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A B S T R A C T

Air-Liquid Interface (ALI) cell exposure systems are essential tools for assessing the toxicity of 
airborne aerosols and engineered nanomaterials in vitro. These systems are increasingly favored 
for depositing aerosols directly onto cell cultures with improved precision, scalability, and flex
ibility. However, a significant challenge remains in accurately determining the actual particle 
deposition, particularly for ultrafine particles (UFP, Dp ≤ 100 nm). This study investigates the 
chemical-based quantification of UFP mass deposition and the deposition variability across insert 
positions in an Automated Exposure Station (AES).

Multi-well positions in the AES were exposed to soot UFP, rich in polycyclic aromatic hydro
carbons (PAH), and copper UFP for 4 h in independent experiments. To determine the mass 
deposition of soot UFP, Teflon-coated glass fiber filters were placed at various positions and 
analyzed to quantify targeted PAH. Similarly, copper UFP was deposited onto empty inserts in 
different positions, and post-exposure quantification was performed.

Mass deposition efficiencies exhibited a high relative variability of 15 % from experiment to 
experiment, and the position-dependent variability was not significant for either soot UFP or 
copper UFP. However, compared to the results from a theoretical model, the model significantly 
underestimated mass deposition by a factor of 5–8. Incorporating an alternative calculation of the 
boundary layer thickness into the model improved the agreement between model and experi
mental data. Therefore, for UFP mass deposition results from modeling must be interpreted with 
care.
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1. Introduction

Ultrafine particles (UFP; Particulate matter (PM0.1)) are particles with an aerodynamic diameter smaller than 0.1 μm, which may 
originate from both natural and human activities. Natural sources include volcanic eruptions, wildfires, sea spray and the formation of 
secondary organic aerosol by oxidation and condensation of e.g. biogenic volatile components, while anthropogenic emissions pri
marily result from combustion-related processes such as transportation, industrial activities, power generation, waste incineration, 
cigarette smoke, and biomass burning (Hofmann, 2011; Kwon et al., 2020; Schraufnagel, 2020). Meanwhile, the contribution of UFP to 
the atmosphere from anthropogenic non-combustion processes originating from brake pads, tire abrasions, friction between wheels 
and roads/rails, or catenary sparking is gaining more attention (Font et al., 2019; Fussell et al., 2022; Neukirchen et al., 2025). The 
current knowledge about the effects of UFP on health comes from toxicological and epidemiological research. Epidemiological 
research highlights the potential risks associated with UFP exposure (Folwarczny et al., 2025; Ohlwein et al., 2019; Schwarz et al., 
2023). Epidemiological studies are essential for evaluating human exposure in realistic settings; however, they often struggle to es
timate actual exposure levels accurately (Folwarczny et al., 2025). These studies typically rely on sparse measurements taken at 
monitoring sites distant from the affected populations or use modeling approaches with inherent assumptions (Vallabani et al., 2023). 
Hence, providing precise measurements of exposure concentration and duration, toxicological studies are essential.

UFP has been associated both in vivo and in vitro with various harmful effects due to its capacity to induce oxidative stress, 
inflammation, and genotoxicity (Moreno-Ríos et al., 2022; Vallabani et al., 2023). Compared to larger particulate matter, UFP can 
translocate from the lung into various secondary target organs by crossing the air-blood barrier or penetrating the blood-brain barrier 
and subsequently inducing extra-pulmonary effects. Moreover, UFP possess a large surface area to mass ratio, enabling them to adsorb 
significant quantities of toxic compounds (Kwon et al., 2020). This intrinsic property of UFP accounts for an essential portion of the 
total particle number concentration in urban areas. While current studies have made substantial progress in elucidating the biological 
effects and mechanisms of action of UFP, recent literature highlights the ongoing need for advanced experimental and computational 
approaches to investigate UFP deposition dynamics, as well as the development of appropriate metrics for evaluating associated health 
risks.

Toxicological research on UFP-related health effects increasingly relies on a combination of in vivo and in vitro exposure models to 
capture both systemic and cellular responses. Air-liquid interface (ALI) cell exposure systems are increasingly prevalent in in vitro 
studies over submersed exposure conditions for a more realistic exposure, where solid or liquid particles are typically mixed with 
surrounding gases and directly applied to tissue-cell cultures (Paur et al., 2011; Thorne & Adamson, 2013). Studies investigating the 
toxicity of UFP using ALI exposure systems have been emerging, such as for high aromatic and non-aromatic diesel fuel exhaust 
emissions (Hakkarainen et al., 2023), aircraft engine emissions (Delaval et al., 2022; Jonsdottir et al., 2019), printer emissions (Kim 
et al., 2022), model UFP from miniCAST generators taking into account similar physical and different chemical UFP properties (Das 
et al., 2024; Juarez Facio et al., 2022; Offer et al., 2022). In these studies, particle deposition onto the cell layer was primarily estimated 
using model calculations based on measured aerosol properties. This is usually done for simplicity, and measurements of mass-based 
deposition for UFP in the ALI are challenging. However, these models can be used for particles ranging from 40 to 450 nm; the 
ALI-deposited mass estimated with computational models was found to be 1-2 orders of magnitude greater than in the alveolar region 
of the lungs due to the ALI’s smaller surface area (Karg et al., 2020). These findings underscore the need for careful interpretation when 
extrapolating in vitro ALI exposure results to in vivo lung exposures.

