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Abstract

CeO2 and CuO nanoparticles (NPs) are used as additives in petrodiesel to enhance engine 

performance leading to reduced diesel combustion emissions. Despite their benefits, the additive 

application poses human health concerns by releasing inhalable NPs into the ambient air. In this 

study, a bioinspired lung cell exposure system, Dosimetric Aerosol in Vitro Inhalation Device 

(DAVID), was employed for evaluating the toxicity of aerosolized CeO2 and CuO NPs with a 

short duration of exposure (≤10 min vs. hours in other systems) and without exerting toxicity from 

non-NP factors. Human epithelial A549 lung cells were cultured and maintained within DAVID 

at the air-liquid interface (ALI), onto which aerosolized NPs were deposited, and experiments in 

submerged cells were used for comparison. Exposure of the cells to the CeO2 NPs did not result 

in detectable IL-8 release, nor did it produce a significant reduction in cell viability based on 

lactate dehydrogenase (LDH) assay, with a marginal decrease (10%) at the dose of 388 μg/cm2 

(273 cm2/cm2). In contrast, exposure to CuO NPs resulted in a concentration dependent reduction 

in LDH release based on LDH leakage, with 38% reduction in viability at the highest dose of 

52 μg/cm2 (28.3 cm2/cm2). Cells exposed to CuO NPs resulted in a dose dependent cellular 

membrane toxicity and expressed IL-8 secretion at a global dose five times lower than cells 

exposed under submerged conditions. However, when comparing the ALI results at the local 

cellular dose of CuO NPs to the submerged results, the IL-8 secretion was similar. In this study, 

we demonstrated DAVID as a new exposure tool that helps evaluate aerosol toxicity in simulated 

lung environment. Our results also highlight the necessity in choosing the right assay endpoints for 
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the given exposure scenario, e.g., LDH for ALI and Deep Blue for submerged conditions for cell 

viability.
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Introduction

There are numerous benefits for using engineered nanoparticles (NPs) as fuel-borne 

additives in petrodiesel, including the reduction of hazardous emissions, decreases in fuel 

consumption, extension of the performance life of diesel particulate filter through oxidation 

of soot, and increases in engine performance (Saxena et al., 2017; Chandrasekaran et al., 

2016; Balamurugan et al., 2013; Setiabudi et al., 2004). In comparison to gasoline engine 

emissions, exhaust from petrodiesel combustion contains a higher mass concentration of 

particulate matter, which has been linked to morbidity and mortality in humans (Ristovski 

et al., 2012). Metal oxide NPs, such as cerium oxide (CeO2) and copper oxide (CuO), 

have been applied in reducing hazardous emissions by lowering the carbon combustion 

temperature requirement and oxidizing the remaining hydrocarbons (Norhafana et al., 2020). 

However, the application of NPs as fuel additives also creates a human health concern by 

increasing their ambient environmental exposure (Snow et al., 2014; Cassee et al., 2011; 

Zhang et al., 2013).

CeO2 NPs are commercially available as petrodiesel additives under multiple names: 

Envirox, Eolys, and Platinum Plus (a Pt and Ce based material) (Dale et al., 2017; Erdakos 

et al., 2014). As an example of human inhalation exposure, the ambient concentration 

of CeO2 NPs was shown to increase in Newcastle and London, England by as much as 

fourfold after public transportation buses started using Envirox supplemented diesel fuels 

(Park et al., 2008). Although only a fraction of the buses used the supplemented fuel and 

the total ambient CeO2 NP concentration was low at < 1 ng/m3, it provides rationale to 

assess the toxicity of NPs with focus on inhalation (Cassee et al., 2011). Because there are 

a multitude of new NPs being developed and incorporated in consumer and industrial goods, 

it is infeasible to conduct toxicity screening in vivo using animals due to the required 

cost and experimental time necessary. Furthermore, there are physiological differences 

in the respiratory system of the humans and animals that complicate the toxicological 

relation to human health effects (Fröhlich and Salar-behzadi, 2014). While in vitro methods 

have limitations in studying the transport of materials and cell communications, they have 

advantages in evaluating the toxicity of NPs, such as incorporation of cells from the human 

respiratory tract, the relative low cost, and having less experimental time to make the 

toxicity assessment (Stewart et al., 2012). However, in vitro toxicity analysis of airborne 

NPs has not commonly been assessed in a manner that reflects the in-situ condition 

(aerosolized exposure).

In a conventional in vitro toxicity test, the NPs are dispersed in a liquid medium, i.e., 

submerged, where they passively interact with cells by sedimentation and diffusional 
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transport over the course of exposure. Although submerged in vitro methods are relatively 

simple to conduct and provide insight into the toxicity potential of NPs, interpretation of 

their results has its limitations. Firstly, homogeneous dispersion of NPs can be difficult 

to achieve and any heterogeneity will influence their dosimetry and subsequent toxicity 

to cell culture (Tilly et al., 2014). The differences in particokinetics in exposure medium 

between various types of particles makes the dosimetric consideration a necessity for 

toxicity assessment (Teeguarden et al., 2007); nevertheless, it is often neglected (DeLoid 

et al., 2017). Secondly, by transferring NPs from aerosol phase to liquid phase, their physical 

and chemical properties may be altered, which can include changes to agglomeration, 

surface functionality and dissolution of ions into the medium (Tilly et al., 2019; Tilly et 

al., 2020). These changes in the physicochemical properties of the NPs that occur through 

dispersion in liquid have been shown to alter their cellular response and toxicity outcome 

(Lichtveld et al., 2012). Thirdly, the interference of the NPs with toxicity assays during 

submerged cell exposure has been well reported, caused by the binding of NPs to the analyte 

biomolecule or by reaction with assay reagents to produce false results (Holder et al., 2012; 

Ong et al., 2014; Kroll et al., 2009; Kroll et al., 2012; Inman and Zhang, 2009). To overcome 

the limitations caused by conducting toxicity analysis of NPs in submerged cell cultures, 

as well as to better simulate the in vivo exposure scenario, methods to culture and expose 

cells at the air-liquid interface (ALI) have been developed and recently grown in popularity 

(Hussain et al., 2015).

