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A B S T R A C T

Background: Conventional methods for studying aerosol deposition face limitations when applied to aerosols with irregular shapes and diverse physical properties.
Objective: This study aimed to develop the MALDA (Mobile Aerosol Lung Deposition Apparatus)-MOUDI tandem system to simultaneously estimate the size-specific 
deposition fraction of aerosols and their chemical constituents. Using this innovative approach, we investigated the respiratory deposition of aerosols generated from 
selected consumer spray products and evaluated the inhalation risks of engineered nanomaterials (ENMs), specifically metals, in these aerosols.
Methods: Aerosols were generated from two common types of consumer spray products—trigger and propellant sprays. The size-segregated respiratory deposition 
fraction and mass proportions of target metals in the aerosols were measured. Occupational exposure scenarios were then designed to estimate the non-cancer and 
cancer risks associated with inhalation of ENMs (metals) in these aerosols.
Results: The MALDA-MOUDI tandem system was successfully developed and validated. Results demonstrated that the non-cancer and cancer risks of inhaled metals 
due to occupational exposure to the target spray aerosols were below established safety thresholds.
Significance: The MALDA-MOUDI tandem system provides an innovative and systematic approach to assess size-specific aerosol deposition in major human airway 
regions. This method can be applied to broader environmental and occupational aerosol exposure research to evaluate health risks from toxic substances in aerosols. 
Findings from this study also offer valuable insights for environmental and occupational health research and propose an improved method for health risk assessment.

1. Introduction

Engineered nanomaterials (ENMs) have been widely used in con
sumer spray products for cleaning, coating, and sanitizing due to their 
unique characteristics. It is well known that aerosol generated from 
spray products is small enough to remain suspended in the air (Park 
et al., 2020). Thus, workers who use consumer spray products (e.g., 
vehicle mechanics, cleaning workers, etc.) inevitably inhale ENMs in 
spray aerosols. Published studies reported that inhalation of some ENMs 
could lead to adverse health effects on users’ respiratory systems (Rossi 
et al., 2010; Saber et al., 2013; NIOSH, 2014).

To correctly assess the health risk caused by exposure to aerosol and 
its chemical constituents, the key step is obtaining data on their respi
ratory deposition. Due to its necessity, several experimental methods for 
estimating aerosol respiratory deposition were developed. However, 
these conventional methods required designated radioactive laboratory 
facilities or collected aerosol deposited in human airway replicas in 

time-consuming and labor-intensive ways (Su and Cheng, 2006; Zhou 
and Cheng, 2005; Cheng et al., 1993; Cohen and Asgharian, 1990; Lin 
et al., 2001). Furthermore, previous experiments conducted with human 
airway replicas only possessed a few airway generations in the upper 
tracheobronchial (TB) airways due to the technical challenge of making 
human lower airway replicas (Smith et al., 2001; Su and Cheng, 2015). 
As a result, the acquired data were not considered useful because most 
lung problems caused by aerosol occur in the lower airways, and the 
application of the aerosol respiratory deposition data is limited (Brown 
et al., 2002; Geys et al., 2006; Oberdörster et al., 2005). Due to these 
limitations in the experimental approach, some aerosol respiratory 
deposition studies were conducted using theoretical models based on 
theoretical simulations or calculations (Behera et al., 2015; National 
Committee on Radiation Protection, 1997; Kim et al., 2019; Liu et al., 
2020; Park et al., 2018; Rovelli et al., 2020; Schiller et al., 1986; Schiller 
et al., 1988). However, though complicated theoretical models, such as 
the International Commission on Radiological Protection (ICRP) model 
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or Multi-Path Particle Dosimetry (MPPD) model, can estimate the 
deposition of particles, its application is limited as well, since they as
sume the particles have an ideal shape such as sphere or rod, and have 
solid phase (International Commission on Radiological Protection, 
1994; Miller et al., 2016).

Hence, the conventional methods have difficulties acquiring accu
rate aerosol respiratory deposition data in lower airways, especially for 
studying aerosol that has non-solid phases or highly irregular 
morphology. Aerosols generated from commercially available spray 
products serve as an example, as they consist of a liquid phase and often 
contain additives, typically metal-based ENMs with irregular shapes 
caused by aggregation or agglomeration. Due to these limitations, only a 
few experimental studies have been conducted to examine the respira
tory deposition of spray aerosol and the risks associated with inhaling 
the ENMs it contains, with most relying instead on theoretical models of 
aerosol respiratory deposition (Lechasseur et al., 2019; Manigrasso 
et al., 2015; Son et al., 2020; Sosnowski and Kramek-Romanowska, 
2016).

To acquire more useful aerosol respiratory deposition data covering 
all major airway regions (upper and lower airways), a Mobile Aerosol 
Lung Deposition Apparatus (MALDA) was developed. The MALDA 
consists of realistic nasal and oral airway replicas, a TB airway replica 
down to the 11th lung generation, and a representative alveolar region. 
MALDA was designed to obtain aerosol respiratory deposition data for 
the entire human airways from the head airways to the alveoli region (Su 
et al., 2019, 2021a, 2021b). It was proved that the previous version of 
MALDA could readily and systematically acquire the respiratory depo
sition data for ultrafine particles such as 3D printing emission and pas
sive vaping-related e-cigarette aerosol(Su et al., 2019, 2021a, 2021b) 
(Su et al., 2019, 2021a, 2021b). However, the aerosol generated from 
consumer spray products has a wide range of diameter, that can reach to 
micrometer range (Losert et al., 2014; Park et al., 2017), and the 
approach with the previous version of MALDA (Nano-MALDA, here
after) is limited.

To overcome this limitation, in this study, a new version of MALDA 
suitable for aerosol in micrometer size (Micro-MALDA, hereafter) was 
built. Additionally, both versions of MALDA were coupled with a 
commercially available size-segregated aerosol sampling instrument: 
Micro-orifice Uniform Deposit Impactor (MOUDI). In this way, we made 
an ideal MALDA-MOUDI tandem system that can directly collect inhaled 
aerosol that penetrates a certain airway region and acquire the depos
ited amount of aerosol and its chemical components in a certain airway 
region, simultaneously. This new approach enables a more simplified 
and accurate aerosol respiratory deposition experiment to study the 
respiratory deposited mass for the aerosol and its chemical components 
of concern.

