MALDA-MOUDI system

In aerosol respiratory deposition studies, the respiratory deposited mass is generally considered more informative than the res-
piratory deposition fraction for assessing health risks associated with aerosol exposure. In our previous studies, MALDA alone could
only provide aerosol respiratory deposition fractions based on measurements of number-based particle size distributions. To further
estimate the aerosol deposited mass in the airways, an assumption about the particle density of the aerosol of interest is required (Su
et al., 2023). While this approach to estimating respiratory deposited mass is useful when a direct method for determining the actual
density of the aerosol particle is unavailable, it introduces a degree of uncertainty in particle mass calculations. For instance, when
estimating the mass of aerosol particles, particles are often approximated to be spherical to simplify the volume calculations. In
addition, assumptions about particle density require presuming the chemical properties of the aerosol in question. These assumptions
can introduce uncertainties and potential errors in the results, particularly for aerosol particles with inherently irregular shapes, such
as soot, or those with complex chemical compositions, such as ENDS or HTP aerosol. The development of the MALDA-MOUDI approach
effectively addresses these limitations of the number-based MALDA method. By eliminating the need for a particle sizer and the
assumption of the particle density, the MALDA-MOUDI system serves as a useful experimental tool for systematically studying
size-dependent respiratory deposited mass of particles (in this study, non-volatile particles generated from ENDS or HTP) in major
human airway regions over a wide particle size range.

4.2. Aerosol respiratory deposition experiments

The e-cigarette aerosol generated by disposable e-cigarettes and JUUL revealed a bimodal pattern in the number-based particle size
distribution. Similar bimodal distributions have been reported in several e-cigarette aerosol studies, with peaks typically showing in
the 0.03-0.08 ym and 0.1-0.3 pm ranges (Delaval et al., 2019; Floyd et al., 2018; Mikheev et al., 2016; Papaefstathiou et al., 2020;
Stefaniak et al., 2022). In contrast, the particle size distribution produced by IQOS exhibited a unimodal pattern, which is consistent
with findings from other research on heated tobacco devices similar to IQOS (Delaval et al., 2019; Pacitto et al., 2018). The mass-based
ENDS and HTP aerosol size distribution revealed a unimodal pattern in the mass-based particle size distribution (Fig. 3 (b)). Other
studies that used cascade impactors have been reported with MMAD, in the 0.7-1.2 pm ranges (Kane & Li, 2021; Oldham et al., 2018;
Oldham et al., 2023). The peak of the aerosol mass distribution existed between 0.56 and 1.0 pm in our study, but the MMADs from
these studies were relatively higher than our results (~0.6 pm).

This study also observed that particle size distributions from passive exposure were slightly shifted toward larger sizes relative to
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Table 1
Health risks caused by metals present in e-cigarette aerosol generated by (a) disposable e-cigarette, (b) JUUL, and (c) IQOS.

(a) Disposable

Cr(Im)* Cu \ Pb
Active Non-Cancer ADD" 0.065 0.071 0.007
HQ 0.042 0.002 0.216 HI: 0.260
Cancer LADD" 0.003
CR 1.35 x 1077
Passive Non-Cancer ADD" 0.006 0.023 0.020
HQ 0.004 0.001 0.646 HL: 0.650
Cancer LADD" 0.004
CR 1.67 x 1077
(b) JUUL
Cr(Im)® Cu \% Pb
Active Non-Cancer ADD" 0.157 0.028 0.007
HQ 0.102 0.001 0.218 HI: 0.321
Cancer LADD" 0.003
CR 1.36 x 1077
Passive Non-Cancer ADD" 0.034 0.026 0.013
HQ 0.022 0.001 0.431 HI: 0.454
Cancer LADD" 0.012
CR 4,59 x 1077
(c) IQOS
Cr(In)* Cu v Pb
Active Non-Cancer ADD" 0.162 0.015 0.007
HQ 0.105 <0.001 0.223 HI: 0.329
Cancer LADD" 0.024
CR 9.34 x 1077
Passive Non-Cancer ADD" 0.032 0.013 0.007
HQ 0.021 <0.001 0.243 HL: 0.264
Cancer LADD" 0.002
CR 6.85 x 1078

1: The RfDs used in this study are 1.543 (ug/kg-day) for Cr(III), 30.86 (ug/kg-day) for Cu, and 0.031 (pg/kg-day) for V. The CSF of Pb used in this study
is 3.89 x 10~ >(ug/kg-day) .