Despite the numerous methodological and physiological benefits by conducting toxicity 

evaluation of NPs in ALI cell culture, the use of ALI system has been largely limited by 

the small number of NP delivery systems available. Moreover, during the exposure, NPs 

generally have a low deposition efficiency. Therefore, a large quantity of NPs has to be 

aerosolized to achieve the lowest observed adverse effect level (LOAEL) in short exposure 

times. For instance, the deposition of aerosol particles in the popular Vitrocell exposure 

chamber was shown to be less than 0.02% for 0.51 μm MMD (mass median diameter) 

particles and ~0.51% for 3.3 μm MMD particles (Oldham et al., 2019). Further, there was 

reported large variability in the deposited dose between replicate exposure wells and trials 

(Oldham et al., 2019); the variability makes it irrational to predict the delivered dose of 

NPs from the generalized deposition efficiency and then relate it to the biological outcome. 

The deposition in another commercial exposure system, Cultex, was also shown to have 

low efficiency with only 0.05% and 1.1% of Cu NPs deposited from two aerosols with 

geometric mean diameters of 80 and 180 nm, respectively (Elihn et al., 2015). Improvements 

in these systems as well as other flow-through aerosol exposure devices have been made 

through the addition of mechanisms to enhance NP deposition, such as electrostatics and 

thermophoresis.

The integration of electrostatic or thermophoretic mechanisms with existing aerosol 

exposure devices has been shown to enhance NP deposition, with studies reporting 

enhancements in deposition from 20% to almost an order of magnitude by inclusion of 

these techniques (Mülhopt et al., 2016; Broßell et al., 2013). However, deposition of NPs 

using these mechanisms is size-dependent (unipolar charging efficiency and thermophoretic 

efficiency is based on particle size) (Dixkens and Fissan, 2010). They still have low 

efficiency that ultimately results in a NP dose too low to produce a biological response 
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and that complicates their use for toxicity evaluation (Tilly et al., 2019). Further, the heating 

required for thermophoresis or the charging of the particles required by electrostatics has 

little relevance to how NPs are exposed in the human respiratory system, and the processes 

can alter the particle characteristics and consequently the toxicity outcome (Tilly et al., 

2020).

Without deposition enhancement, the experimental exposure time needed to observe 

significant adverse effects is long, complicating the toxicity outcome and decreasing the 

convenience for in vitro cell culture in toxicity analysis. Furthermore, many exposure 

chambers were originally designed without humidity and temperature control for the aerosol 

and the lack of control resulted in cellular damage during exposure (Kooter et al., 2017). 

Auxiliary systems have been added to exposure chambers to heat and humidify the influent 

aerosol to a relative humidity (RH) >75% and temperature of 37 °C to prevent toxicity 

intrinsic to the system itself (Zavala et al., 2017). Consequently, altering the RH and 

temperature of the aerosol in these systems requires dilution with warm humid air in 

order to achieve temperature and RH conditions relevant to the human respiratory system 

and the dilution inherently lowers the particle concentration. Thereby, these conditions in 

existing ALI exposure systems make toxicity assessment of NPs sampled directly from the 

real-world environment unachievable in a reasonable timescale.

With its highly efficient particle deposition achieved by condensational particle growth 

(CPG), the Dosimetric Aerosol in Vitro Inhalation Device (DAVID) was designed to 

overcome the temperature and humidification limitations, to reduce the long exposure time 

required to achieve the LOAEL, and to increase the size range of particle deposition down to 

10 nm. DAVID is a laminar flow water CPG system that preconditions the incoming aerosol 

to temperature and humidity comparable to human respiratory system, thereby reducing 

stress on lung cells during exposure. Airborne particles are efficiently deposited regardless 

of the original particle size, as the three-stage growth technology efficiently grows particles 

from all sizes to an asymptotic size in the micron size range based on the residence time 

and water vapor concentration (Hering et al., 2005). The collection and deposition efficiency 

of the CPG technology used in DAVID has been previously proven in the collection of 

aerosol particles containing viable virus, the same size scale as NPs, with 10–100 fold 

better collection efficiency than the industry standard of BioSampler® (Pan et al., 2016; 

Lednicky et al., 2016). More recently, DAVID was demonstrated to have highly efficient 

NP deposition for cell exposure, with negligible variation in dosing between replicate 

experiments and no stress to cells exposed to clean air (Tilly et al., 2019). Further, DAVID 

was demonstrated in the toxicity evaluation of freshly generated welding fume (Ward et 

al., 2020). Exposure in DAVID was bioinspired by the human respiratory system, where 

RH reaches supersaturation and inhaled particles initiate the condensation of water vapor 

to grow in physical size before being deposited throughout the respiratory tract (Longest 

and Xi, 2008). Further representation to human lung exposure by DAVID is achieved by 

particle deposition through jet nozzles, which results in focused spots. With resemblance to 

what occurs at bifurcations in the human lungs where concentrations exceed 100 times the 

average respiratory dose (Balásházy et al., 2003), the focused deposition offers an alternative 

to the uniform deposition toxicological model that is commonly used, though low clearance 
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mechanisms are an additional contributing factor to the vulnerability of these sites that 

should also be considered.

In this study, A549 cells cultured at ALI in DAVID were exposed to aerosolized CuO and 

CeO2 NPs at 37 °C and 100% RH. The NPs were selected to demonstrate the utility of 

DAVID for physiologically relevant nanotoxicity assessment with a short exposure duration 

(≤ 10 min) and consistent deposition: CuO NPs have been shown to be toxic when exposed 

in submerged cell culture while CeO2 NPs have low toxicity (Karlsson et al., 2008; Li et 

al., 2016). As the baseline for comparison to the ALI result, submerged toxicity assessment 

with the same NPs was conducted with two types of assays for cell viability and an 

immunosorbent assay for proinflammatory response. The toxicity of the NPs to the ALI 

cells was determined both across the global cell culture and at the local NP deposition spots, 

based on both mass and surface area doses.

