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Abstract

Secondary exposure to e-cigarette aerosol (passive vaping) will soon become a pressing public 

health issue in the world. Yet, the current knowledge about respiratory depositions of e-cigarette 

aerosol through passive vaping in human airways is limited due to critical weaknesses of 

traditional experimental methods. To fill in this important knowledge gap, this study proposed a 

special approach involving an upgraded Mobile Aerosol Lung Deposition Apparatus (MALDA) 

that consists of a set of human airway replicas including a head airway, tracheobronchial airways 

down to the 11th lung generation, and a representative alveolar section. In addition to the 

comprehensive coverage of human airways, the MALDA is easily transportable for providing 

efficient estimations of aerosol respiratory deposition. In this study, the MALDA was first 

evaluated in the laboratory and then applied to estimate the respiratory deposition associated with 

passive vaping in an indoor real-life setting. The results showed that the respiratory deposition data 

aligned closely with the conventional respiratory deposition curves not only in the head-to-TB 

region but also in the alveolar region. The strengths of MALDA demonstrate great promise for a 

wide variety of applications in real-life settings that could provide crucial information for future 

public health and indoor air quality studies.
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1 | INTRODUCTION

There is an increasing trend in the prevalence of e-cigarette use over the past decade mainly 

because e-cigarettes have been advertised as novel products with minimal health hazards to 

people.1–5 Consequently, a social environment favorable to e-cigarettes has been gradually 

formed with positive attitudes toward friends or bystanders’ e-cigarette using behaviors.6 

Following this trend, it is expected that secondary exposure to e-cigarette aerosol (passive 

vaping) will soon become a pressing issue that may have even worse impacts on public 

health than second-hand tobacco smoking due to the lack of regulations.7,8 When e-cigarette 

users (ie, active vapers) are vaping, the nicotine, glycerol, and flavor additives in thee-liquid 

are together aerosolized.9 E-cigarette aerosol is a mix of liquid droplets, which would 

inevitably be inhaled by people nearby (ie, passive vapers). The inhalation and deposition of 

the e-cigarette aerosol in both the active and the passive vapers’ respiratory systems could 

lead to negative health effects.10

The characteristics of e-cigarette aerosol generated from vaping (eg, the size distribution and 

the concentration) depend on factors such as the physical property of the chemical 

constituent in the e-liquid, the operation parameters of thee-cigarette device, and the vaping 

patterns of the e-cigarette users.11 The particle size distribution of e-cigarette aerosol ranges 

from 10 nm to several hundred nanometers.12,13 With such a particle size range, a 

considerable amount of inhaled e-cigarette aerosol would deposit in the alveolar region due 

to the enormous surface area, which tends to result in a substantial deposition dose in the 

human lower airways. While aerosol undergoing diffusion in the environment, the natural 

process of evaporation makes the physical characteristics and the chemical proportion of the 

e-cigarette aerosols different between the freshly generated e-cigarette aerosol (active vaping 
related) and the aged e-cigarette aerosol (passive vaping related).14,15 Thus, the deposition 

patterns of e-cigarette aerosol inactive vapers are expected to be distinct from those in 

passive vapers as the result of the particle size change after aerosol traveling a distance in the 

air. Yet, the majority of e-cigarette related research has focused on active vaping.

The accuracy of estimation of the deposition dose for inhaled aerosol is known to rely 

heavily on the quality of aerosol respiratory deposition data because it is the aerosol 

deposited in the airways that actually contributes to the final inhalation dose.16 There are 

only a handful of existing studies on e-cigarette aerosol respiratory deposition, which 

involved numerical simulations, analytical calculations, or monitoring-based experiments 

carried out in the laboratory.17,18 To our knowledge, no e-cigarette related experiments have 

ever been conducted using realistic human airway replica in real-life settings. This may be 

due to the limitations of traditional experimental methods for aerosol respiratory deposition 

including (a) the experiment can only be conducted in a laboratory19,20; (b) the procedure is 

inherently time-consuming and labor-intensive21,22; and (c) the human airway replicas used 

in the past do not cover essential lower airways due to the technical challenge of replicating 

the lower TB airways.23,24 These limitations undoubtedly hinder further development of 

knowledge on the passive vaping associated respiratory deposition. It is well known that the 

capability of the experimental method to provide quality deposition data in the human lower 

airways is crucial because most of the major lung problems caused by small aerosol are in 
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the lower airways.25 It is also accepted that the data acquired in laboratories may not 

represent the data collected from a real-life situation.