Studies on aerosol particle dosimetry at the ALI typically utilize inert solid particles that are fluorescently tagged with glycerol 
(Bannuscher et al., 2022; Steiner et al., 2017), e-cigarette vapor products (Adamson et al., 2016; Neilson et al., 2015), and mainstream 
tobacco smoke (Adamson et al., 2013; Aufderheide et al., 2017). Inert solid particles have also been extensively employed to develop 
computational models within these in vitro exposure systems (Comouth et al., 2013; Fujitani et al., 2015; Kim et al., 2013; Lucci et al., 
2018; Oldham et al., 2020; Tippe et al., 2002). In the first study aiming to characterize the deposited dose in a VITROCELL® exposure 
system experimentally, Mülhopt et al. (2016) determined the deposition efficiency of wood combustion UFP by analyzing deposited 
particles on TEM grids. They showed a good agreement within the diffusional deposition compared to estimated deposited dose based 
on the particle number and size distribution from SMPS. However, no studies have examined the deposition of combustion-derived 
UFP in aerosol exposure systems by quantifying chemical components of the UFP, which would allow for the elimination of un
certainties introduced by the size-dependent particle density and their inherent physical properties. Due to their small size, UFP 
deposition is primarily governed by diffusion processes, making it challenging to quantify the dose deposited onto cells in experimental 
setups accurately. As ALI exposure systems continue to grow in complexity, a thorough understanding of their capabilities, operational 
conditions, and reproducibility is essential to ensure reliable and biologically relevant results (Lucci et al., 2018). Our study aims to fill 
this gap on deposition uncertainty for UFP by experimentally determining depositions for soot and copper UFP, comparison to common 
theoretical deposition models and discussing model appropriate for deposition determination in ALI systems.

2. Materials and methods

2.1. UFP production

Two ultrafine particles (UFP) types were generated using different aerosol generators. Soot UFP with a high organic load (Soot- 
UFP), was produced using a miniCAST soot generator (miniCAST, model 5201C; Jing Ltd., Switzerland) following the method 
described by Das et al. (2024). The second type, copper UFP (Cu-UFP), was generated using a Spark Discharge Generator (SDG, model 
GFG 1000; Palas, Germany) equipped with cylindrical copper electrodes. All exposure experiments were conducted over 4 h, matching 
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the duration used for previous in vitro studies in our group (Binder et al., 2022; Das et al., 2024; Offer et al., 2022; Pardo et al., 2023). 
Conductive perfluoroalkoxy (PFA) tubing was used in both setups to minimize particle losses and reactions. This material prevents 
static electric charge accumulation, which can cause particle losses, offering high transmission efficiency (Liu et al., 2019). Depending 
on the flow rates, PFA tubes with inner diameters of 4 mm or 10 mm were used to minimize losses due to turbulence and ensure laminar 
flow.

2.1.1. Soot UFP (Soot-UFP)
The miniature combustion aerosol standard soot generator (miniCAST, model 5201C; Jing Ltd., Switzerland) was operated under 

fuel-rich conditions (flame equivalence ratio, Ф = 1.25) to produce soot UFP with a high organic content. A critical parameter 
characterizing the miniCAST operating regime is the overall fuel-to-air ratio, commonly expressed as the flame equivalence ratio (Ф). 
The generator operates in a fuel-rich mode when Ф > 1, whereas fuel-lean or near-stoichiometric conditions correspond to Ф < 1. In 
this study, the operating flow rates were set as follows: propane at 0.055 L min− 1, dilution air at 20 L min− 1, burner air at 1.05 L min− 1, 
and quench nitrogen (N2) at 7 L min− 1.The primary soot particles were immediately diluted to minimize agglomerations through an in- 
house-built adjustable porous tube diluter (PTD) and fixed 10-fold ejector diluters (VKL 10; Palas, Germany). The dilution in the PTD 
was adjusted at the beginning of each experiment and then readjusted periodically over the 4 h to maintain constant particle number 
and mass concentrations throughout the experiment. A catalytic stripper (CS, Model CS015; Catalytic Instruments, Germany) was used 
at room temperature, followed by a multichannel activated charcoal denuder, to achieve particle physical characteristics similar to 
those observed by Das et al. (2024). Following the denuder, a second 1:10 ejector diluter was used for an additional dilution step, 
maintaining a constant flow rate of 1.65 L min− 1. Subsequently, the Soot-UFP was directed to the VITROCELL ® Automated Exposure 
Station extended version (AES, VITROCELL GmbH, Germany), where it was collected for offline analysis and characterized using 
various instruments for real-time characterization of the UFP. Fig. 1 presents a schematic of the experimental setup for Soot-UFP.