In this study, we focused on the toxic metals contained in aerosol, 
generated from consumer spray products. We detailed and analyzed the 
nature of spray aerosol respiratory deposition and metal composition. 
By leveraging such information, the metal-associated deposited mass, 
deposited dose, daily dose, and the health risks of metals caused by using 
spray products in occupational settings were estimated.

2. Methods

2.1. Micro-MALDA and MALDA-MOUDI tandem system

The experimental data of this study was acquired by the MALDA- 
MOUDI tandem system, which couples MALDAs (Nano- and Micro- 
MALDA) and MOUDI (model 110-R; MSP Co., Shoreview, MN, USA). 
The MALDAs consist of 1) a Human airway system (lung replica with 
Head and TB airways and alveolar region) and 2) an Aerosol measure
ment system, to measure the size-specific aerosol deposition in human 
respiratory tracts. Further details of the Nano-MALDA are described in 
our previous publications (Su et al., 2019, 2021a).

To develop the Micro-MALDA, we tested two TB airways candidates 

and three alveolar region candidates, and evaluated which best repre
sents the deposition fraction of micro-to submicrometer-sized aerosol. 
For TB airways, we assessed TB airway replicas with 3rd bifurcation 
branches and 5th bifurcation branches. The TB airway replicas were 3D- 
printed by LulzBot TAZ 6 (Aleph Objects, Inc., Loveland, CO, USA), and 
made from conductive PLA filament (Proto-pasta, ProtoPlant, Vancou
ver, WA, USA). The three alveolar region candidates (A: High- 
deposition, B: Mid-deposition, C: Low-deposition) were made of 
conductive porous foams (W × L = 15.2 cm × 15.2 cm), having different 
combinations of pore densities (Pore per inch, PPI) and thicknesses (A: 
5.080 cm (20 PPI) + 1.905 cm (60 PPI), B: 5.715 cm (20 PPI) + 1.270 cm 
(60 PPI), and C: 6.350 cm (20 PPI) + 0.635 cm (60 PPI)).

We validated the Micro-MALDA, by comparing the deposition frac
tions obtained from them to the ICRP aerosol deposition model 
(International Commission on Radiological Protection, 1994). We used 
polystyrene latex (PSL) beads (Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) with diameters ranges 0.5–5.0 μm, since the ICRP model was 
developed based on the assumption that the aerosol in interest has 
spherical shape and solid. We dispersed these test particles in distilled 
water and their aerosol were generated by a nebulizer. The generated 
droplet passed a diffusion dryer to remove the water portion prior to 
being delivered to a stainless steel chamber (60 cm × 60 cm × 60 cm). A 
fan was installed inside the chamber to establish a well-mixed state of 
the aerosol inside the chamber.

To estimate the deposition fraction acquired from the Micro-MALDA, 
we modified and utilized the method that we previously used for 
deposition fraction measurements with Nano-MALDA (Su et al., 2019, 
2021a). In the experimental procedure, we first measured the 
size-dependent concentration of the test aerosol at the inlet of the 
Micro-MALDA before they entered the head airway (Co,d). Then, we 
measured the size-dependent concentrations of aerosol at the ends of the 
Head and TB airways (CHead+TB,d), and the alveolar region (CAlv,d). In this 
study, we utilized the aerodynamic particle sizer (APS, Model 3321, TSI 
Inc., Shoreview, MN, USA) that has a measurement range of 0.5–20 μm, 
as an aerosol measurement system of Micro-MALDA.

Based on the size-dependent concentration of the test aerosol, the 
size-dependent penetration efficiencies and the deposition fraction of 
the test aerosol were calculated for the corresponding airway regions. 
The respiratory deposition fraction, DF (presented as a proportion from 
0 to 1.0), obtained from Micro-MALDA is particle size-dependent (d) and 
airway section-dependent (Head + TB, or Alveolar region), was calcu
lated by following equations: 

DFHead+TB,d =1 −
(
CHead+TB,d

/
Co,d

)
, (1) 

DFAlv,d =
(
CHead+TB,d

/
Co,d

)
−
(
CAlv,d

/
Co,d

)
, (2) 

DFTotal,d =DFHead+TB,d + DFAlv,d, (3) 

where Co,d, CHead+TB,d and CAlv,d are number concentrations of aerosol 
with particle diameter d (particle size distribution) measured by the APS 
at four sampling locations on Micro-MALDA. DFHead+TB,d and DFAlv,d are 
the calculated deposition fractions in the head and TB airways, and the 
alveolar region, respectively.

With this approach, we compared the performance between two TB 
airway replica candidates and three alveolar region candidates, and 
chose the candidate for each airway, with one with the best alignment 
against the reference model. Since the test aerosols used in this study 
have spherical and solid phases, it is hypothesized that the aerosol res
piratory deposition fraction acquired from the number concentration 
ratio in each airway is the same as the reference ICRP model, which is 
also designed for spherical solid aerosol. After the evaluation tests, the 
obtained regional deposition fractions (DFHead+TB,d and DFAlv,d), as well 
as the entire human airway (DFTotal,d) were compared and determined 
their homogeneity. The schematic of the validated Micro-MALDA is 
represented in Fig. 1.
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To validate the MALDA-MOUDI tandem approach, three experiments 
with different integrated airway sections were required per each 
MALDA, to obtain the penetrated mass (PM) for calculating the depos
ited mass (DM) in the major human airway regions (Fig. 2). The first 
experiment was conducted using only MOUDI, without the MALDA, to 
obtain the size-segregated mass of the original aerosol before inhalation 
(PMo,d). The second experiment was conducted with MOUDI and 
Head+TB airways of MALDA, to obtain the size-segregated mass of the 
aerosol penetrated through the head and TB airways (PMHead+TB,d). The 
third experiment was conducted with MOUDI and MALDA with com
plete human airways, to obtain the size-segregated mass of the aerosol 
penetrated through the entire human respiratory tracts 
(PMHead+TB+Alv,d).

Based on the size-segregated PM obtained from the experiment, the 
size-segregated DM in the head and TB airways, and the alveolar region 
(DMHead+TB,d, and DMAlv,d, respectively) was calculated according to the 
equations below. 

DMHead+TB,d =PMo,d − PMHead+TB,d, (4) 

DMAlv,d=PMHead+TB,d − PMHead+TB+Alv,d, (5) 

DMTotal,d =DMHead+TB,d + DMAlv,d, (6) 

The deposited mass estimated by Eqs. (4)–(6) represents the mass of 
the aerosol deposited in a specific airway region by particle size (d). In 
this approach, we acquired the deposition fraction of the aerosol, by 
dividing the deposited mass in particular airways (DMHead+TB,d; DMAlv,d) 
by the total mass of the generated aerosol (PMo,d).