To overcome the limitations of traditional experimental methods described above, this study 

applied the newly upgraded Mobile Aerosol Lung Deposition Apparatus (MALDA) to study 

the respiratory deposition of e-cigarette aerosol in human airways resulting from passive 

vaping. The MALDA consists of a set of representative human airway replicas and anaerosol 

sizer to estimate the aerosol respiratory deposition.26 The key feature of the MALDA is that 

the setup of the aerosol respiratory deposition experiment is transportable between 

laboratories and real-life settings.27 In this study, an essential upgrade was done on the 

MALDA by installing are presentative alveolar section to take into account the aerosol 

deposition in the lower airways, which is critical especially for studying passive vaping. This 

upgrade coupled with the feature of easy transportability has well positioned this study to fill 

in the current knowledge gap of passive vaping associated respiratory deposition. The 

function enhanced MALDA could be considered a powerful tool for future applications on 

indoor aerosol studies.

2 | MATERIAL AND METHODS

2.1 | Mobile aerosol lung deposition apparatus (MALDA)

To acquire efficient and realistic aerosol respiratory deposition data, the development of 

MALDA was based on two systems: the aerosol measurement system and the human airway 

system. These two systems are placed together on a laboratory cart with anoil-free vacuum 

pump to make the entire aerosol respiratory deposition setup removable. Figure 1 shows the 

schematic diagram of the MALDA used in this study. The aerosol measurement system 

contains a complete set of Scanning Mobility Particle Sizer (SMPS 3938, TSI Inc). With 

optimal parameters set on the instrument, the SMPS is able to efficiently measure the size 

distribution (number concentration) of thee-cigarette aerosol from 8 to 279 nm in a 1-minute 

cycle with 100 size channels. The human airway system contains a realistic oral-to-throat 

(head) airway replica, a delicate human tracheobronchial (TB) airway replica down to the 

11th lung generation (with 3311 airway branches), and a representative alveolar section (the 

new upgrade in this study). The head airway and the TB airways replicas shown in Figure 1 

were existing installations before the upgrade of the MALDA. The development and the 

structure of the head and the TB airway replicas as well as initial applications of the 

MALDA prototype were all detailed in our previous publications.26,28 In this study, to 

improve the overall function and capability of the MALDA, an upgrade was done recently 

on installing a representative alveolar section onto the existing human airway system. As 

aforementioned, the human alveolar region is the most important section in the human 

airways from the viewpoint of aerosol respiratory deposition because a considerable portion 

of the small aerosol inhaled will deposit within it. Figure 2 demonstrates the representative 

alveolar section developed in this study. The representative alveolar section possesses a 

rectangle container body with a cross-sectional area of 16 cm × 16 cm, and 8 cm in height. 

The wall thickness of the rectangle container was 0.35 cm. The inlet and outlet caps of the 

rectangle container were designed to be pyramid-shaped (dimension: 16 cm (L) × 16 cm 

(W) × 13 cm (H)) for the purpose of smoothing the airstream while the air passing through 
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the container. The rectangle container and the caps of the representative alveolar section 

were all made by a 3D printer using conductive polylactic acid (PLA, Proto-pasta, 

ProtoPlant). Inside the rectangle container, different types and layers of porous conductive 

foams(ERG Materials & Aerospace Corp.) with the same inner cross-sectional area as the 

rectangle container were installed. The conductive foam provides numerous surface areas 

(similar to the structure in the human alveolar region) for small aerosol to deposit on the 

foam fiber while passing by. The procedure for determining the optimal combination of 

foam types and layer thickness to achieve the best performance of the representative alveolar 

section is described in the next section. With the design and inclusion of the representative 

alveolar section, the upgraded MALDA can ideally capture the e-cigarette aerosol deposition 

in the human alveolar region.