2.1.2. Copper UFP (Cu-UFP)
Fig. 2 shows a schematic view of the experimental setup for the Cu-UFP. A spark discharge generator (SDG, Palas GFG 1000, 

Germany) was operated at a volumetric flow rate of approximately 4.75 L min− 1 of pure argon (Ar) (99.999 %, Linde, Germany) and a 
spark frequency of 800–999 Hz, using copper electrodes positioned 2 mm apart. The Cu-UFP was subsequently neutralized using a 
Palas neutralizer (model XRC 049), then passed through a 5 L vessel and a 3 m long perfluoroalkoxy (PFA) coil with an internal 
diameter of 10 mm to obtain the desired particle mobility diameter (similar to Soot-UFP) through agglomeration. The Cu-UFP was then 
guided through a square, multi-channelled charcoal denuder with 325 square channels, each measuring 0.9 mm × 0.9 mm (Helsatech, 
Germany), to remove gas-phase organics potentially originating from the vessel (Binder et al., 2022; Das et al., 2024). The Cu-UFP was 
then diluted using an ejector diluter with a fixed 1:10 dilution ratio (VKL 10; Palas, Germany) to achieve the desired particle number 

Fig. 1. Schematic diagram of the setup used to produce soot ultrafine particles with a high organic load (Soot-UFP). The setup includes a Tapered 
Element Oscillating Microbalance (TEOM) for measuring mass concentration and a Scanning Mobility Particle Sizer (SMPS) for analysing particle 
size distribution.
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concentration. The diluted Cu-UFP was then distributed to the VITROCELL® AES for the deposition studies, collected on filters for 
offline analysis, or further diluted (1:10 ratio) for online characterization.

2.2. UFP online characterization

A Scanning Mobility Particle Sizer (SMPS, Type 3082, TSI Incorporated, USA) was used to determine the size distribution, particle 
number concentration, and the geometric mobility diameter (GMDmob). The size range for SMPS analysis was 7.64–310.6 nm, with a 
sheath flow of 10 L min− 1 and an aerosol flow of 1 L min− 1. A Tapered-Element Oscillating Microbalance (TEOM 1400a; Rupprecht & 
Patashnick Co., Inc., USA) was used to determine the particle mass concentration of Soot-UFP operating at a total flow rate of 3 L 
min− 1, similar to the parameters used by Das et al. (2024).

2.3. UFP offline characterization

Quartz fiber filters (QFF, Whatman, Cytiva Ltd., USA) were used to collect the UFP filter samples. Before use, these filters were 
preheated for 5 h at 550 ◦C. Targeted quantification of Polycyclic Aromatic Hydrocarbons (PAH) was carried out using Gas 
Chromatography-Mass Spectrometry (GC-MS, Shimadzu GC-MS-QP2010 Ultra, DTD-20 Shimadzu, Japan) operated in Single Ion 
Monitoring (SIM) mode. The sample introduction into the instrument was done by direct thermal desorption (DTD) with the OPTIC-4 
inlet (GL Sciences B.V., The Netherlands) (Orasche et al., 2011). Further details of the analytical procedure can be found in Schnel
le-Kreis et al. (2005). The targeted quantification was done for three particle-bound PAH (≥5 aromatic rings), namely Benzo
fluoranthenes [sum of b + j + k isomers], Benzo[e]pyrene and Benzo[a]pyrene using the SIM mode. Each sample was measured at least 
twice as common practice for quality control and stored at − 20 ◦C until the analysis.

The copper content in filter samples was quantified using an Atomic Absorption Spectrometer (AAS ZEEnit 600s; Analytik Jena, 
Germany) equipped with Zeeman correction and a graphite furnace atomizer. A hollow cathode lamp (copper type) was used, with 
method parameters set in the instrument software: an analytical wavelength of 324.8 nm, a spectral bandpass of 0.5 nm, and a lamp 
current of 2 mA. Calibration was performed using a certified copper AAS standard solution (ROTI®Star, 1000 mg L− 1 Cu in 2 % HNO3) 
at concentrations of 2, 5, 10, 15, and 20 μg L− 1. A 10 % HNO3 solution served as a blank, followed by a 10 μg L− 1 control standard 
(Analytik Jena, copper AAS standard, 2 mg L− 1 in 0.2 % HNO3), prepared by diluting 0.125 mL of the 2 ppm solution in 25 mL. The 
calibration curve was established with a 95.4 % confidence interval to ensure reliable quantification of copper.