Materials and methods

Nanomaterials

CuO and CeO2 nanopowders were purchased from US Research Nanomaterials Inc. 

(Houston, TX, USA). Synthesized by flame spray pyrolysis, the NPs had manufacturer 

reported diameters of 40 nm for the CuO and 10 to 30 nm for the CeO2. Bruauer-

Emett-Teller (BET) surface area of the NPs was measured using a NOVAe Series BET 

(Quantachrome, Boynton Beach, FL, USA) to determine the surface area dose in the toxicity 

analysis. Before analysis, the nanopowder samples were vacuum degassed for 0.5 hour at 

200 °C.

Cell culture

A549 cells (CCL-185, American Type Cell Collection, Manassas, VA, USA) were used. As 

previously described (Tilly et al., 2019), the cells were cultured in glutamine-free RPMI 

1640 base medium supplemented with 10% fetal bovine serum (Heat Inactivated FBS, 

Gibco, Carlsbad, CA, USA), 100-fold dilution of penicillin-streptomycin (Pen: 100 U/mL, 

Strep: 100 μg/mL, Gibco), and 100-fold dilution of GlutaMAX Supplement (35,050,061, 

Gibco). The cells were cultured to confluence before being treated with 0.25% trypsin-

EDTA (0.25%, phenol red, Gibco) for detachment from flask, counted by hemocytometer, 

and seeded on custom cell culture supports for ALI exposure. The 36 mm2 custom 

cell culture supports were 3D printed with polylactic acid filament (1.75 mm white, 

MakeShaper, Sanford, NC, USA) and assembled to the polyester membrane with nontoxic 

sealant (737 RTV, Dow Corning, Midland, MI, USA) as described previously (Tilly et al., 

2019). The only difference in the polyester membrane (Sabeu, Cape Coral, FL) was the 

tissue-culture treatment at the manufacturing facility. A stock cell suspension was prepared 

and 0.1 mL of the cells were pipetted onto the culture membranes at a concentration of 

59,400 cells/mL to establish the cell monolayer (Tilly et al., 2019; Lenz et al., 2013; Blank 

et al., 2006). After 72 hr of culture, the medium was replaced, and the apical medium was 

removed in preparation for aerosol exposure. Cells without basal medium leakage to the 

apical side 24–48 hr at the ALI were used for the cytotoxicity assessment.
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Toxicity assessment assays

Three assays were used to compare the cellular effects of the two NPs resulting from 

aerosol exposure and submerged toxicity methods. The viability of the cells was assessed 

by the Deep Blue (DB, BioLegend, San Diego, CA) and lactate dehydrogenase (LDH, 

BioLegend) assays. The DB assay measures the cellular metabolism through a change in the 

fluorescence of the resazurin reagent, which assesses cell viability in comparison to control 

cells (Rampersad, 2012). The LDH assay is complementary to the DB assay for cell viability 

assessment, but it differs by quantifying the LDH released from the extracellular space when 

the plasma membrane is damaged (Chan et al., 2013). The proinflammatory response was 

assessed by interleukin-8 enzyme-linked immunosorbent assay (IL-8 ELISA, ELISA Max 

Deluxe Human ELISA, BioLegend); 50 μL of the basal medium from the cells exposed at 

the ALI was analyzed in triplicate following protocols set by the manufacturer for analysis 

in a 96-well plate. The IL-8 cytokine has been demonstrated as a good inflammatory 

indicator for A549 cells exposed to NPs (Monteiller et al., 2007). The interference of the 

NPs with the three assays was determined without cells in the culture medium for 24 hr 

to mimic the same conditions as the incubation period of the cell exposures. For the DB 

assay, 100 μL of DB assay dye was added to the culture medium at 10:1 and added apically 

to the ALI cultures. After incubation for 10 min, the apical samples were transferred from 

the supported membranes into a 96-well plate for measurement by the automated plate 

reader (Synergy H1, BioTek, Winooski, VT). The LDH assay was conducted by removing 

the basal medium, transferring 50 μL in triplicate to 96-well plate wells, for the ALI 

exposures. Finally, the ALI cell cultures were inspected post exposure to the NPs using light 

microscopy with 10x objective and 10x ocular. All cell culture methods, assay information, 

and results can be found in the supplementary information [link to SI].

ALI cell exposure in DAVID

The design and materials used to assemble DAVID have been described previously for the 

sequential spot sampler (Eiguren Fernandez et al., 2014), with major differences being that 

DAVID has eight CPG tubes in parallel and a chamber to expose ALI cell cultures to nano-

aerosols. The aerosol pathway in DAVID, including the conditioner, initiator, moderator, 

nozzles, and cell exposure chamber, was machined from aluminum and anodized. The 

water wick for the CPG process was rolled 0.45-μm pore size nylon filter media (Whatman 

10,416,194, Cytiva, Marlborough, Massachusetts).

The original DAVID was shown to be highly efficient for NP deposition (Tilly et al., 

2019); however, improvements to the upgraded version of DAVID were utilized here to 

overcome limitations previously observed. These changes included a water injection pump 

for controllable wick wetting during exposure to achieve vapor saturation for consistent CPG 

and the addition of a vapor moderator stage to control the volume of water depositing with 

the NPs on the cells during exposure in order to prevent cellular hyponatremia. With these 

additions, the CPG growth droplet diameter size increased, which required the jet nozzle 

diameter to be increased from 0.66 mm to 1 mm to prevent clogging. Likewise, the number 

of jets exposing each cell cultures decreased from four to three to retain the high impaction 

efficiency with the large jet diameter. Each cell culture was exposed to aerosols from one 

nozzle with three jets at a distance of 5 mm. Exposures resulted in three NP deposition spots 

Tilly et al. Page 6

Hyg Environ Health Adv. Author manuscript; available in PMC 2023 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



per cell culture, observed by light microscopy and measured using ImageJ to determine the 

deposition area (Schneider et al., 2012). The three NP deposition spots on the surface of the 

cell cultures were measured to have an average diameter of 1.63 mm, making the average 

concentration of NPs in the spots the local deposited dose. Whereas, the global dose was 

the NPs concentration averaged across the entire cell culture surface area. The temperatures 

in DAVID were set as: conditioner at 5 °C, initiator at 40 °C, moderator at 30 °C, nozzles 

at 37 °C, and sample at 37 °C. The effect of the new flow and temperature settings in 

DAVID was evaluated by exposing ALI cultured A549 cells to clean air. No significant 

differences were observed in the cell viability and IL-8 production from incubator controls. 