We generated the test aerosols in the same exposure chamber to 
easily and efficiently control the concentration of aerosol, since the 
particle size distribution and the concentration of the test aerosol had to 
be maintained constant. For the validation, we used the same PSL beads, 
that were used for the Micro-MALDA validation, and NaCl particles 
(<0.4 μm). Similar to the Micro-MALDA validation process, we 
dispersed/dissolved these PSL/NaCl test particles in distilled water and 
generated the aerosol by a nebulizer and aerosol atomizer (3079A, TSI 
Inc., Shoreview, MN, USA), respectively. The generated droplet passed a 
diffusion dryer to remove the water portion prior to being delivered to a 
stainless steel chamber. For micro-to submicrometer-sized aerosol 
(0.5–5.0 μm), we connected Micro-MALDA and MOUDI and generated 
PSL aerosol, and for submicrometer-to ultrafine-sized aerosol (<0.4 
μm), we connected Nano-MALDA and MOUDI and generated NaCl 
aerosol. The aerosol was collected onto 37 mm Polytetrafluoroethylene 
(PTFE) membrane filters (R2PJ037, PALL Co., Port Washington, NY, 
USA), and the size-segregated aerosol mass was acquired by gravimetric 
analysis, with a microbalance (CAHN-35, ThermoFisher, Waltham, MA, 
USA).

To determine whether the deposition fraction is affected by mea
surement methods, we compared results obtained using the MALDA- 
MOUDI approach (deposition fractions based on aerosol mass) with 
those obtained using MALDA and direct-reading instruments (deposition 
fractions based on aerosol number), which had been previously vali
dated. We used Scanning Mobility Particle Sizers (NanoScan 3910, TSI 
Inc., Shoreview, MN, USA) to measure the respiratory deposition frac
tion of submicrometer to ultrafine aerosols (<0.4 μm), and used an APS 
to measure the respiratory deposition fraction of micro to sub
micrometer size aerosols. Additionally, the deposition fraction acquired 
from the MALDA-MOUDI tandem system was also compared to our 
reference (ICRP) model. After the validation of the Micro-MALDA and 
MALDA-MOUDI tandem system, we utilized them for the estimation of 
the spray aerosol deposition and risk assessment of ENMs in it.

Fig. 1. Schematic diagram of the Micro-MALDA.

Fig. 2. Schematic diagram of the MALDA-MOUDI tandem system. Penetrated mass (PM) and Deposited mass (DM) to be acquired from repeated experiments with 
each stage of the system.
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2.2. Test spray products

We used two types of commercially available consumer spray 
products. Considering the sales volume and homogeneity of contained 
EMN (in this study, TiO2), one trigger (hand pump) type (CMX Ceramic 
Spray Coating 01024, Mothers, CA, USA) spray and one propellant-type 
spray (VHT Engine Metallic SP403, Speco Thomas, Australia) were 
selected as the test products. The containing ENMs were determined 
based on the Safety Data Sheet (SDS) of each product provided by the 
manufacturers and the statement in the advertisement.

2.3. Respiratory deposition experiments

Laboratory experiments were conducted to study the physical and 
chemical characteristics of ENM metal-containing aerosol generated 
from different consumer sprays. Since the products we purchased are 
designed to be used on the surface, the aerosol was sprayed into the 
stainless steel chamber through an injection port toward the inner wall 
of the chamber, which is opposite the injection port (Fig. 3). The settings 
of the chamber were the same as the settings that we used for the 
development and validation of Micro-MALDA and MALDA-MOUDI 
tandem system. The temperature and %RH in the chamber were main
tained at 20–25 ◦C and 50 ± 10 % RH, as recommended as the ideal 
indoor air condition (American Society of Heating and Refrigerating and 
Air-Conditioning Engineers (ASHRAE), 2023). To obtain hourly occu
pational exposure information, the aerosol was sprayed into the cham
ber with a constant generation rate (2 spray/min). The temperature and 
%RH in the chamber were maintained at 20–25 ◦C and 50 ± 10 % RH, to 
represent recommended indoor air condition (American Society of 
Heating and Refrigerating and Air-Conditioning Engineers (ASHRAE), 
2023). After the spray aerosol was mixed inside the chamber, it was 
delivered to the oral inlet of the MALDA-MOUDI tandem system.

The aerosol was collected and gravimetrically analyzed, as we did for 
the validation of the MALDA-MOUDI tandem system. To prevent the 
evaporation of the liquid portion of the aerosol, the collected samples 
were weighed immediately. Since the spray aerosol was generated 
manually, the generation rate may vary with each injection. To mini
mize this error, we normalized the collected aerosol mass by dividing it 
by the total mass of sprayed aerosol. All respiratory deposition experi
ments were repeated at least three times to obtain the mean and stan
dard deviation. The human airway system of each MALDA was cleaned 
with isopropanol alcohol (IPA) every five experiments and was then 
recoated its inner surface with new silicon oil to ensure the quality of the 

experiment. The MOUDI was also cleaned with IPA in every experiment 
to prevent contamination, and we validated the MALDA-MOUDI tandem 
system, after each cleaning procedure. Along with the mass, the number 
concentration of spray aerosol was acquired by SMPS and APS, to 
investigate the aerosol size distribution and deposition fraction based on 
its number.

2.4. Metal composition analysis

To find out the size-dependent metal composition in spray aerosol, 
each aerosol sample (filter) was analyzed by ICP-MS (7500ce, Agilent 
Technology, Palo Alto, CA, USA), with the EPA IO-3 method (U.S. EPA, 
1999). 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 selected as target metal constit
uents, based on previous research (Park et al., 2017, 2020; Laycock 
et al., 2020). For each set of samples, we prepared at least one corre
sponding blank filter set in the same manner as the filters used for 
sample collection in each set of experiments. The metal concentration of 
the samples was adjusted, by subtracting the background metal con
centrations of the blank filters from the sample filters. For descriptive 
data summary, we considered the filter samples as non-detect (N.D.), 
when the blank-adjusted metal concentrations were below the limit of 
detection (LOD). The LOD was calculated as three times the standard 
deviation of the sample blanks. For the statistical analysis, we replaced 
the N.D. values with LOD divided by the square root of two.