For copper extraction, the quartz fiber filters (QFFs) were treated with 10 mL of 10 % HNO3 (ROTIPURAN® Supra, 69 %). The 
samples were centrifuged at 3000 rpm for 5 min to separate particulates, and the supernatant was filtered through a 0.45 μm nylon 
filter to remove residual debris. A 1:200 pre-dilution was performed before the AAS measurement to bring the copper concentration 
within the calibration range. Eppendorf pipettes and corresponding tips were used for all liquid handling to ensure precision and 

Fig. 2. Schematic diagram of the setup used for producing copper ultrafine particles (Cu-UFP). The particle size distribution was measured using a 
Scanning Mobility Particle Sizer (SMPS).
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accuracy. Each sample was measured at least twice to verify reproducibility in quantifying copper concentrations. Samples were stored 
in a silica desiccator until analysis.

2.4. Deposition experiments

For the deposition study, 24 mm Transwell® 0.4 μm pore-size polyester membrane inserts (#3450, Corning, NY, USA) were 
exposed at the air-liquid interface (ALI) to UFP using the Vitrocell® AES. The system was operated as previously described (Mülhopt, 
2016), with settings similar to those in Offer et al. (2022) and Pantzke et al. (2023). UPF-H and Cu-UPF aerosols were conducted to the 
AES as shown in Figs. 1 and 2, and the total aerosol flow incoming to the system was 8.3 L min− 1 (500 L h− 1). The aerosols were further 
conditioned to 85 % relative humidity (RH) and 37 ◦C and directed at a flow rate of 100 mL min− 1 to the inserts placed in individual 
exposure units inside the exposure modules. Two aerosol modules (defined as X and Y), comprising six exposure units each, were used 
in this study. An additional dedicated exposure module with six exposure units served as clean air (CA) control (100 mL min− 1 of clean 
air humidified to 85 % RH at 37 ◦C, per exposure unit). The AES was routinely operated during the 4 h exposure to maintain the inserts 
under stable temperature and relative humidity.

Prior to a series of experiments, the height of each trumpet inlet was adjusted at 2 mm from the collection point with the distance 
sensor. Each exposure lasted for 240 min and was repeated accordingly for different experiments. During exposure, RH and tem
perature were recorded at the insert level in both the exposure and clean air modules with additional sensors, as previously described 
(Zimmermann et al., 2025). The measured values were within the acceptable range for cell exposure (85 % ± 5 % r.H, 37 ◦C ± 0.5 ◦C).

2.4.1. Quantifying mass deposition

2.4.1.1. Soot UFP (Soot-UFP). Emfab air monitoring filters (TX40HI20WW, 47 mm; Pall Corporation, NY, USA) were cut to fit into 
Transwell inserts for collecting UFP during exposure. The EMFAB filters were exposed to UFP in ten exposure units, divided into two 
aerosol modules: four exposure units in Module X (X1, X2, X3, X5) and six exposure units in Module Y (Y1, Y2, Y3, Y4, Y5, Y6). For the 
Soot-UFP experiments, unit X4 was unavailable as this position was used for a different study. The media reservoir beneath the 
Transwell was filled with deionized water instead of culture media, following the method described by Oldham et al. (2020). After 
exposure, the filters were collected and stored at − 20 ◦C until analysis. For analysis, each filter was halved, and both halves were 
analyzed separately using TD-GCMS. Each half was carefully rolled and placed in the GC injection liner to prevent obstruction of 
carrier flow. Thermal desorption was conducted at 260 ◦C. Three particle-associated PAH with ≥5 aromatic rings were targeted and 
quantified to use them as markers for the Soot-UFP. The marker PAH, Benzofluoranthenes [sum of b + j + k isomers], Benzo[e]pyrene 
and Benzo[a]pyrene were then measured in SIM mode using DTD-GC MS.

2.4.1.2. Copper-UFP (Cu-UFP). Empty Transwell® inserts were placed in the exposure modules for 4 h of exposure with deionized 
water in place of media beneath. For quantifying the deposition of Cu-UFP in nine exposure units in two aerosol modules, with four 
exposure units in module X (X1, X2, X3, X4) and five exposure units in the aerosol module Y (Y1, Y2, Y3, Y5, Y6). For the Cu-UFP 
experiments, units X5 and Y4 were unavailable, as these positions were used for a different study. After the exposure, the Trans
well® membranes were cut, collected, and stored in a silica desiccator until analysis. The membranes were then extracted for copper 
analysis. They were treated with 1 mL of 10 % HNO3 (ROTIPURAN® Supra, 69 %) and vortexed for 2 min at 3000 rpm. A 1:20 pre- 
dilution was performed before the AAS measurement to bring the copper concentration within the calibration range. The copper was 
then quantified from the inserts with the AAS.