Aerosol deposition was completed within 10 min to minimize the stress from long exposure 

encountered in other aerosol exposure systems.

Aerosol generation and monitoring

The NPs were aerosolized from either a dry powder by an acoustic aerosol generator or a 

suspension using a nebulizer. A 6-jet Collison nebulizer (BGI Inc., Waltham, MA) was used 

to generate aerosols from NP suspensions in 95% ethanol (Decon Labs Inc., King of Prussia, 

PA) with suspension concentrations from 0.1 to 10 mg/mL. Aerosolization of the NPs by the 

acoustic powder generator followed a previous study (Tilly et al., 2020), only differing by 

the use of 35 and 70 Hz frequencies simultaneously for agitation and aerosolization of the 

nanopowders, respectively. Based on particle number concentration measured by the aerosol 

monitoring equipment, dose considerations from other studies, the ALI cell exposure time 

was four minutes for acoustic aerosolization to achieve NP dose range of 5.9 to 152 μg/cm2 

(1.10 to 28.3 cm2/cm2) and 31 to 388 μg/cm2 (21.8 to 273 cm2/cm2) for CuO and CeO2 

exposures, respectively. For nebulizer exposure, 10 min was selected to achieve a dose range 

of 0.39 to 2.87 μg/cm2 (0.07 to 0.53 cm2/cm2) for CuO NPs and one dose of CeO NPs at 

9.72 μg/cm2 (6.85 cm2/cm2).

A schematic for the aerosol generation, monitoring and exposure is shown in Fig. 1. 

Compressed air (breathing quality grade, Air Liquide, Radnor, PA) at 9 or 12 LPM regulated 

by a rotameter (FLDA3216ST, Omega Engineering, Norwalk, CT) was sent to either a 

Collison nebulizer or an acoustic aerosol generator, respectively. The resulting aerosol was 

diluted with 16 LPM compressed air (breathing quality) regulated by the same type of 

rotameter. The nebulizer operation differed from the acoustic aerosol generator, as the 

nebulizer was placed in an ultrasonic bath to prevent settling of the NPs from suspension 

during the exposure. The liquid droplets generated by the nebulizer were dried and diluted 

by the dilution air to produce dry aerosol particles in the nanoscale. Cells in DAVID were 

exposed to the aerosol at a flow rate of 4 LPM. The time-averaged particle size distribution 

of each aerosol condition was measured by an aerodynamic particle sizer at 5 LPM (APS 

Spectrometer 3321, TSI Inc., Shoreview, MN, USA) and a scanning mobility particle sizer 

(SMPS), which consisted of a condensation particle counter operating at 1 LPM (CPC 

model 3010, TSI Inc., Shoreview, MN, USA) and a differential mobility analyzer (DMA 

3081, TSI Inc., Shoreview, MN, USA). Excess flow in the system was exhausted to high-

efficiency particulate arresting (HEPA) filter before discharge.
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Statistics

Although there were too few observations to determine normality, each exposure was 

completed in four cell culture wells and each full experiment was repeated in triplicate 

(n = 3). Figures have values presented as mean with error bars as the standard error of the 

mean, and in the text the mean is presented. Statistical significance of the toxicologic end 

points was determined by one-way analysis of variance (ANOVA) using Analysis ToolPak in 

Excel (Microsoft, Redmond, WA) with α = 0.05.

Nanoparticle dosimetry calculation and mass to surface area dose conversion

The mass dose for the ALI exposure was measured using inductively coupled plasma mass 

spectrometry (ICP-MS). The cell cultures attached to the membranes were digested in 

concentrated nitric acid for 24 hr and then diluted to 10 mL for analysis by ICP-MS (Agilent 

7900 ICP/MS, Santa Clara, CA). The particle size and concentration measured by the APS/

SMPS was also used to estimate the delivered dose of NPs to the cell cultures (global dose 

or local dose). The estimated mass dose in μg/cm2 was calculated according to Eq. (1):

MassDose ALI = NQρt
A · π

6 dm
3 · 10−12

(1)

where ρ is the apparent density of the NPs characterized by the manufacturer (CuO: 0.55 

g/cm3, CeO2 :0.95 g/cm3), N is the aerosol particle number concentration (#/cm3), Q is the 

volumetric flow rate of each exposure nozzle (LPM), t is the exposure time (min), A is the 

surface area of the cell culture membrane (36 mm2) for global dose or surface area of the 

three deposition spots (6.26 mm2) for the local dose, dm (nm) is the diameter of average 

mass determined from the count median diameter and geometric standard deviation of the 

aerosol (Hinds, 1999), and 10−12 is a unit conversion when using the units listed above. The 

ALI surface area dose (cm2/cm2) was calculated as the product of the mass dose and the 

BET surface area of the NPs.

The mass dose of NPs to cells in the submerged cell exposure in μg/cm2 was determined by 

Eqn. (2) following previously used methods (Deloid et al., 2014; Cohen et al., 2014):

MassDose submerged = cV
A · FD (2)

where c is the administered NP mass concentration (μg/mL), V is the administered volume 

(0.1 mL), A is the surface area of the cell culture well (0.32 cm2), and FD is the deposition 

fraction of the NPs from a suspension during the 24-hr exposure based on literature (95% 

and 65% for CuO and CeO2 NPs, respectively) (Deloid et al., 2014). The surface area dose 

of the submerged exposure was converted from the mass dose by the incorporation of the 

BET surface area of the NPs into this framework.
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Results and discussion