2.5. Respiratory deposited dose estimation of metals in spray aerosol

The hourly deposited dose of a specific metal k in spray aerosol with 
diameter d (HDDk,d, ng/kg-hr) was calculated by the equation below: 

HDDk,d =
( (

DMHead+TB,d +DMAlv,d
)
×Ck,d × IR

) /
(BW×Q×T), (7) 

where, DMHead+TB,d, and DMAlv,d are size-dependent deposited mass (ng) 
of spray aerosol in the Head and TB airways, and alveolar region, 
respectively. Ck,d is the size-dependent mass fraction (0–1.0) of a metal 
k, found in spray aerosol. IR is the human inhalation rate per hour, 
which is equal to 15 L/min (U.S. EPA, 2011). BW is human body weight, 
which is 70 kg. Q is the flow rate used for the MALDA-MOUDI experi
ment (30 L/min). We used a 30 L/min inspiratory flow rate, to represent 
the minute ventilation rate of male adults in light exercise (National 
Committee on Radiation Protection, 1997). The T is the experiment time 
(hr) for each experiment. The HDDk,d was summed up across the size of 
spray aerosol (d) to determine the hourly size-cumulative deposited dose 

Fig. 3. Schematic diagram of the consumer spray aerosol experiments utilizing MALDA-MOUDI tandem system.
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(HDDk).

2.6. Risk assessment

Non-cancer and cancer risks of metals were assessed based on the 
estimated average dosage of metal in spray aerosol. With the HDDk 
calculated, the average daily dose (ADDk, ng/kg-day) and the lifetime 
average daily dose (LADDk, ng/kg-day) were estimated. The average 
daily dose ADDk and the lifetime average daily dose LADDk for a specific 
metal k was calculated by the following equations: 

ADDk =
HDDk × CR × CT

AT
, (8) 

LADDk =
HDDk × CR × CT

LE
, (9) 

The contact rate (CR), which is the average hour per day that the 
worker uses the spray product (hr/day), was acquired from the EPA’s 
exposure factor handbook (U.S. EPA, 2011). In this scenario, we 
assumed that the 95th percentile of the average spray usage hour per day 
would represent the exposure in the occupational setting. For 
propellant-type spray, we applied the exposure time of use of aerosol spray 
paints for cars (145 min), since the product is designed to paint vehicles. 
For trigger-type spray, which is designed as a primer and coating spray, 
we applied the exposure time of use of auto spray primers (180 min). CT is 
the contact time, which is the total years that the spray users use the 
spray product (year), which is the same as the duration of working life, 
was assumed as 36.5 years (Eurostat, 2023). AT is the average time 
(year), which is the total year that a worker uses the spray product was 
also set as 36.5 years. LE is the lifetime expectancy of the worker, which 
is 70 years. We defined the applicable value on EF as 0.685, which is 
acquired by dividing the total working days (250 days) in a year (365 
days).

The calculated ADDk and LADDk were used to estimate the non- 
cancer health risk by hazard quotient (HQ), acquired by dividing esti
mated ADDk s to the reference dose of metal k (RfDk). We acquired the 
hazard index (HI), by summing the HQ s of all metals. The lifetime excess 
cancer risk caused by a specific metal k, CRk, was calculated by multi
plying LADDk with CSFk, the cancer slope factor of a specific metal, k. 
The published RfD and CSFk or equivalent guidance values for esti
mating the cancer risk of the target metals were acquired from the EPA 
Integrated Risk Information System (IRIS), California EPA Office of 
Environmental Health Hazard Assessment (OEHHA), Agency for Toxic 
Substances and Disease Registry (ATSDR), and American Conference of 
Governmental Industrial Hygiene (ACGIH) databases. The HQk and HI 
was considered potential (risk is unacceptable) if they show values 
higher than 1.0. The lifetime excess cancer risk caused by metal k was 
considered unacceptable if the calculated cancer risk is higher than 1.0 
× 10− 6.

2.7. Data analysis

The descriptive statistics for all collected experimental data, such as 
the particle size distribution and deposition fraction were calculated and 
represented. The Bland–Altman method was used to examine the ho
mogeneity of the developed Micro-MALDA and the MALDA-MOUDI 
tandem system against the ICRP model (Altman and Bland, 1983). In 
the Bland–Altman analysis, we considered the performance of the 
Micro-MALDA and MALDA-MOUDI tandem system acceptable when 95 
% of the differences between the experimental data and the ICRP data 
fall within 95 % confidence interval limits (limits of agreement (LOA), 
hereafter).

Along with the size distributions based on the aerosol’s mass and 
number, mass median diameter (MMD) and count median diameter 
(CMD) were estimated. The median diameter is defined as the particle 
size corresponding to the 50th percentile of the aerosol mass or number 

cumulative distribution curve (Hinds and Zhu, 2022). Since the data was 
lognormally distributed, the size distributions were log-transformed and 
fitted as a sigmoidal cumulative distribution curve. The data obtained 
from different aerosol sizes and different spray types were compared 
using the Kruskal–Wallis test and the Mann-Whitney U test, respectively. 
All statistical analyses were completed using R software (v. 4.3.3; R 
Foundation, Vienna, Austria).

3. Results

3.1. Validation of Micro-MALDA

The validation results of Micro-MALDA are provided in Fig. 4 and 
Table 1. In the TB airway replica candidate tests, the 3rd bifurcation TB 
airway replica represented better respiratory deposition than the 5th 
bifurcation TB airway replica. The deposition data acquired from Head 
+ TB airways with 3rd bifurcation TB showed homogeneity (<5 % of 
total data are out of the LOA) with a reference model, in all airway 
sections (Head + TB, Alveolar region, and Total respiratory tract) and 
represented relatively lower bias than 5th bifurcation TB. Upon the se
lection of the alveolar region, all three candidates satisfied our criteria 
for homogeneity analysis. We chose alveolar region B as a final model, 
based on its low sum of the absolute biases against the reference model.

3.2. Validation of MALDA-MOUDI tandem system

Fig. 5 shows the validation results for the MALDA-MOUDI tandem 
system. The aerosol respiratory deposition fractions obtained from this 
system (aerosol mass-based) closely align with the ICRP reference model 
and a previously validated aerosol number-based approach using 
MALDA and direct-reading instruments (MALDA-DRI approach, here
after). We also confirmed that the deposition fraction data from MALDA- 
MOUDI tandem system fall within the LOA of the ICRP model (Table 2). 
These findings suggest that both the Micro-MALDA and MALDA-MOUDI 
tandem system provide reliable aerosol respiratory deposition data.