2.4.2. Theoretical analyses of UFP mass deposition
The AES’s deposited particle mass per area was calculated using equation (1): 

Deposited mass per area=
ƞ × Q × N × t × ⍴p × Vp

A
Equation 1 

where ƞ is the deposition efficiency; Q is the aerosol flow; N is the particle number concentration (particle count per volume); t is the 
duration of the exposure; ⍴p is the particle density; Vp is the particle volume, assuming spherical particles; and A is the area of the 
insert. The size-dependent deposition efficiency (ƞ) in the ALI exposure system was calculated using the theoretical framework used by 
(Lucci et al., 2018). Diffusion and sedimentation mechanisms within the model govern the deposition of particles. Diffusion is the 
dominant mechanism for the deposition of small particles, while gravitational settling or sedimentation is the dominant mechanism for 
larger particles. The deposition efficiency in the model by Lucci et al. (2018) is calculated using equation (2). 

ƞi =min
{

1,
A
qv

(

vs,i +
Di

δi

)}

Equation 2 

where ƞi is the size-dependent deposition efficiency; A is the area of the insert/deposition plate; qv is the sampling flow rate; vs,i is the 
settling velocity; Di is the aerosol size-dependent coefficient of diffusion; and δi is the aerosol size-dependent boundary layer thickness. 
The δi in equation (2) was calculated using equation (3). 
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δH
i =

(
Di

v

)1/3 ̅̅̅̅̅
vx
u

√

Equation 3 

Where δH
i is the estimate of the aerosol thickness; x is 2/3 R (radius of the insert/deposition plate); and u is the reference velocity inside 

the trumpet.
Another approach to evaluate the δi is to model it as the root-mean-square of the particle Brownian displacement during a char

acteristic time tc, as described by (Hinds., 1999) as shown in equation (4). This approach was selected because the particles in our 
experiments were small, necessitating that we modify the model to take into consideration variations in the equation’s diffusion 
component. 

δB
i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(2Ditc)

√
Equation 4 

Where the characteristic time, tc, is defined as the ratio between the chamber volume and the sampling rate (Grabinski et al., 2015).
We compared the results obtained from Equations (3) and (4), focusing on diffusion as the primary deposition mechanism, to 

determine which equation is more appropriate for the system investigated in this study, with the mobility diameter of 40 nm.

3. Results and discussion

This technical note aims to experimentally determine the deposition of Soot- and Cu-UFP in an ALI cell exposure systems and 
compare the results with common theoretical deposition models. Three particle-associated PAH with ≥5 aromatic rings (Benzo
fluoranthenes [sum of b + j + k isomers], Benzo[e]pyrene and Benzo[a]pyrene) were targeted and quantified to use them as markers 
for the Soot-UFP. Copper was quantified from the ALI inserts for measuring the Cu-UFP.

3.1. UFP characterization

To understand the particle deposition in the Vitrocell® AES, the physical characteristics (GMDmob and mass concentration) of the 
two UFP, comprising the Soot-UFP and Cu-UFP, were adjusted as similarly as possible.

Fig. 3 presents the number and mass size distributions of Soot-UFP and Cu-UFP. The geometric mean mobility diameters (GMDmob) 
were 39 ± 3 nm for Soot-UFP and 33 ± 2 nm for Cu-UFP, indicating slightly smaller particle sizes for Cu-UFP. However, the particle 
number concentration of Cu-UFP was approximately twice as high as that of Soot-UFP. The primary particle size of Cu-UFP, generated 
via spark discharge, typically ranges from 1 to 9 nm (Roth et al., 2004), which is significantly smaller than that of Soot-UFP from the 
miniCAST soot generator (Das et al., 2024). We optimized the SDG settings to achieve a mobility diameter comparable to that of 
Soot-UFP, increasing its frequency to the maximum while using a 5 L vessel and a 3 m-long PFA coil with an internal diameter of 10 
mm. Despite differences in number concentration, the mass concentration of both UFP remained similar, at approximately 90 μg m− 3.

Fig. 3. Size distribution of Soot-UFP and Cu-UFP. The left y-axis shows the number size distribution (# cm− 3), while the right y-axis represents the 
mass size distribution (μg m− 3). Shaded areas indicate the standard deviation for each corresponding size bin.
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Offline chemical characterization was performed on particle phase samples using QFF. For Soot-UFP, PAH were quantified by direct 
thermal desorption hyphenated gas chromatography-mass spectrometry (DTD-GCMS). The concentration of the PAH in the QFF 
samples is presented in Table 1. All PAH measured had similar concentrations of approximately 70 ng m− 3.