2.2 | Laboratory performance evaluation tests for MALDA

Figure 3 shows the experimental setup of the performance evaluation tests for the upgraded 

MALDA. The challenge aerosol for the tests was polydisperse sodium chloride (NaCl) 

particles generated by a laboratory-grade atomizer (3079A, TSI Inc). This experimental 

setup has been employed in our previous study during MALDA prototype development.26 

An inspiratory flow rate of 30 L min−1 (inhalation only) was used for the evaluation tests. 

The generated NaCl aerosol first passed through several drying columns and then was 

delivered into the MALDA head airway through the mouth. The aerosol size distributions 

were measured by three sampling probes installed on the MALDA: at the head inlet, at the 

TB outlet, and at the alveoli outlet (as shown in Figure 3). Based on the aerosol size 

distributions measured, the aerosol outlet-to-inlet concentration ratios (Cout/Cin) for each 

particle size, d, could be calculated for the head-to-TB airway (CTB,d/CH,d) as well as for the 

head-to-alveoli airway (CAlv,d/CH,d). The aerosol deposition fractions in the corresponding 

airway regions can then be estimated according to the following equations:

DH+TB, d % = 1 − CTB,d
CH,d

× 100, (1)

D %Alv,d = 1 − CAlv,d
CH,d

× 100 − 1 − CTB,d
CH,d

× 100, (2)

where DH+TB,d and DAlv,d are the deposition fraction (%) of aerosol with size d nm in the 

head-to-TB airway and the alveolar region, respectively. CH,d, CTB,d, and CAlv,d are number 

concentrations of aerosol with size d nm measured at the head inlet, TB outlet, and alveoli 

outlet, respectively. It is worth noting that Cout/Cin represents the penetration efficiency of 

aerosol from mouth to a specific airway region in the human airways. 1−Cout/Cin represents 

the deposition efficiency of aerosol from mouth to that specific airway section. The 

performance evaluation test of the upgraded MALDA was focused on comparing the 

MALDA-estimated deposition fractions in the head-to-TB airway and the alveolar region 

with the conventional human respiratory deposition curves published by the International 

Commission on Radiological Protection (ICRP).16 The performance evaluation tests were 

particularly designed and focused on determining the optimal combination (type and 

thickness) of the porous conductive foams to be installed in the representative alveolar 
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section to match the corresponding ICRP convention curve. Two types of commercially 

available conductive porous foam are considered in this study:coarse foam (20 pores per 

inch, PPI) and fine foam (60 PPI). Foam pieces were made in squares with the dimension of 

15.2 cm × 15.2 cm (6” × 6”) and three different thicknesses: 2.54, 1.27, and 0.64 cm (1”, 

0.5”, and 0.25”). Different combinations of the foam types and thickness were placed inside 

the rectangle container to evaluate whether the best MALDA performance in the alveolar 

region has been achieved. At least five experiments were repeated after the optimal 

combination was identified.

2.3 | Respiratory deposition experiments in a real-life setting

Once the performance evaluation test was completed in the laboratory, the MALDA was 

transported to a voluntary e-cigarette user’s apartment to study aerosol respiratory 

depositions associated with passive vaping in a real-life setting. Figure 4 shows the 

schematic diagram of the corresponding experiment layout in the real-life setting. As can be 

seen, the e-cigarette user was vaping in the living room with 4 meters away from the 

MALDA located in an activity area. The MALDA inhaled the e-cigarette aerosol diffused 

from the living room to the activity area. The arrangement of the MALDA in the apartment 

could represent a typical e-cigarette aerosol exposure scenario due to passive vaping. The 

total space of the living room plus the activity area in the apartment was approximately 75 

m3. During the deposition experiments, the air conditioner and the ceiling fan were set to 

minimal to avoid disturbing the room air drastically. Before the experiments started, the 

aerosol size distribution in the background was measured. Once the e-cigarette aerosol 

respiratory deposition experiments started, the e-cigarette user vaped freely with the e-

cigarette device installed with a favorite e-liquid for more than 10 minutes. The MALDA 

started operating under a 30 L min−1 inspiratory flow rate right after the e-cigarette user 

stopped vaping. Size distributions of e-cigarette aerosol were measured by the MALDA at 

the head inlet (CH,d), TB outlet (CTB,d), and alveoli outlet (CAlv,d) in turn for five cycles (15 

minutes measurement in total). It was found that the concentration of e-cigarette aerosol in 

the MALDA measurement location decreased insignificantly during any 3 consecutive 

minutes. Therefore, the e-cigarette aerosol concentrations during arun of 3 minutes (CH,d, 