ALI exposure and nanotoxicity evaluation

The size distributions of the CeO2 and CuO NP aerosols produced by the acoustic generator 

and the nebulizer measured by the SMPS and the APS are shown in Fig. 2. The majority 

of the NP mass aerosolized by the acoustic generator was on the microscale while the 

aerosol generated by the nebulizer was on the nanoscale. The count median diameters of 

the CeO2 aerosols generated by the nebulizer and acoustic disperser were 47.8 nm and 2.84 

μm, respectively. At the highest suspension concentration of the CuO NPs, nebulization 

produced a bimodal distribution with a major peak at 25.9 nm and a second peak at 181 nm, 

whereas the acoustically generated aerosol had a median size of 2.46 μm. The 181 nm peak 

for the CuO had greatest prominence at the higher nebulizer solution concentration of 10 

mg/mL, but this mode disappeared as suspension concentration decreased and approached 

0.1 mg/mL, the lowest concentration used for IL-8 induction. The bimodal particle size 

distribution for CuO NP aerosols generated by a Collison nebulizer has been reported 

before for a 1 mg/mL particle suspension (Kim et al., 2013). Generating aerosols containing 

primary sized NPs when producing highly concentrated NP aerosols is a challenge for 

nebulization, as NPs under such conditions naturally agglomerate (Jaworek, 2007). Spark 

generated CuO NP aerosols with a median diameter of 9.2 nm have been achieved (Jing et 

al., 2015); however, to aerosolize NPs as primary particles from a nebulizer would require 

a very dilute concentration of NPs in the solution (May 1973), thus requiring long exposure 

(on the order of days) to achieve a delivered dose to cells necessary to elicit a response.

There were also particles generated on the nanoscale by the acoustic disperser measured 

by SMPS, shown in Figure S1; however, their contribution to the total deposited mass 

calculated by Eq. (1) to the cells was only 2% and 0.2% for the CuO and CeO2 NPs, 

respectively. Therefore, the larger size mode of the aerosol measured by the APS represented 

the agglomerated NPs and accounted for the majority of the mass deposited during exposure. 

The two highest delivered mass doses of the CeO2 and CuO NPs to the ALI cell cultures in 

the exposure trials were from the acoustic aerosol generation, and the lower doses were from 

the nebulizer.

The velocity used in DAVID is required for efficient impaction; if lowered, there would be 

high particle penetration. This makes the velocity requirement in DAVID impacting the cells 

higher than that in the human respiratory system, however, it is much lower than previous 

impaction cell exposure studies. For example, the effect of diesel exhaust exposure on lungs 

was assessed by inertial impaction, and required an exposure velocity of 45.5 m/s (Cooney 

and Hickey, 2011). Since they did not have CPG, the aerosolized particles will have high 

penetration at low flow rates, which has a disadvantage as the velocity required for particle 

deposition will also cause notable cell death. By adding CPG before the impactor, the 

viability of the cells was improved during exposure by reducing the jet velocity required for 

efficient deposition of particles on cells to 6 m/s (Tilly et al., 2019). The change in number 

(4 to 3) and diameter (0.66 to 1 mm) of the jet nozzles decreased the impaction velocity 

from 6.08 m/s to 3.54 m/s in the upgraded DAVID used in this study.
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The CPG mechanism utilized by DAVID grew all particles in the generated aerosols to a 

uniform droplet size shown by the dotted curve in Fig. 2, which had a median of 7.77 

μm for both types of NPs. The updated version of DAVID used in this study, with more 

effective water vapor control, produced a final median droplet size that was almost a micron 

greater than the original DAVID model (6.93 μm) (Tilly et al., 2019). The larger growth 

sizes of the NPs indicate that a high efficiency in particle deposition would still be achieved 

at the same operational flow rates used in the original DAVID, since the droplets possessed 

more inertia through greater water vapor condensation. The deposition of the NPs on the 

ALI cell cultures is based on the arrangement of the jet nozzles in DAVID. In this study, 

each cell culture was exposed to aerosol via three jets, which resulted in three focused 

spots on each ALI cell culture. This result is different from most exposure systems that 

attempt even deposition across the cell surface. The focused delivery of the NPs on the 

cell culture provides an important challenge in toxicity analysis, as biological assays are 

typically designed for global rather than local cellular response; as a result, certain assays 

provide more insight than others (Ward et al., 2020). Nevertheless, the spot pattern may 

have relevance to the in vivo inhaled NP toxicity scenario, where adverse health effects 

associated with inhaled NPs have been attributed to a small fraction of epithelial cells lining 

the respiratory system receiving dosages of particles hundreds of times greater than the 

global dose (Balásházy et al., 2003).

Though the NPs deposition in DAVID occurred in local spots, there were also NPs observed 

away from the deposition spot in nearby cells. Representative light microscopy images 

of the unexposed ALI cell culture control and ALI cells exposed to CuO and CeO2 NPs 

are shown in Fig. 3. A confluent monolayer of the cells with anomalous morphology can 

be observed in the control cells and those exposed to the CeO2 NPs, Fig. 3A and 3B, 

respectively. In contrast, the cells exposed to the CuO NPs, shown in Fig. 3C, began 

to exhibit inerratic spheroidal morphology indicative of cell stress and death (Wu et al., 

2018). Interestingly, particles were also observed within cells that were near but outside the 

three focused deposition spots and featured inerratic spheroidal cellular morphology that 

is typically associated with cellular stress from exposure to biologic stressors (Ren et al., 

2015).

After characterizing the aerosol and performing dosimetry analysis, the cell viability of the 

A549 cells exposed to NPs at the ALI was related to the global delivered mass and surface 

area doses across the membranes, shown in Figs. 4A–B. The surface areas of the CeO2 and 

CuO NPs measured by BET were 70.5 m2/g and 18.6 m2/g, respectively. The surface area 

of the deposition spots measured in ImageJ was used to compare the cellular response at 

the local dose to the global dose calculated over the total surface area of the cell cultures. 

The diameter of each of the three deposition spots was 1.63 mm; therefore, the surface area 

of the combined three circular deposition spots on each cell culture was 6.26 mm2. With 

the cell culture membranes having an area of 36 mm2 making them 5.75 times greater in 

area than the deposition spots, and the NP deposition focused on 17.4% of the cell culture 

surface.