3.3. Size distribution

The size distribution of spray aerosol was measured by two methods. 
The number concentration of the spray aerosol was acquired by SMPS 
and APS, and the data from these two DRIs were fitted and combined by 
the TSI Data Merge Software (Module 390069, TSI Inc., Shoreview, MN, 
USA). The mass concentration of the spray aerosol was acquired by 
MOUDI and gravimetrically analyzed. The number-based size distribu
tion of aerosol generated from the propellant-type spray showed 
unimodal distributions (Fig. 6a). The peak of the propellant-type spray 
aerosol was at a diameter of 0.104 μm with a CMD of 0.087 μm. In 
contrast, the number-based size distribution of aerosol generated from 
trigger-type spray showed bimodal distributions and peak diameters 
were 0.120 μm and 1.114 μm. Notably, the number concentration of the 
aerosol from the propellant-type spray was around 50-fold higher than 
that of the trigger-type spray. The overall mass-based particle size dis
tributions were unimodal (Fig. 6b). The MMD of the propellant-type 
spray was 1.660 μm, and the MMD of the trigger-type spray was 
1.702 μm. The amount of aerosol generated from the propellant spray 
was significantly higher, in both measurement methods (p < 0.001)

3.4. Aerosol respiratory deposition fraction

Data shown in 7 are the averaged size-dependent aerosol respiratory 
deposition fractions of spray aerosol in human head and tracheobron
chial airways (Head + TB), and the alveolar region (Alv), obtained by 
MALDA-DRI approach (aerosol number-based) and MALDA-MOUDI 
tandem system (aerosol mass-based). The aerosol respiratory deposi
tion data obtained from both methods were close to each other. More
over, aerosol respiratory depositions exhibited similarities in deposition 
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patterns unrelated to the type of spray. It is worth noting that the aerosol 
number-based respiratory deposition generated from the propellant 
spray (Fig. 7a) showed large uncertainty and deviated from the ICRP 
model at around the particle size of 3.0 μm (right tail). This discrepancy 
might be due to the fact that there were almost no spray particles around 
this size range, which could be proved from the associated particle size 
distribution data.

3.5. ENM metal composition in spray aerosol

The metal mass is the sum of the mass of six metals (Ti, Cr, Al, Zn, Sn, 
and Cu) found in the spray aerosol. As mentioned previously, twenty 
metals were tested to investigate the metal composition in the spray 
aerosol and six toxic metals had a significant quantity, exceeding the 
LOD. Both products were advertised as containing TiO2 as a major ad
ditive, and the portion of Ti in both spray products increased gradually 
by increasing aerosol size. In propellant-type spray, the portion of Ti was 
increased from 10 to 90 %, when the size of the aerosol increased from 

Fig. 4. Aerosol Respiratory deposition fractions of Micro-MALDA with 5th bifurcation and 3rd bifurcation TB airway replica and three alveolar region candidates.
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0.056 to 5.6 μm. Also, in trigger-type spray, the portion of Ti was 
increased in the range from 1 to 50 %, in aerosol size between 0.056 and 
5.6 μm (Fig. 8). The mass ratio of total ENM metal mass to aerosol mass 
gradually increased with the size of aerosol increases (Fig. 9). For the 
propellant-type spray, the lowest mass ratio was 1.13 × 10− 4 at 0.056 
μm, and the highest mass ratio was 0.228 at 5.6 μm. For the trigger-type 
spray, the lowest mass ratio was 1.77 × 10− 3 at 0.10 μm and the highest 
mass ratio was 0.235 at 3.2 μm. The ratio of total ENM metal mass to 

aerosol mass was significantly differed by the size of aerosol, in both 
types of spray (p < 0.001).

3.6. Health risk caused by ENM metals presented in spray aerosol

Among the six metals that were identified in the spray aerosol, three 
of them (Cr, Cu, and Ti) were known to have the potential to induce 
adverse health effects when inhaled, and the guidance values for their 

Table 1 
Comparison of TB and alveolar region candidates with the ICRP model (N = 5).

Micro-MALDA TB airways replica evaluationa

Respiratory 
Tracts

TB Branch 
Bifurcation

Bias 95 % CI Limit of acceptance Data out of LOA (%)

Lower Limit Upper Limit

Head + TB 3rd 0.070 (-0.053, − 0.087) − 0.022 0.161 0
5th 0.163 (-0.139, − 0.187) 0.034 0.292 3.13

Alveolar region 3rd − 0.045 (-0.059, − 0.032) − 0.116 0.025 0
5th − 0.068 (-0.079, − 0.058) − 0.125 − 0.012 3.13

Total 3rd 0.022 (-0.010, − 0.035) − 0.047 0.092 0
5th 0.094 (-0.077, − 0.122) − 0.001 0.190 6.25

Micro-MALDA Alveolar region evaluationb

Respiratory 
Tracts

Alveolar 
Region

Bias 95 % CI Limit of acceptance Data out of LOA (%)
Lower Limit Upper Limit

Head + TB A (High) 0.085 (0.070, 0.101) 0.024 0.147 0
B (Mid) 0.091 (0.076, 0.106) 0.031 0.151 0
C (Low) 0.095 (0.077, 0.113) 0.024 0.166 0

Alveolar region A (High) 0.046 (0.009, 0.083) − 0.099 0.192 0
B (Mid) − 0.035 (0.050, 0.020) − 0.094 0.025 0
C (Low) − 0.029 (-0.046, 0.013) − 0.094 0.035 0

Total A (High) 0.123 (0.089, 0.157) − 0.010 0.256 0
B (Mid) 0.049 (0.029, 0.068) − 0.028 0.126 0
C (Low) 0.058 (0.039, 0.076) − 0.014 0.130 0

a For the evaluation of the TB airway replicas, we used the alveolar region B to make a complete human airway system.
b To evaluate alveolar region candidates, the 3rd bifurcation TB (selected as a final model in this study) was used as a pair of three candidates.