CTB,d, and CAlv,d each for 1 minutes) in that measurement location could be assumed to be 

approximately constant. To eliminate potential confounders, before the real-life setting 

experiment started, the indoor air in the apartment was carefully kept clean without 

significant aerosol generation/agitation activities such as cooking, vacuum, and smoking 

(vaping) for at least 5 hours. Four days of visits were made to the same apartment following 

the same experimental procedure. Respiratory deposition fractions were estimated for 

individual experimental run conducted in each day of visit using Equations (1) and (2), and 

the final data were the average of the deposition fractions obtained in those four days.

3 | RESULTS AND DISCUSSION

Figure 5A–D delineate the results obtained from the MALDA performance evaluation tests 

conducted in the laboratory. Figure 5A shows the particle size distribution of the challenge 

NaCl aerosol, indicating that the NaCl aerosol generated by the atomizer was very consistent 

and the peak of the particle diameter was at 15 nm. Based on the aerosol size distribution 
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measured at three sampling probes of the MALDA, the outlet-to-inlet concentration ratios 

(Cin/Cout) were calculated and the deposition fractions in the head-to-TB airway (DH+TB,d) 

and the alveolar region (DAlv,d) were estimated and presented in Figure 5B and C, 

respectively. Together shown in Figure 5B and C are the corresponding ICRP convention 

curves. It is worth noting that the DH+TB,d is the summation of the deposition fractions in the 

head airway and that in the TB airways when referring to the ICRP curves. As demonstrated 

by these figures, MALDA-estimated deposition fractions agreed quite well with the 

corresponding conventional curves with only minor overestimation, indicating the excellent 

performance of the upgraded MALDA. The observed overestimation probably stemmed 

from the inevitable systematic particle wall-loss in the MALDA. To confirm the deposition 

results, respiratory deposition experiments were also conducted using size-classified aerosol 

in three selective particle diameters (30, 70, and 110 nm). The size-classified aerosols were 

generated by a differential mobility analyzer (DMA), and the experimental setup was similar 

to the method used in our previous publication.24 The experimental results are presented in 

Figure 5B and C together with all the other laboratory data acquired. As can be seen, the 

deposition results of the monodispersed aerosol are ideally close to the data obtained from 

the polydisperse aerosol.

According to these test results, the optimal type and thickness combination of the conductive 

porous foam used in the representative alveolar section was as follows: 4.45 cm (1.75”) for 

the coarse foam and 3.17 cm (1.25”) for the fine foam. The foam pieces were placed inside 

the rectangle container in the order of the coarse foam first and the fine foam second. Under 

this arrangement, the air with aerosol passed through the human lower airways (bronchioles 

to alveoli) can be simulated quite well in the representative alveolar section. To better align 

the MALDA data with the ICRP convention curves, size-dependent correction factors (Corr) 

for measured Cin/Cout were developed for the purpose to adjust the final deposition fractions 

estimated by MALDA:

CorrH+TB, d = 0.04 − 0.05 1 − 2.5d−0.5 , (3)

CorrAlv,d = 0.08 − 0.06 1 − 2.6d−0.5 , (4)

where CorrH+TB,d is the correction factor for the CTB,d/CH,d measured at the TB airway 

container, CorrAlv,d is the correction factor for the CAlv,d/CH,d measured at the representative 

alveolar section, and d is the particle diameter. After applying the correction factors to the 

measured data by Cin/Cout + Corr and re-calculating the deposition fractions, Figure 5D 

demonstrates that the agreement between the MALDA data and the conventional curve was 

significantly improved. In summary, the results from the performance evaluation tests 

validate the upgraded MALDA to be a suitable tool for estimating the respiratory deposition 

of e-cigarette aerosol through passive vaping.