& Every amount of the detected Cr was assumed to be insoluble Cr(III).

b The unit of ADD and LADD is pg/kg-day.

active use. This shift could be attributed to the hygroscopic growth of aerosol particles. As mentioned in the method section, the ENDS
and HTP aerosol passed through a T and %RH conditioner before entering the MALDA-MOUDI system during passive exposure ex-
periments. With the relative humidity inside the conditioner approaching 100 %, particle hygroscopic growth may occur (Asgharian
et al., 2018; Pichelstorfer et al., 2016).

4.3. Metal analysis and health risk assessment

The findings of this study demonstrated that metal-induced non-cancer and cancer risks from both active and passive exposure were
generally within acceptable levels. This outcome may be attributed to the low presence of metals in target ENDS or HTP aerosol. The
blank-adjusted metal concentrations from ICP-MS analyses indicated that most target metals were below the instrument’s detection
limit (LOD) and marked as N.D.

One of the strengths of this study is its size-dependent approach for estimating metal-to-aerosol mass ratios in aerosol. Published
studies have quantified metals in aerosol by analyzing bulk liquid (Gray et al., 2019; Hess et al., 2017; Olmedo et al., 2018) or total
suspended aerosol (Goniewicz et al., 2014; Lerner et al., 2015). However, these approaches overlook the variations of metal con-
centrations in ENDS aerosol due to particle size changes. Aerosols generated from ENDS or HTP are expected to undergo evaporation in
ambient air, which may lead to an increased proportion of non-evaporable metals in particles as particle size decreases. By measuring
the size-dependent metal-to-aerosol mass ratio, the distribution of target metals across different aerosol sizes could be ideally revealed.
Given that the aerosol respiratory deposition is also particle size-dependent, integrating these two size-dependent data sets allows for a
more accurate estimation of the deposited mass of metals in the human airways, especially for passive exposure scenarios.

Chromium exists in the environment in three primary forms: elemental chromium (Cr), trivalent chromium (Cr(III)), and hex-
avalent chromium (Cr(VI)). Standard ICP-MS metal analyses do not identify the oxidation state of metals, including chromium
(Beauval et al., 2016; Hess et al., 2017). In this study, all detected chromium was conservatively assumed to be Cr(IIl). Although the
distribution of chromium oxidation states in e-liquids warrants further investigation, a prior study employing an integrated
ICP-MS/ion-chromatography method reported no detectable Cr(VI) in any of the commercial e-liquids examined (Lavisetty et al.,
2024). This approach is also consistent with several studies that made the same assumption and reported acceptable health risk levels
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for chromium (Alcantara et al., 2023; K. Farsalinos et al., 2015). In contrast, other studies have assumed that all measured chromium is
Cr(VI) for cancer risk assessment, leading to the calculated excess lifetime cancer risks ranging from 2.55 x 10~ to 4.39 x 107%, far
exceeding the conventionally acceptable level (Fowles et al., 2020; S. Zhao et al., 2023). Despite these differences, Farsalinos and Rodu
(2018) have stated that the health risk of Cr(VI) from inhaling ENDS aerosol should be negligible. However, if Cr(VI) made up more
than 0.07 % of the total chromium in this study, the cancer risks associated with active use of three products would surpass the
acceptable level of 1.0 x 107°. For passive exposure, Cr(VI) would need to account for over 0.87 % of the total chromium for the
associated cancer risk to be considered unacceptable. Studies have shown that Cr(III) can be oxidized to Cr(VI) when exposed to high
temperatures ranging from 200 °C to 400 °C (Apte et al., 2006; Burton et al., 2019). Since heating coils of ENDS can reach temperatures
between 100 °C and 350 °C (Chen et al., 2018; Li et al., 2021), the formation of Cr(VI) may occur under certain thermal atomization
conditions. Given that the metal oxidation state is closely linked to device characteristics, such as atomizing power and heating coil
material (Alcantara et al., 2023; Zhao et al., 2022), future studies could further explore how heating-related parameters influence the
oxidation states of metals in ENDS aerosol.