Considering the losses in the aerosol generation and transport to DAVID, the estimated 

dose was in relative agreement with the measured dose determined by ICP-MS for the 
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CeO2 aerosol (all doses within 30%) and the highest dose within 5%. For the CuO aerosol 

exposure, the estimated and measured doses of the highest and third highest exposures 

had percent difference less than 15%, and the second highest dose estimation of the CuO 

NPs was within 31% difference from the measured dose. The estimated delivered doses 

of CuO and CeO2 NPs were below the measured dose in the majority of exposures, 

except the middle CeO2 exposure concentration. The differences in estimated and measured 

delivered dose were caused by the combination of assumptions made for the particle 

concentration measurement in Eq. (1) for size and particle number concentration due to 

the aerosol containing agglomerated NPs. Despite these assumptions, the dosing correlation 

was sufficient for estimating the exposure concentrations and times necessary to achieve 

lower delivered doses for the IL-8 analysis before completion of ICP-MS.

For the cell viability analysis, the DB assay reached saturation in under 10 min making 

the exposed and unexposed cell exposures indistinguishable. Similar to observations in 

previous studies (Ward et al., 2020), the poor performance of the DB assay was likely a 

result of the localized deposition of NPs on the cells in DAVID, which left the majority 

of the cells unexposed, thus masking/diluting any change in overall cell viability due to 

metabolic activity in proliferated cells. In contrast, the exposure of cells at the ALI overcame 

limitations in the use of the LDH assay for submerged nontoxicity testing, which has been 

shown to have NP interference with the LDH molecule (Ong et al., 2014; Kroll et al., 

2009; Stone et al., 2009; Han et al., 2011). Unlike exposures in submerged cell culture 

where NPs are mixed with culture media, NPs are deposited apically to the cell surface in 

ALI exposures, thereby preventing NP contamination of the medium used for the toxicity 

analysis. Thus, only the LDH assay result is presented for the ALI, Figs. 4A–B. Cells 

exposed to CeO2 remained viable at all exposure concentrations; with 90% viability at a 

delivered dose of 388 μg/cm2 (273 cm2/cm2). This dose is considered a high exposure 

concentration, especially if arising from an ambient source (Wu and Biswas, 2005). The 

results imply that CeO2 NPs have low toxicity, as they did not reduce cell viability through 

LDH release. In comparison, the CuO NP exposure at the ALI decreased LDH cell viability 

with statistical significance at the three highest doses, with the greatest decrease in cell 

viability of 62% at a dose of 152 μg/cm2 (28.3 cm2/cm2). It should also be noted that such 

high doses were attained in DAVID in 10 or less minutes of NP exposure, thus minimizing 

the impact on cells resulting from long exposure time experienced in other aerosol exposure 

systems.

The efficient NP deposition in DAVID prioritized the selection of relevant dose ranges in 

order to effectively relate in vitro and in vivo toxicity data. Thus, the relatively high dose 

range in Figs. 4A–B was chosen to observe a modest cell viability response, while the 

aerosol concentration and exposure time were adjusted to achieve lower delivered NP doses 

to increase the biological relevance in determining the IL-8 response. IL-8 induction (% fold 

change from IL-8 baseline exposure control) of the A549 cells exposed to the NPs at the 

ALI based on mass and surface area doses is shown in Fig. 4C and 4D, respectively. For 

unexposed ALI cell cultures, there was an IL-8 baseline of 119 pg/mL, and those exposed 

to clean air in DAVID had an average of 137 pg/mL. Since CeO2 NPs did not decrease 

viability at even the highest concentrations, there was only one dose used for IL-8 induction, 

which was almost 13-fold mass concentration or 3.5-fold surface area concentration greater 
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than the largest CuO NP dose. In comparison to the viability, a much lower mass dose 

of CuO NPs stimulated a statistically significant IL-8 response; the two highest exposure 

doses of 1.48 μg/cm2 (0.22 cm2/cm2) and 2.87 μg/cm2 (0.53 cm2/cm2) produced a 3.4-fold 

and 8.5-fold change, respectively. The CeO2 NP exposure at 9.72 μg/cm2 (6.85 cm2/cm2) 

resulted in lower IL-8 secretion than the control with a 0.71-fold change.

Endpoint toxicity analysis of the cells exposed to the NPs under focused deposition spots 

differs from the global response. Since the lysis of the entire cell culture is the positive 

control for the LDH assay, the actual cell viability at the local deposition spots was lower 

than the 61.7% viability shown at the highest CuO dose of 152 μg/cm2 (28.3 cm2/cm2), due 

to the greater dose at the deposition spots than the global dose reported. The IL-8 response 

could be related to the local delivered dose, as the IL-8 cytokine was secreted into the basal 

medium proportional to the exposed cells. Thus, IL-8 is not only a sensitive dose-dependent 

marker for evaluating NP toxicity at the ALI, but also one that can be used in an uneven 

exposure and related to the local deposited dose. However, relating the surface area of 

the entire culture and at the three deposition spots may not be perfect, as cells transport 

materials through endo- and exocytosis, which can transport the NPs away from where they 

were deposited (Paur et al., 2011). Further transport of NPs across cell cultures can be 

facilitated by ciliated cells, which can be found in differentiated primary ALI cell cultures 

(Stewart et al., 2012). Alternatively, the NPs can diffuse in cellularly produced mucin that 

is produced by A549 cells when cultured at the ALI (Wu et al., 2018). Since non-ciliated 

A549 cells were utilized in this study, the CuO NPs observed in cells located outside of the 

focused deposition spots, Fig. 3C, were likely due to cellular endo/exocytosis and transport 

in mucin.

Submerged vs. ALI in vitro exposure

In comparing the cell viability of the submerged and ALI NP exposures, the response of the 

cells exposed to CuO NPs occurred at a concentration over 50-times lower in submerged 

cell culture than for cells grown at the ALI (Figure S2 for submerged vs Fig. 4 for ALI). 