The MALDA was disassembled and transported to the voluntary active vaper’s apartment to 

conduct respiratory deposition experiments in a real-life setting. Figure 6 depicts the size 

distributions for the background aerosol (before vaping) and the e-cigarette aerosol(after 

vaping) measured in the apartment. It is apparent that, when the e-cigarette user started 
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vaping, the aerosol concentration in the indoor environment rose remarkedly, and as a result, 

the air quality in the apartment was significantly impacted. The diameters of the e-cigarette 

aerosol were found to be less than 100 nm with a unimodal peak around 30 to 40 nm, which 

is consistent with what were found in published studies that the mode of e-cigarette aerosol 

diameter in the environment was smaller than 50 nm in general.29–31 Based on these data, 

the e-cigarette aerosol inhaled by passive vapers is classified as ultrafine particles (defined as 

aerosols with particle diameters smaller than 100 nm), which is different in size from the e-

cigarette aerosol inhaled by active vapers. In fact, the particle diameters of e-cigarette 

aerosol measured immediately after vaping were commonly reported to be larger than 150 

nm.32–34 Given that passive vapers are mainly exposed to ultrafine e-cigarette aerosol, the 

alveolar region therefore should be the focus of respiratory deposition studies on passive 

vaping.

Figure 7 shows the e-cigarette aerosol outlet-to-inlet concentration ratio (CTB,d/CH,d) and the 

deposition fraction in the head-to-TB airway (DH+TB,d) estimated by using the MALDA. 

The deposition fractions presented were adjusted by the correction factor found. It can be 

seen in Figure 7, as the e-cigarette particle diameter reduced, the value of CTB,d/CH,d 

became lower, indicating a higher airway deposition. This result implies that the dominant 

deposition mechanism for e-cigarette aerosol in the head to TB airways is Brownian 

diffusion which is also the primary deposition mechanism for general ultrafine particles. 

Figure 7 also shows that the data uncertainty was high in the small particle size range (less 

than 20 nm). This is due to the fact that a relatively smaller amount of e-cigarette aerosol 

with sizes from 10 to 20 nm were detected during the experiments. It was found that the 

deposition fraction in the head-to-TB airways estimated by MALDA agreed with the 

corresponding conventional curves quite well indicating that less than 45% of the inhaled e-

cigarette aerosol would deposit within the head-to-TB airways through passive vaping.

Figure 8 presents the outlet-to-inlet concentration ratios (CAlv,d/CH,d) and the respiratory 

deposition fraction (after correction) in the human alveolar region obtained by the MALDA 

approach. Similar to the pattern of CTB,d/CH,d shown in Figure 7, the value of CAlv,d/CH,d 

decreased as the diameter of e-cigarette aerosol became smaller. Yet, the CAlv,d/CH,d data 

shifted downward compared to the CTB,d/CH,d data, indicating relatively more aerosol 

deposition in the representative alveolar section. According to Figure 8, about 60% of the e-

cigarette aerosol with the size range of 10–30 nm was found to deposit in the alveolar 

region, while the deposition was gradually reduced to 10% as the particle diameter increased 

to 100 nm. Again, the uncertainty in the size range smaller than 20 nm was unavoidable due 

to the lack of e-cigarette aerosol in that range. Nevertheless, the MALDA-estimated 

deposition of e-cigarette aerosol in the alveolar region pretty much aligned with the ICRP 

convention curve, especially for the particle diameter larger than 20 nm. It is known that 

aerosols generated by condensation, such as fog, cloud, and 3D printing emission, are 

generally spherical droplets.35 Given that the e-cigarette aerosol is also formed by vapor 

condensation of heated e-liquid, the e-cigarette aerosol generally contains singular, spherical 

particles. This explains the excellent match between the experimental data and the ICRP 

curve as the ICRP convention curves were established based on singular, spherical particles.
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All results presented above validate that the newly upgraded MALDA is a useful tool for 

estimating aerosol respiratory deposition for general spherical or compact particles such as 

the e-cigarette aerosol in the environment. However, some health-related aerosol in indoor or 

outdoor environments tends to have irregular shapes (including agglomerates and 

aggregates) such as fume and smoke generated by combustible cigarettes, incense burning, 

welding, and diesel combustion.27,36–39 These airborne particulate matters with irregular 

particle shapes may manifest distinct aerodynamic behaviors in the airstream from those of 

spherical or compact particles. Thus, the resulting deposition fractions in the human 

respiratory tract could theoretically deviate from the ICRP convention curves. However, by 

using the validated MALDA for aerosol respiratory deposition studies, the deposition 

discrepancy of such irregular-shaped particles in the human airways can be experimentally 

revealed. Then, by comparing with the corresponding ICRP curves, the respiratory 

depositions and the health effects associated with those aerosols of interest could be 

thoroughly investigated.