Fig. 5. Aerosol respiratory deposition fractions from the MALDA-MOUDI tandem system (aerosol mass-based), MALDA-DRI approach (aerosol number-based), and 
ICRP model. (a) Number-based Size Distribution (b) Mass-based Size Distribution.
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inhalation toxicity were published by four toxicity databases referred in 
this study. Therefore, we used these three metals for health risk as
sessments. Cr(III) and Cu metals are known to have non-cancer toxicity 
and TiO2 can cause both non-cancer and cancer effects due to inhalation. 
However, since no guidance value for TiO2-related cancer risk was 
published to the databases we referred, only non-cancer risks were 
estimated in this study. To estimate the risk of occupational exposure to 
ENM in consumer spray products, the reference doses (RfDs) were 
calculated based on the CalEPA REL, ACGIH TLV, and ATSDR MRL. With 
this toxicity information, as well as the spray aerosol respiratory depo
sition data and the metal mass ratio data acquired by MALDA-MOUDI 
experiments, the average daily doses and non-cancer health risks 
caused by toxic ENM metals present in spray aerosol were estimated. 
The calculated daily doses and health risks based on the experiments 
designed in this study are listed in Table 3.

It is worth noting that since the ACGIH has different TLV for finescale 
TiO2 particles (2.5 mg/m3) and nanoscale TiO2 particles (0.2 mg/m3), in 
this study, we assumed that 100 % of the Ti obtained in the spray aerosol 
samples has a form of nanoscale TiO2 aerosol, for conservative estima
tions of the health risk. Since the analytical method that we used in this 
study only provides the mass of Ti, we converted the mass of Ti to the 
mass of TiO2 by multiplying the ratio between their molecular weight. 
Additionally, we assumed that the entire portion of the total Cr found in 
the spray aerosol samples was Cr(III), since the analytical method we 
used only provides the mass of total Cr. Considering the spray aerosol is 
commonly generated under the normal temperature and inhaled into the 

human respiratory without additional chemical reactions, it is reason
able to assume that Cr(III), the most common oxidation state of Cr, is less 
likely to be oxidized and exists as is.

The ENM metal-induced non-cancer risks caused by exposure to 
occupational use of propellant- and trigger-type spray products were 
found to be generally acceptable (Table 2). For the propellant-type 
spray, the HQ for Cr(III) was found to be less than 1.0 (1.34 × 10− 2). 
The HQs for Cu and TiO2 were also found to be less than 1.0 (1.67 × 10− 4 

and 2.98 × 10− 4, respectively). The calculated HI for exposure to 
propellant-type spray aerosol was 1.65 × 10− 2, indicating that the non- 
cancer risks induced by toxic ENM metals present in the propellant-type 
spray aerosol is overall acceptable (HI < 1.0). Likewise, for the trigger- 
type spray, the calculated HQs of each ENM metal were also generally 
less than 1.0 (Cr(III): 7.64 × 10− 3, Cu: 1.46 × 10− 4, TiO2: 4.22 × 10− 4), 
and the calculated HI was 8.21 × 10− 3.

4. Discussion

In this study, we developed a new experimental tool, Micro-MALDA, 
and MALDA-MOUDI tandem system for improved aerosol respiratory 
deposition experiments. By applying this new approach, the respiratory 
deposition of metal in spray aerosol and metal-induced health risks were 
assessed.

Table 2 
Homogeneity between MALDA-MOUDI tandem system and ICRP model, and MALDA-DRI approach and ICRP model (N = 5).

Respiratory 
Tracts

Methods Bias 95 % CI Limit of acceptance Data out of LOA (%)

Lower Limit Upper Limit

Head + TB MALDA-MOUDI (Mass) 0.104 (-0.047, 0.162) − 0.042 0.252 0
MALDA-DRI (Number) 0.085 (-0.058, 0.112) − 0.089 0.257 0

Alveolar region MALDA-MOUDI (Mass) − 0.001 (-0.037, 0.036) − 0.093 0.093 0
MALDA-DRI (Number) − 0.020 (-0.036, 0.005) − 0.117 0.076 0

Total MALDA-MOUDI (Mass) 0.097 (-0.043, 0.151) − 0.040 0.234 0
MALDA-DRI (Number) 0.065 (-0.046, 0.083) − 0.051 0.180 7.1

Fig. 6. Particle size distribution of spray aerosol for (a) Number-based size distribution, and (b) Mass-based size distribution. The mass of aerosol was normalized by 
the mass of the spray liquid used for each experiment. The dashed line on the graph represents the mass median diameter. (a) Propellant (N = 6) (b) Trigger (N = 3).
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4.1. Micro-MALDA and MALDA-MOUDI tandem system

To our knowledge, the Micro-MALDA is the first experimental tool 

designed to estimate the respiratory deposition of micrometer-sized 
aerosols across the entire (upper and lower) respiratory tract. Most 
studies have used only extrathoracic (Head and upper TB) human 

Fig. 7. Respiratory deposition fractions of spray aerosol. (a) Propellant-type sprays, and (b) trigger-type sprays. (a) Propellant (b) Trigger.

Fig. 8. Size-dependent ENM metal ratio in consumer spray aerosol in (a) propellant-type sprays and (b) Trigger-type sprays.
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airway replica (Zhou and Cheng, 2005; Ahookhosh et al., 2019; Borojeni 
et al., 2014; Golshahi et al., 2012; Grgic et al., 2004; Inthavong et al., 
2010; Kelly et al., 2004; Lim et al., 2021; Lizal et al., 2012; Stor
ey-Bishoff et al., 2008; Verbanck et al., 2016; Zhou et al., 2013), often 
overlooking aerosol respiratory deposition in the lower TB and alveolar 
regions. Furthermore, unlike the previous studies that made replicas 
using glass or metal casts (Bickmann et al., 2008; DeHaan and Finlay, 
2001; Kim and Fisher, 1999), the Micro-MALDA is made of plastic, 
making it suitable for studies requiring mobility.

Moreover, the MALDA-MOUDI tandem system is the first experi
mental method that can simultaneously obtain the mass of aerosol 
deposited in respiratory tracts and its chemical composition. In our 
previous study, we assessed health risks caused by inhaling chemicals in 
the aerosol by obtaining respiratory deposition data with DRIs and 
aerosol chemical composition using a cascade impactor (Su et al., 2024). 
However, DRIs often operate within different size ranges compared to 
size-segregated aerosol samplers. The MALDA-MOUDI tandem system 
prevents inaccuracies that may arise from extrapolating data across 
varying size ranges, as seen in such studies. In addition, compared to 
studies that acquired aerosol respiratory deposition using theoretical 
model, such as the ICRP or MPPD model (Rovelli et al., 2020; Can-Terzi 
et al., 2021; Chalvatzaki et al., 2018; Long et al., 2021; Voliotis et al., 
2021; Wang et al., 2019), the MALDA-MOUDI tandem system does not 
rely on the assumption of the shape and physical properties of the 
aerosol.