Cu-UFP samples collected on QFF were analyzed for Cu mass concentration quantification. The filter samples were analyzed using 
Atomic Absorption Spectroscopy (AAS), yielding a copper concentration of 80 μg m− 3 ± 10 μg m− 3 across all experiments (n = 5).

3.2. Measured mass deposition of the two UFP in the ALI

EMFAB filters for Soot-UFP and the empty inserts for Cu-UFP were used and exposed in the exposure units in two aerosol modules at 
the AES. Concurrently with ALI exposure in the AES, particulate-phase filter samples were collected on QFF outside the AES to monitor 
PAH concentrations. Fig. 4 illustrates the deposition of PAH per filter area for each exposed insert. Although the figures show dif
ferences in the determination of PAH from the respective inserts, statistical analysis using Welch’s ANOVA revealed no significant 
differences in individual PAH levels between inserts (p > 0.05). This may be due to the smaller sample size and high variation between 
experiments at the AES. Additionally, Pearson correlation-based pattern analysis assessed potential variations in PAH composition 
across inserts, yielding a correlation value of 0.92 as the lowest. This strong correlation suggests a consistent distribution of PAH across 
all inserts, indicating no alteration of the PAH profile in the ALI system and confirming the reliability of the analytical quantification. 
Using the PAH markers, the mass deposition of the Soot-UFP was calculated and is represented in Table 2.

The deposition of Cu-UFP on inserts was conducted in four exposure units of the exposure module X (X1, X2, X3, X4) and five 
exposure units in the exposure module Y (Y1, Y2, Y3, Y5, Y6) in the VITROCELL® AES. Fig. 5 presents the measured Cu-UFP deposited 
in each exposed insert in the AES at the ALI. Similar to the Soot-UFP analysis, a Welch ANOVA was performed for Cu-UFP, revealing no 
significant differences between inserts (p > 0.05).

We observed that deposition variability differed across inserts, with lower relative variability at positions with low deposition (RSD 
≈ 7 %, e.g., for X2) and higher variability at positions with high deposition (RSD ≈ 44 %, e.g., for Y6) for Cu-UFP. And the RSD 
deviated from 16 % for Y6 to 60 % for Y2 for Soot-UFP. This non-uniformity likely reflects local flow heterogeneity within the exposure 
module, combined with particle dynamics and analytical variability at higher deposited mass. Such variability has been previously 
reported for ALI systems, underscoring the importance of position-specific deposition measurements for accurate dose interpretation 
(Oldham et al., 2020). One limitation of this manuscript is the reasonable number of replicates for proper statistics on the individual 
insert variability and deposition uniformity was unfortunately not possible.

3.3. Comparison of measured and modelled deposition of UFP mass

For the theoretical estimation of deposition, the insert surface area of 4.67 cm2 was used. Aerosol flow and temperature at each 
position were 100 mL min− 1 and 37 ◦C, respectively. Equation (1) was used to calculate the modelled mass deposition of UFP, while 
Equation (2) was used to determine the deposition efficiency.

In the first approach, following the suggestion of Lucci et al. (2018), the aerosol boundary layer thickness was calculated using 
Equation (3). The effective density for Soot-UFP was estimated as 1g cm− 3 based on previous measurements of CAST-burner-generated 
soot densities. Although fresh soot aggregate effective densities decrease strongly as a function of particle size, the smallest measured 
soot particles typically have densities close to unity (Leskinen et al., 2023). The effective density for Cu-UFP was estimated as 0.9 g 
cm− 3 based on the copper agglomerate particle effective density function presented by Charvet et al. (2014) and by using the measured 
GMD of copper particles (33 nm). The selected density affects the calculations in two ways: first, by influencing the estimation of 
deposition efficiency, and more importantly, by converting the number of deposited particles into the corresponding deposited mass. 
This yielded a deposited mass area of 1.0 ± 0.2 ng cm− 2 for Soot-UFP and 1.3 ± 0.2 ng cm− 2 for Cu-UFP. For Soot-UFP, the model 
substantially underestimates the deposited Soot-UFP compared to experimental values. Specifically, the deposited mass of benzo
fluoranthenes [sum of b + j + k isomers], benz[a]pyrene, and benz[e]pyrene was found to be 7 to 8 times higher in the measurements 
than in the model predictions. Accordingly, the measured deposition efficiency for Soot-UFP was calculated to be 0.22 % ± 0.03 %. 
This deposition is similar to that observed by Bitterle et al. (2006) for carbonaceous UFP produced by a spark discharge generator. A 
similar trend was observed for Cu-UFP, where the model underestimated deposition by a factor of 5. The corresponding experimental 
deposition efficiency was 0.8 % ± 0.1 %.