In addition to the strength of comprehensive coverage of the human airway system, the 

upgraded MALDA is a very time-efficient tool for conducting aerosol respiratory deposition 

studies because the required time for a complete set of measurements (CH,d, CTB,d, and 

CAlv,d) to estimate the deposition fractions in two human airway regions is only 3 minutes. 

This prominent feature coupled with the feature of easy transportability demonstrates the 

great potential of applying the MALDA in the future to conduct on-site aerosol respiratory 

deposition experiments in a variety of indoor real-life settings. Another potentially 

influential application of the MALDA approach is to integrate the acquired respiratory 

deposition data (Figures 7 and 8) with the particle size distribution data (Figure 6) together 

with the size-dependent aerosol constituent data(not available in this study) to estimate the 

deposition dose of a specific chemical in the airway regions. For example, if the data of e-

cigarette aerosol constituent (%) such as the percentages of nicotine and the flavor additives 

by the aerosol size are available, the deposition doses of nicotine and flavor additives in the 

alveolar region can then be reasonably estimated for passive vapers. Such information will 

be useful and crucial for health risk analysis and exposure assessment for passive vaping 

research as well as for other hazardous indoor aerosol studies.

4 | CONCLUSION

Passive vaping is expected to become a pressing public health issue with even worse impacts 

than second-hand tobacco smoking. In this study, a recently upgraded MALDA was 

evaluated and applied to study the respiratory deposition of e-cigarette aerosol through 

passive vaping in an indoor real-life setting. The results showed that respiratory depositions 

of e-cigarette aerosol through passive vaping aligned closely with the ICRP convention 

curve not only in the head-to-TB region but also in the alveolar region. The results also 

demonstrate that the MALDA approach is a powerful tool for estimating on-site aerosol 

respiratory deposition in the human respiratory tract especially in the lower airways. The 

unique features of MALDA including comprehensive coverage of human airways, easy 

transportability, and efficient estimation show great promise for a wide variety of 

applications in real-life settings that could provide crucial information for indoor aerosol-

related public health studies.
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Practical Implications

• Passive vaping has become an emerging indoor air quality issue and raised 

substantial public health concerns.

• E-cigarette aerosols associated with passive vaping are generally ultrafine 

particles, and most of them will deposit in the human lower airways causing 

potential health effects on passive vapers.

• The Mobile Aerosol Lung Deposition Apparatus (MALDA) developed in this 

study could be a useful tool in the future to systematically investigate 

respiratory depositions for other health-related indoor aerosols.
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FIGURE 1. 
The schematic diagram of the upgraded Mobile Aerosol Lung Deposition Apparatus 

(MALDA) with representative alveolar section

Su et al. Page 12

Indoor Air. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. 
The representative alveolar section and the porous conductive carbon foams contained

Su et al. Page 13

Indoor Air. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. 
The experimental setup of the MALDA performance evaluation tests in the laboratory
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FIGURE 4. 
The experimental setup of e-cigarette aerosol respiratory deposition through passive vaping 

using the MALDA in a real-life setting
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FIGURE 5. 
Results of the performance evaluation tests for the upgraded MALDA using laboratory-

generated aerosol (A) particle size distribution of NaCl aerosol, (B) measured concentration 

ratios and associated depositions in the head-to-TB airways, (C) measured concentration 

ratios and associated depositions in the alveolar region, and (D) respiratory depositions after 

applying correct factors (error bars represent the error to the mean)

Su et al. Page 16

Indoor Air. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 6. 
The particle size distribution of e-cigarette aerosol measured in the real-life setting (error 

bars represent the standard deviation)
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FIGURE 7. 
The deposition of e-cigarette aerosol in the human head-to-TB airways through passive 

vaping (bars represent the error to the mean)
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FIGURE 8. 
The deposition of e-cigarette aerosol in the human alveolar region through passive vaping 

(bars represent the error to the mean)
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