The submerged cell viability measured by the DB assay was dose dependent for the CuO 

NP exposures; however, we did not have a LDH result due to particle interference with the 

LDH assay probe. The methodological differences of the DB and LDH assays can contribute 

to the 50-fold difference in submerged and ALI exposure toxicity. The difference may also 

be attributed to the potency of CuO NPs to submerged cell culture at low administered 

doses, which can be accredited to their relatively fast sedimentation rate (>95% in 24 hour) 

(Deloid et al., 2014) and their ability to form ions (Karlsson et al., 2008), leading to their 

use as a positive control in submerged toxicity studies (Tilly et al., 2014). The localized 

deposition of NPs in DAVID was also a contributor to the differences between the DB 

toxicity outcomes at the ALI and in submerged cell culture, as most cells exposed at the 

ALI were located outside the exposure jet and remained active to metabolize the DB dye 

and mask the reduction of cell viability caused by NP exposure. However, others have also 

reported greater toxicologic response of submerged cells exposed to lower NP concentration 

than at the ALI, which may be due to greater toxicologic resiliency of the ALI cell culture 

over submerged cells during exposure (Panas et al., 2014).
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Paralleling the viability findings, CeO2 neither caused IL-8 secretion in the submerged or 

the ALI cell cultures, shown in Fig. 5. The CuO NPs at the highest dose did stimulate 

a significant IL-8 response with up to 3.5-fold change increase in submerged cells and 

8.5-fold increase when exposed at the ALI. Interestingly, the greatest IL-8 secretion at the 

ALI after exposure occurred at a global dose of 2.87 μg/cm2 (0.53 cm2/cm2), than the 

submerged at 7.42 μg/cm2 (1.38 cm2/cm2). The same 3.5-fold IL-8 change for the ALI 

exposure occurred at a global dose of 1.18 μg/cm2 (0.22 cm2/cm2), which was over five 

times lower than the submerged delivered dose. The difference in dose response of the two 

systems was resolved by relating the IL-8 change to the local dose of NPs deposited on 

the ALI cells, shown in Fig. 5. With the total culture area being 5.75 times larger than 

the deposition spot, the local delivered dose was 8.5 μg/cm2 (1.58 cm2/cm2) to cause the 

3.5-fold IL-8 change at the ALI. As shown in Fig. 5, the dose dependent IL-8 responses 

for the ALI and submerged cell exposures were similar when the NPs dose at the ALI was 

determined locally. Similarity in response for the A549 cells exposed under submerged and 

ALI conditions was not unexpected since A549 is an immortalized cell line, which limits 

their ability to differentiate when cultured at the ALI (Bérubé et al., 2009). Additionally, 

the comparable result for A549 cells exposed to NPs at the ALI and submerged may be 

explained by multiple genes for metal homeostasis, oxidative stress, apoptotic factors and 

DNA damage having similar expression in both exposure scenarios (Hufnagel et al., 2020). 

The A549 cells were selected in this study due to their popular use in ALI NP exposure 

studies, thereby aiding in comparison to previous work and accelerating the development 

of the exposure protocols in DAVID. The use of a differentiating in vitro model like small 

airway epithelial cells (SAECs) should be investigated in future studies to better understand 

the toxicologic differences of NPs exposed under submerged and ALI conditions.

The localized deposition in DAVID may better emulate the in vivo deposition of NPs 

than a uniform dose, as it has been shown to occur at bifurcations in the lung (Balásházy 

et al., 2003). However, many assays measure the global cellular response, and localized 

deposition can complicate the toxicity result by leaving some cells unexposed. Aerosol 

exposure chambers are still being improved, which makes homogenous deposition the key 

to understand the global cellular response. On the contrary, the well-defined NP deposition 

spot on the cell culture achieved in DAVID afforded the ability to relate the local delivered 

dose to the cellular inflammatory response. There is the potential to further test the effects 

of localized and evenly distributed NPs deposition on ALI cell culture by rotating the cell 

cultures at low speeds (6 RPM) under the jet nozzles during exposure (Fernandez et al., 

2020).

The toxicity response of cell cultures exposed to diesel exhaust particles, carbon nanotubes, 

and ZnO NPs at the ALI has been shown to be more sensitive in comparison to submerged 

culture (Lichtveld et al., 2012; Lenz et al., 2013; Holder et al., 2008; Fröhlich et al., 2012; 

Raemy et al., 2012; Hilton et al., 2019). However, the opposite result was shown in the 

exposure of silica and silver NPs, where the same toxicity response occurred at lower 

dosages for cells exposed submerged than cells at the ALI (Panas et al., 2014; Herzog 

et al., 2014). The difference in sensitivity at the ALI and in submerged culture may be 

explained by differences in particle interactions in solution and in an aerosol and subsequent 

cell exposure in a chamber. While choice of cell culture could also affect the toxicity 
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outcome, all of the mentioned studies used immortal cell lines in their cell exposures with 

all but two of the studies using the A549 cell line or a co-culture with the A549 cell 

line. Thus, the differences in toxicity observed in these studies was potentially due to the 

selection of toxicity endpoints and relation to the ALI and submerged exposure cultures with 

non-standard reported dosimetry, which consequently complicated the comparison of NP 

dose to the observed biologic responses in ALI exposure studies.

Comparing nanoaerosol exposures

The toxicity assessment of CeO2 NPs at the ALI in the literature provides examples 

of conflicting toxicologic results. One study, using a Cultex exposure chamber without 

deposition enhancement, found only 45% of A549 cells remained viable after exposure to 

CeO2 NPs at a delivered dose of 100 μg/cm2, as assessed by the water soluble tetrazolium 

assay (Rach et al., 2014). However, the delivered dose was not validated for the CeO2 

NPs but predicted based on 10–35% deposition efficiency (Rach et al., 2014), which was 

substantially greater than the 2% deposition efficiency determined by others with the same 

system (Elihn et al., 2015). Considering the uncertainty in the actual delivered dose, toxicity 

effects in that study might have been caused by the exposure method alone, as in that study 

two other aerosols of lactose monohydrate and P25 TiO2, known to have low toxicity, also 

caused significant reduction in cell viability, with the TiO2 NPs decreasing cell viability 

by an even greater extent than the CeO2 NPs (Rach et al., 2014). Indeed, there was no 

verification if the aerosol exposure chambers themselves in that study had operationally 

induced cellular effects (Rach et al., 2014). In contrast, similar to what was observed in 

this study, CeO2 NPs were shown to be readily taken up by the cells without causing any 

apparent dose-related toxicity at concentrations > 30 μg/cm2 (Raemy et al., 2011; Kooter et 

al., 2016). More recently, researchers evaluating the performance of three ALI cell culture 

models for inhalation toxicity showed that CeO2 NPs were nontoxic in all of the cell 

models, and a delivered dose of NPs at over 890 μg/cm2 was required to elicit a cytotoxic 

response (Leibrock et al., 2019). The lack of toxicological and inflammatory response within 

physiological exposure concentration ranges justified the use of the higher dosing range in 

this study.