The second approach defined the boundary layer thickness using Equation (4). This resulted in higher estimated UFP mass 
deposition, improving the alignment between model predictions and experimental data. The deposited mass area was calculated to be 
3.1 ± 0.4 ng cm− 2 for Soot-UFP and 3.8 ± 0.4 ng cm− 2 for Cu-UFP. With this adjustment, the model underestimated Soot-UFP 
deposition by 2–3 times (instead of 7–8 times), and Cu-UFP deposition by a factor of 2 (rather than 5 times). The recalculated 
deposition efficiencies were 1 % for Soot-UFP and 2 % for Cu-UFP, aligning more closely with values reported in previous studies 
(Bitterle et al., 2006; Grabinski et al., 2015).

Table 1 
The concentration of PAH acquired from DTD-GCMS from the particulate phase in Soot-UFP. The results indicate the concentration of each PAH ±
standard deviation (n = 6).

Benzofluoranthenes [sum of b + j + k isomers] (ng m− 3) Benzo[e]pyrene (ng m− 3) Benzo[a]pyrene (ng m− 3)

70 ± 4 66 ± 5 71 ± 7
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Fig. 4. Deposited mass of Soot-UFP quantified at different positions within the AES for selected PAH markers (N = 4): (A) Benzofluoranthene [sum 
of b + j + k isomers], (B) Benzo[a]pyrene, (C) Benzo[e]pyrene. The error bars represent the standard deviation of each targeted PAH at each 
position across all experiments. The relative standard deviation (RSD) ranged from 15 % (Y6) to 47 % (X3) for (A), from 24 % (Y6) to 78 % (X3) for 
(B), and from 16 % (Y6) to 60 % (Y2) for (C).
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Using the experimental determined deposition (Table 3), the deposition efficiency increases to 1.2 % to 2 % for soot-UFP and 
0.97–1.4 % for Cu-UFP, which is in agreement with a study with NaCl/fluorescein particles of a deposition efficiency of 1.6 % at similar 
ALI conditions (Mülhopt et l., 2016).

Our findings indicate that the modelled UFP mass deposition from both sources was consistently lower than the experimentally 
measured deposition in the investigated VITROCELL® AES (Table 3). It is essential to note that the theoretical model (Lucci et al., 
2018) was initially developed for the VITROCELL® VC24/48 and AMES systems, utilizing a flow rate of 20 mL min− 1. In contrast, our 
study employed a higher flow rate of 100 mL min− 1 with a fundamentally different aerosol exposure system. The sample extraction 

Table 2 
The mass deposition of Soot-UFP in the X and Y units of the exposure system. The results indicate the Soot-UFP mass deposition± standard deviation 
(n = 6).

PAH Soot-UFP 
Mass deposition 
From Unit X (ng cm− 2)

Soot-UFP 
Mass deposition 
From Unit Y (ng cm− 2)

Average Soot-UFP 
Mass deposition (ng cm− 2)

Benzofluoranthenes[sum of b + j + k isomers] 9.0 ± 1.0 8.0 ± 1.0 8.4 ± 1.0
Benzo[e]pyrene 8.5 ± 1.0 7.6 ± 1.0 8.0 ± 1.0
Benzo[a]pyrene 7.3 ± 1.0 7.0 ± 1.0 7.1 ± 1.0

Fig. 5. Deposited mass of Cu-UFP quantified at different positions within the AES (N = 4). The error bars represent the standard deviation of copper 
mass quantified at each position across all experiments. The relative standard deviation (RSD) for Cu-UFP ranged from 7 % (X2) to 44 % (Y6).

Table 3 
Comparison of the deposited mass of Soot-UFP and Cu-UFP mass deposition between the theoretical and experimental approaches in the experiments. 
The results are shown as the averages ± standard deviation of all the inserts.