It is worth noting that, in this study, the aerosol concentrations generated in passive exposure experiments were relatively higher
than those typically found in real-world indoor environments such as rooms, homes, and stores (Geiss et al., 2015; Jeon et al., 2024;
Lampos et al., 2019). This is because aerosol dilution was restricted within the stainless-steel chamber used, resulting in higher aerosol
concentrations. Moreover, our approach to estimating passive exposure did not account for aerosol deposition in the active user’s
lungs. Previous studies on ENDS aerosols and their constituents exhaled by the users have reported that the major chemical constit-
uents in directly inhaled aerosols were a few-to ten-fold higher than those found in exhaled aerosols (Oldham et al., 2021; Samburova
et al., 2018; St Helen et al., 2016).

Although the aerosol concentration in the passive exposure experiments was artificially high, the estimated health risks associated
with passive exposure remained at an acceptable level. The experimental conditions in this study can still represent some secondary
ENDS or HTP aerosol exposure scenarios, particularly for passively exposed individuals in close proximity to active users. For passively
exposed individuals in spaces that comply with building codes for ventilation or at greater distances from an active user, aerosol
concentrations are expected to be significantly lower. Nevertheless, the laboratory passive exposure experiments presented in this
study can serve as a worst-case scenario, offering a useful reference data set for future research on real-world passive exposure studies.
Moreover, applying the MALDA-MOUDI tandem system in more realistic experimental settings, taking into account the period of ENDS
and HTP use as well as their natural decay, as shown as several previous study (Maloney et al., 2016; Protano et al., 2017) can provide
improved risk estimation, by considering both the level of exposure and respiratory deposition of ENDS and HTP aerosols and their
chemical constituents.

Another limitation is that all deposition tests were conducted with a single, static adult airway replica; consequently, dynamic
airway motion and inter-individual variation caused by age, disease status, or breathing pattern were not represented. In addition,
although a fan was used to promote mixing during sampling, the aerosol may not have been completely homogeneous, and partial
evaporation of semi-volatile constituents (e.g., glycerol, flavor aldehydes) due to the use of the fan could have biased the measured
particle-size distribution. Finally, the study quantified only particulate metals; gaseous and non-metalic toxicants such as formalde-
hyde, acetaldehyde, and carbon monoxide were outside the analytical scope, so the overall health risk may have been underestimated.

5. Conclusion

In this study, a newly developed MALDA-MOUDI tandem system was effectively applied in a study to determine the deposited mass
of ENDS and HTP aerosol in major airway regions for assessing metal-induced health risks associated with active and passive use.
Through aerosol respiratory deposition experiments and metal analyses of ENDS and HTP aerosol, the MALDA-MOUDI approach
provided robust data on size-dependent deposited mass of metals in major human airway regions. The results indicated that the
estimated non-cancer and cancer risks associated with toxic metals in ENDS and HTP aerosol generally remained within acceptable
levels for both active and passive exposure. The experimental approach used in this study presents a systematic method for evaluating
potential health risks associated with aerosol exposure. The MALDA-MOUDI approach can be employed in future environmental and
occupational aerosol exposure studies to comprehensively assess health risks posed by harmful aerosols.
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