Results for toxicity of CuO NPs at the ALI are generally less conflicting. CuO NPs can be 

generalized as relatively toxic, especially in comparison to CeO2. One study demonstrated 

a custom designed chamber with electrostatic precipitation exposing A549 cells to CuO 

NPs produced a similar LDH response to our findings with > 80% loss in viability at the 

maximum delivered dose (Tilly et al., 2020). Another study showed similar results, using 

the Vitrocell 6-well module to expose A549 and normal human bronchial epithelial cells to 

CuO NPs that exhibited a dose-dependent decrease in viability, LDH release, and increase 

in IL-8 secretion; between them, the A549 cells showed a more pronounced cell viability 

and LDH response, but lower IL-8 secretion (Jing et al., 2015). The exposure times were 

two and four hours to deposit 0.074 and 0.15 μg/cm2, respectively, based on a predicted 

deposition efficiency of 50% (Jing et al., 2015). On the contrary, another group using the 

Vitrocell 3-well module did not observe toxicity after exposing cells to CuO NPs for one 

hour. However, the authors did not determine the deposited dose (Kooter et al., 2017); only 

the exposure concentration was given, and the NP deposition efficiency was determined by 
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scanning electron microscopy to be 3.3%. This conflicts with the more recently reported 

spatial variability across the cell culture surface and deposition efficiency of less than 0.02% 

for submicron particles in the Vitrocell exposure module (Oldham et al., 2019).

Difficulty in achieving consistent deposition in exposure systems is likely the reason for 

the complicated toxicological outcomes and may be a reason for their slow adoption 

over submerged cell culture exposure methods. With proper NP suspension preparation, 

homogeneous exposure across the cell culture surface is intrinsic to submerged cell 

exposure, as sedimentation and diffusion of the particles is predictable and controllable 

(Cohen et al., 2014). However, the limitations of submerged cell exposure discussed 

earlier to assess novel particle exposures mean that submerged exposure cannot provide 

a platform for direct cell exposure to aerosol-phase particles. All the above together warrant 

development of consistent, controlled, efficient, and short-duration deposition of NPs on 

ALI cell cultures in direct aerosol exposure systems without system-associated toxicity.

Conclusions

While new methods for exposing ALI cell cultures have shown promise in meeting the 

toxicity assessment demands of emerging NP exposures previously limited by traditional 

submerged methods, there are still obstacles to overcome in cell exposure at the ALI 

caused by the lack of standardization in characterizing the dosimetry between instruments 

and experiments. DAVID, which mimics the human respiratory system by using CPG 

to efficiently deposit NPs onto the ALI cell cultures without exerting system-associated 

toxicity, was demonstrated for nanoaerosol exposure in the lab. Unlike other aerosol 

exposure chambers, the efficient and gentle deposition of airborne NPs onto the ALI cells 

in DAVID provides a new exposure tool with reproducible results, which overcomes the 

variations in relating the biological effect to the delivered dose observed in some other 

aerosol exposure systems. In this study, DAVID was demonstrated to deliver a NP dose to 

ALI cells to observe cytotoxicity in very short exposure periods (≤10 min). Cells exposed 

to CeO2 NPs, both submerged and ALI, did not have IL-8 induction and showed modest 

decreases in cell viability only at the greatest dosing levels. The CuO NPs, as hypothesized, 

decreased cell viability and produced IL-8 secretion when exposed in both types of cell 

culture. For the IL-8 response, the ALI and submerged exposed A549 cells had a similar 

dose response when the ALI delivered dose was determined locally and not averaged across 

the entire cell culture surface. The different cell viability responses for cells exposed to 

CuO at the ALI and the submerged demonstrate the importance of choosing the right assay 

endpoints for the given exposure system. Future studies should investigate how toxicologic 

outcome is affected by focused and evenly distributed NP deposition on ALI cells.
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Fig. 1. 
Schematic for nanoparticle aerosolization, particle size measurement, and ALI cell exposure 

in DAVID.
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Fig. 2. 
Particle size measurements by SMPS (left side) and APS (right side) of the CeO2 and CuO 

nanoparticle aerosols generated by nebulizer and acoustics, and final condensational particle 

growth droplet diameter of all the aerosols.
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Fig. 3. 
Light microscopy images of A) ALI cell culture, B) ALI exposure to CeO2 NPs, and C) ALI 

exposure to CuO NPs. With 10x objective and 10x ocular.
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Fig. 4. 
Global dose response of ALI cell cultures exposed to CeO2 and CuO NPs. The LDH cell 

viability for A549 cells exposed to a delivered NP dose estimated from aerosol data and 

measured by ICP-MS in A) mass and B) surface area. The IL-8 cytokine fold change from 

clean air exposure control based on C) mass dose and D) surface area dose. Logscale is 

used on the horizontal axis to compare the doses more easily with the assay endpoints, and 

statistical significance (α=0.05) from the control is indicated by (*).
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Fig. 5. 
IL-8 cytokine excretion (fold change from control) for the submerged and ALI cell 

exposures to CuO and CeO2 NPs, shown in log scale, for the A) mass dose and B) surface 

area dose. ALI results are presented in both global (averaged across the cell culture) and 

local (at the NP deposition spot) doses.
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