Soot-UFP Theoretical method (ng cm− 2) Experimental method (N = 5) 
(ng cm− 2)

Lucci et al. (2018) Grabinski et al. (2015) Marker: Benzofluoranthene [sum of b + j + k isomers] Marker: 
Benzo[a] 
pyrene

Marker: 
Benzo[e] 
pyrene

Experiment 1 1.1 3.3 9.1 ± 1.0 7.7 ± 1.0 8.6 ± 1.0
Experiment 2 0.8 2.2 8.1 ± 1.0 6.5 ± 1.0 7.5 ± 1.0
Experiment 3 1.2 3.5 8.8 ± 1.0 7.8 ± 1.0 8.5 ± 1.0
Experiment 4 0.9 2.7 7.0 ± 1.0 5.7 ± 1.0 6.6 ± 1.0
Experiment 5 1.1 3.2 8.9 ± 1.0 7.9 ± 1.0 8.5 ± 1.0

Cu-UFP Theoretical method (ng cm− 2) Experimental method (N = 4) 
(ng cm− 2)

Lucci et al. (2018) Grabinski et al., 2015

Experiment 1 1.4 4.1 7.0 ± 2.0
Experiment 2 1.4 4.2 6.0 ± 1.0
Experiment 3 1.4 4.2 6.7 ± 1.0
Experiment 4 1.0 2.8 7.4 ± 1.0
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from VITROCELL® VC24/48 and AMES systems occurs vertically without the use of a sampling probe or adherence to isokinetic 
sampling criteria, which results in the aerosol likely being drawn from the periphery rather than the core of the main flow. In com
parison, the AES employs isokinetic sampling from the main flow. This approach is expected to yield more accurate and reproducible 
aerosol collection, and consequently, higher particle deposition. Although this was accounted for in the model, discrepancies between 
predicted and measured values remained. Notably, applying the boundary layer thickness approach from Hinds., (1999)Equation (4)
improved the agreement with measured values compared to the approach by Lucci et al. (2018). Although Equation (4) was 
acknowledged by Lucci et al. (2018), it was not implemented in practice.

The used boundary layer thickness model affects the deposition efficiency of Brownian diffusion-driven particles, particularly. The 
efficiency ratio between the models is shown in Fig. 6. The ratio between the models is approximately 3 for particles with diameters of 
80–200 nm, when both diffusion and settling mechanisms are included. As most of the particle mass in this study is within that range, 
the outcome is that the difference between the models is a factor of 3. The ratio between the models reaches the maximum at 
approximately 100 nm. This is because the factor of 2/3(v/D)^(1/6) increases with particle size as the diffusion coefficient decreases; 
however, for larger particles (>200 nm), settling starts to take a dominant role in deposition.

Deposition prediction in the diffusion regime remains challenging when using ALI systems. While theoretical modeling is a valuable 
tool, experimental validation is crucial, as slight variations can significantly impact the results, especially in toxicological assessments. 
The unknown variability in particle deposition between inserts and non-uniform deposition within inserts can introduce uncontrolled 
differences in the delivered dose, making it challenging to compare biological responses across replicates. This undermines dos
e–response assessment and increases the risk of attributing observed cellular effects to exposure artifacts. Especially for UFP, the 
deposition efficiency calculations must be taken with care. We focused on mass deposition in this study; however, these discrepancies 
will be enhanced if the number deposition efficiencies of UFP are discussed in relation to biological interactions.

4. Conclusion

Determining mass deposition in air-liquid interface (ALI) exposure systems, such as the VITROCELL® AES, is complex when dealing 
with ultrafine particles (UFP) due to their small size and dynamic behavior. This study quantified the deposition of Soot-UFP and Cu- 
UFP using specific methods: thermal desorption gas chromatography-mass spectrometry (TD-GCMS) for soot-UFP, analyzed through 
polycyclic aromatic hydrocarbon (PAH) markers, and atomic absorption spectroscopy (AAS) for copper UFP. For Soot-UFP, the 
deposition efficiencies were approximately 0.22 %, whereas for Cu-UFP, they were 0.8 %. The experimental deposition efficiencies 
exceeded estimates by a factor of 8 for Soot-UFP and 5 for Cu-UFP when compared to the theoretical model presented by Lucci et al. 
(2018). This discrepancy is likely due to assumptions about boundary layer thickness and particle flux that were based on different ALI 
system designs and sampling setups. However, we were able to reduce the underestimation to factors of 2–3 for Soot-UFP and 2 for 
copper UFP by using an updated model that takes Brownian displacement into account when estimating boundary layer thickness 
unique to the AES system. These findings underscore the crucial need for system-specific adjustments in deposition models to account 
for flow dynamics, sampling rates, and aerosol properties. From a biological perspective, accurate deposition assessment is essential 
because the delivered particle dose directly determines the magnitude of cellular responses. Underestimating deposition may lead to 
an apparent amplification of toxicity per unit mass, whereas overestimation could mask true biological effects. The improved depo
sition modeling presented here therefore not only advances the physical understanding of aerosol behavior in ALI systems, but also 
strengthens the reliability of dose–response relationships in toxicological studies. This is particularly critical for ultrafine particles, 
whose high surface area and reactivity can trigger disproportionate cellular responses even at low mass doses. By refining deposition 
estimates, we enable more meaningful interpretation of in vitro data and improve their relevance for human health risk assessment.
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