4.2. Size distribution

As shown in Fig. 6, the number-based size distribution of spray 
aerosol represented an unimodal shape in propellant-type spray. 

Previous studies on spray aerosol reported similar findings regarding the 
aerosol number-based size distribution. Notably, several studies also 
identified a unimodal number-based size distribution in propellant-type 
spray aerosol, with particle sizes predominantly in the ranges of 
0.030–0.100 μm (Park et al., 2020; Losert et al., 2014; Laycock et al., 
2020; Chen et al., 2010; Clausen et al., 2023; Nørgaard et al., 2009; 
Lorenz et al., 2011). This result was similar to the number-based peak 
diameter found in this study (0.104 μm). On the other hand, the 
number-based size distribution of trigger-type spray aerosol in this study 
represented a bimodal shape. Published studies in the literature reported 
mixed modality (unimodal or bimodal distribution) for trigger-type 
spray aerosol within the nano-to micrometer size range. Though the 
reported modality varied by the product, they all had common 
number-based bimodal peak diameters at 0.200–0.300 μm and 1.0–2.0 
μm (Park et al., 2020; Laycock et al., 2020; Quadros and Marr, 2011). 
These peak diameters were similar to the two peaks found in this study 
(0.120 μm and 1.114 μm).

Moreover, the MMD (1.660–1.707 μm) and mass-based peak diam
eter (3.2 μm) acquired from this study were also in comparable ranges as 
those reported in published studies. For example, in studies that used a 
cascade impactor to collect spray aerosol samples, the mass-based peak 
diameters were at a range between 2.0 and 5.6 μm (Laycock et al., 2020; 
Dua et al., 1995). MMD or peak diameter was also reported to be within 
equivalent range between this study and the studies that estimated the 
MMD or mass-based peak diameter by converting the aerosol number 
concentration (Clausen et al., 2023; Calderón et al., 2017; Pearce et al., 
2019).

4.3. Respiratory deposition of spray aerosol

The respiratory deposition of spray aerosol showed similar results 
across the two spray products (Fig. 7). Although the two spray products 
used in this study generate liquid aerosols, the resulting respiratory 
deposition fractions generally follow the ICRP model. This result proves 
again that aerosol respiratory deposition is mainly a function of particle 
size (International Commission on Radiological Protection, 1994; Hinds 
and Zhu, 2022). The deposition fractions obtained in this study gener
ally fall within the range reported by previous studies that used the ICRP 
model, the MPPD model, or computational fluid dynamics simulations 
to estimate the respiratory deposition of consumer spray aerosols 
(Fig. 10). (Park et al., 2018; Tian et al., 2015; Lovén et al., 2019). 
However, comparing the accuracy of each approach remains chal
lenging due to variations in exposure scenarios across studies, including 
differences in aerosol physical properties and inhalation rates.

Fig. 7a showed that the number-based respiratory deposition frac
tions of propellant spray aerosol deviated from the ICRP model 

Fig. 9. Size-dependent metal mass ratio in spray aerosol for (a) propellant-type sprays and (b) trigger-type sprays.

Table 3 
Health risks caused by ENM metals present in spray aerosol generated by (a) 
propellant-type spray, and (b) trigger-type spray.

(a) Propellant
​ Cr(III)a Cu TiO2 ​
ADDb 0.021 0.005 0.184 ​
HQ 1.34 × 10− 2 1.67 × 10− 4 2.98 × 10− 3 HI: 1.65 × 10− 2

(b) Trigger
​ Cr(III)a Cu TiO2 ​
ADDb 0.012 0.005 0.026 ​
HQ 7.64 × 10− 3 1.46 × 10− 4 4.22 × 10− 4 HI: 8.21 × 10− 3

RfDb 1.5429c 30.857$ 61.714§ ​

a The proportion of Cr(III) was assumed to be 100 % of the total Cr detected.
b The unit of ADD and RfD is μg/kg⋅day.
c ATSDR. $: CalEPA. §: ACGIH.
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significantly when the aerosol diameter was larger than 3 μm. The 
possible reason for this result could be attributed to the low aerosol 
number concentration in the size range larger than 3 μm, as shown in 
Fig. 6. Due to the low aerosol concentration in this size range reaching 
the LOD of the instrument, a higher variation in the measured aerosol 
concentration was observed, which led to a huge variance in the depo
sition fraction (Fig. 7a). In contrast, the aerosol generated from trigger- 
type spray showed an overall close fit compared to the ICRP model, even 
in the size range larger than 3 μm. This result is due to the fact that the 

trigger-type spray has the capability to produce a comparatively higher 
amount of aerosol in the size range exceeding 3 μm.

4.4. ENM metal composition in spray aerosol

It is crucial to consider the size-dependent chemical composition in 
aerosol for accurately estimating the respiratory deposited mass of 
specific toxic chemicals in aerosol and thus facilitating a more precise 
health risk assessment caused by aerosol exposure. To date, several 

Fig. 10. Deposition fractions of consumer spray aerosols acquired from previous studies and this study.
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studies investigated the composition of metal ENMs in spray products, 
and found known ENMs, such as Ag, Zn, Ti, and their oxides (Park et al., 
2020; Nørgaard et al., 2009; Lorenz et al., 2011; Calderón et al., 2017). 
However, these previous studies only investigated the amount of metal 
ENMs by removing the solvents of spray aerosol, or acquired the ENM 
composition in bulk spray liquid or total suspended aerosol. Only a few 
studies have quantified the size-segregated ENM metal ratio in spray 
aerosol and estimated the health risk based on this information. Quadros 
and Marr (2011) investigated the size-segregated silver ENM composi
tion in a trigger-type spray aerosol using a four-stage cascade impactor, 
and reported that there was no association between the aerosol size and 
ENM metal mass ratio (Quadros and Marr, 2011). This result is contra
dictory to what was found in this study, which clearly presented 
inconsistent metal proportions across the aerosol size (Fig. 9). The 
reason for the discrepancy between the two studies is not clear imme
diately; it could be due to the difference in the resolution of the aerosol 
samplers used in the two studies. The cascade impactor used by Quadros 
and Marr (2011) had a relatively low resolution (4 stages, 0.25–2.5 μm) 
compared to MOUDI (11 stages, 0.056–18 μm) used in this study 
(Quadros and Marr, 2011).

4.5. Health risk of ENM metal in spray aerosol

In the literature, most of the studies regarding consumer spray 
products are focused on the chemical components in the spray solution, 
such as volatile organic chemicals. Several studies have investigated the 
characteristics of ENM metal in spray products. Although some of the 
published studies quantified the ENM metal composition in spray 
aerosol and estimated the inhalation dose of spray aerosol, very few of 
them determine the health risks caused by using consumer spray prod
ucts (Losert et al., 2014; Park et al., 2017; Laycock et al., 2020; Calderón 
et al., 2017; Nazarenko et al., 2014). Quadros and Marr (2011) esti
mated the risk of silver nanomaterial in a finger pump spray product 
(Quadros and Marr, 2011). The reported HQ (non-cancer risk) due to 
silver nanomaterial was 1/40 for the alveolar inflammatory response 
and 1/16 for the argyria. Wang et al. (2021) estimated the risk of 
TiO2-contained aerosol generated by a sunscreen spray (Wang et al., 
2021). The reported range of HQ was from 0.07 to 0.23, which is 
significantly higher than HQ acquired from this study (4.22 × 10− 4 - 
2.98 × 10− 3). However, the reference dose of TiO2 was the EC50 derived 
from a probabilistic model based on the separated animal dose-response 
study. Moreover, the estimated daily dose of TiO2 applied for Wang’s 
study (6.48–63.21 μg) was significantly higher than our study. There
fore, based on the difference in experimental design and methodology, 
the HQs in Wang’s study cannot be directly compared to ours. The health 
risks estimated in this study are considered unique, which integrated 
size-dependent aerosol respiratory deposition data and size-dependent 
chemical composition data and followed the conventional EPA risk 
assessment method.

4.6. Limitations of the study

The diversity of spray products contributes to a significant variation 
in aerosol emission characteristics. For example, factors such as the 
composition of the base (water or an organic solvent) and the design and 
pressure of the nozzle can influence the aerosol generated aerosol 
remarkably (Park et al., 2017; Quadros and Marr, 2011; Jung et al., 
2021; Nuyttens et al., 2007). Therefore, the consumer spray product 
tested in this study (one propellant-type spray and one trigger-type 
spray) can only represent a small portion of the entire spray products 
on the market.

The environments in which the spray products are used can signifi
cantly affect the concentration of the spray aerosol, which will then 
affect the amount of spray aerosol that the user is exposed to and 
inhaled. Based on this, the experimental design and setup in this study 
can only be applied to indoor exposure scenarios with limited 

ventilation. Since the volume of the chamber used in this study is much 
smaller than a realistic room or workplace, the concentration of the 
spray aerosol in the chamber and induced risk were expected to be 
considerably higher than that in a real environment. Moreover, the re
sults obtained in our study did not account for the factors that may affect 
metal ENM exposure or induced risks in specific populations. Hence, 
considering factors such as physical activity, intensity of work and 
physiological characteristics (inhalation rate and deposition fraction) 
along with the demographic factors (age and gender), temperature and 
humidity and other related factors, such as wearing PPE, temperature, 
and humidity could provide detailed information about the exposure 
and risk.

Additionally, although we calculated size-segregated deposited 
doses, our final risk estimates followed conventional risk assessment 
methods, which are limited in their capacity to account for aerosol-size- 
specific risks. Given that smaller particles may pose higher risks, this 
size-aggregated approach may underestimate potential hazards posed 
by ultrafine or otherwise more bioactive particles, and therefore careful 
interpretation of these findings is needed.

This study made assumptions regarding estimating the quantity of 
certain ENM metals in the spray aerosol. First, the amount of TiO2 in the 
spray aerosol was predicted based on the amount of Ti detected in the 
spray aerosol samples. Since the ICP-MS can detect metal elements but 
not chemical compounds, only Ti was found in the spray aerosol sam
ples. However, it is a reasonable assumption that all Ti detected was 
from TiO2 because TiO2 is the major ingredient in the test spray prod
ucts. Second, all the detected total Cr was assumed to be Cr(III) and 
health risks associated with Cr(VI) were not considered in this study. 
This assumption was based on the fact that the likelihood of the 
oxidation of Cr(III) to Cr(VI) under normal environments is very low. 
However, given that the proportion of Cr(VI) and Cr(III) in total Cr in 
consumer spray products have not been investigated thoroughly, further 
research is needed. Consequently, the risk identified in this study may 
vary depending on the aerosol generation process. The above limitations 
highlight the complexity of conducting a comprehensive risk assessment 
for aerosol generated from spray products and indicate that results ac
quired from this study may not universally apply to all cases using spray 
products. Hence, the outcomes of this study should serve as a reference 
rather than a comprehensive guide.

5. Conclusion

A new simplified model of human airway systems, Micro-MALDA 
was developed, for obtaining aerosol respiratory deposition in micro
meter size range. The newly developed Micro-MALDA together with the 
Nano-MALDA was serially connected with MOUDI, to form a MALDA- 
MOUDI tandem system. The results from the MALDA-MOUDI tandem 
system validation indicated that the estimated mass-based aerosol res
piratory deposition fraction well aligns with the ICRP model. By 
leveraging this novel approach, the size-segregated metal composition 
in consumer product spray aerosol and their respiratory deposition data 
were obtained and used to estimate the deposited mass, daily doses, and 
health risks caused by the potentially harmful metals in spray aerosol. 
The estimated non-cancer risks caused by metals in spray aerosol were 
smaller than the conventional risk criteria, for trigger and propellant 
type sprays. This research presents a novel method for evaluating the 
inhalation risks caused by particular chemicals in aerosol (in this study, 
metals in spray aerosol). Results obtained provide insights into the effect 
of aerosol physical and chemical characteristics on the respiratory 
deposited mass of spray aerosol-contained metal substances generated 
from different type of sprays. However, the estimated risk may vary by 
the usage topography, the condition of the environment, or the 
composition of metal and design of spray products. Therefore, it is 
essential to carefully manage the amount of consumer spray products 
used and the occupational control methods, such as adequate ventilation 
and suitable PPE, especially in occupational settings. Findings from this 
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study contribute to our understanding of the potential health risks 
associated with the occupational use of spray products with ENM metal, 
which could inform related policies and interventions to mitigate health 
risks induced by exposure to spray aerosol.
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