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A B S T R A C T   

Combustion-derived particulate matter (PM) is a major source of air pollution. Efforts to reduce diesel engine 
emission include the application of biodiesel. However, while urban PM exposure has been linked to adverse 
brain effects, little is known about the direct effects of PM from regular fossil diesel (PMDEP) and biodiesel 
(PMBIO) on neuronal function. Furthermore, it is unknown to what extent the PM-induced effects in the lung (e. 
g., inflammation) affect the brain. This in vitro study investigates direct and indirect toxicity of PMDEP and 
PMBIO on the lung and brain and compared it with effects of clean carbon particles (CP). 

PM were generated using a common rail diesel engine. CP was sampled from a spark generator. First, effects of 
48 h exposure to PM and CP (1.2–3.9 µg/cm2) were assessed in an in vitro lung model (air–liquid interface co- 
culture of Calu-3 and THP1 cells) by measuring cell viability, cytotoxicity, barrier function, inflammation, and 
oxidative and cell stress. None of the exposures caused clear adverse effects and only minor changes in gene 
expression were observed. 

Next, the basal medium was collected for subsequent simulated inhalation exposure of rat primary cortical 
cells. Neuronal activity, recorded using microelectrode arrays (MEA), was increased after acute (0.5 h) simulated 
inhalation exposure. In contrast, direct exposure to PMDEP and PMBIO (1–100 µg/mL; 1.2–119 µg/cm2) reduced 
neuronal activity after 24 h with lowest observed effect levels of respectively 10 µg/mL and 30 µg/mL, indicating 
higher neurotoxic potency of PMDEP, whereas neuronal activity remained unaffected following CP exposure. 

These findings indicate that combustion-derived PM potently inhibit neuronal function following direct 
exposure, while the lung serves as a protective barrier. Furthermore, PMDEP exhibit a higher direct neurotoxic 
potency than PMBIO, and the data suggest that the neurotoxic effects is caused by adsorbed chemicals rather 
than the pure carbon core.   

1. Introduction 

Air pollution is a complex mixture of gaseous compounds and 
particular matter (PM), the latter consisting of solid particles and liquid 
droplets. Scientific evidence supports that chronic exposure to air 
pollution and ambient PM is not only associated with increased severity 
of respiratory and cardiovascular diseases, but also with adverse effects 
on the brain and neurodegenerative diseases (Cacciottolo et al., 2017; 
Costa et al., 2014; Lucchini et al., 2012; Peters et al., 2019; Costa et al., 
2017; Calderón-Garcidueñas and Ayala, 2021). 

PM can be distinguished using common cut-off points of the 

aerodynamic diameter during sampling including 10 µm, 2.5 µm and 
0.1 µm, which refers to coarse (PM10), fine (PM2.5), and ultrafine 
(PM0.1) particles, respectively. PM size is one of the physical key pa-
rameters determining particle deposition and thereby the internal dose 
and fate of the particle following inhalation (Braakhuis et al., 2014; 
Oberdörster et al., 2009). In particular, the smaller the particles the 
higher the likelihood that they deposit in the lower respiratory tract, 
whereas larger inhaled particles are retained by the upper airways, i.e. 
nasopharyngeal region (Kuempel et al., 2015; Carvalho et al., 2011). 
Comparable to engineered nanomaterials (<100 nm), PM0.1 can 
translocate from the alveolar space into the systemic circulation and as a 
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consequence can reach secondary target organs including the brain 
(Kreyling et al., 2016; Miller et al., 2017; Oberdörster et al., 2009, 2004; 
Bongaerts et al., 2022). Additionally, a considerable fraction of PM0.1 
deposits on and accumulates in the olfactory epithelium (Kuempel et al., 
2015; Oberdörster et al., 2004) from where it can access the brain 
directly via diffusion into the olfactory nerves as demonstrated for solid 
nanomaterials including carbon particles (Elder et al., 2006; Kreyling, 
2016; Lucchini et al., 2012; Oberdörster et al., 2004). 

A significant part of urban air pollution derives from traffic with 
combustion particles from diesel engine exhaust being a major source of 
PM2.5 (Cassee et al., 2013; Karagulian et al., 2015). Compared to gas-
oline engines, traditional diesel engines emit a larger particle mass and 
number, and more heterogeneous PM (Donaldson et al., 2005; Ristovski 
et al., 2012; Schwarze et al., 2013). Consequently, diesel engine exhaust- 
derived PM has been in the focus of research and policy measures. 

Diesel PM is generated due to incomplete combustion and consists of 
solid particles with a carbonaceous core composed of elemental carbon 
and volatile particles consisting of semi-volatile organic compounds 
(SVOC). On the surface of the carbonaceous core, solid particles can 
adsorb a wide variety of compounds, including combustion-derived 
compounds such SVOC and metals (Cassee et al., 2013; Omidvarborna 
et al., 2015). The smaller the particle is, the larger the surface area per 
unit volume of a particle becomes. Thereby, particles, in particular the 
smallest fraction (PM0.1), can serve as a carrier that crucially impacts 
the hazard of diesel PM for the different target organs (Cassee et al., 
2013; Schraufnagel, 2020). In the past years, efforts have been made to 
reduce diesel engine exhaust emission and to alter its composition in an 
attempt to reduce air pollution and toxic potency of the PM emission 
amongst others, by modification of the fuel composition including the 
introduction of biodiesel fuel. However, the impact of replacing 
petroleum-based diesel with biodiesel fuel on the neurotoxic potency of 
the emitted PM is yet unknown. 

Oxidative stress and inflammation are key mechanisms underlying 
PM-induced toxicity (Cassee et al., 2013; Ristovski et al., 2012; 
Schwarze et al., 2013). Inhalation of PM from diesel engines caused local 
inflammation in the lungs of exposed animals (Ishihara and Kagawa, 
2003), as well as systemic inflammation (Upadhyay et al., 2008) and 
neuroinflammation (Costa et al., 2019; Heusinkveld et al., 2016). Re-
sults from in vivo studies suggest that systemic inflammation can initiate 
and promote neuroinflammatory processes, which in turn contributes to 
the onset and progression of neurodegeneration (Shkirkova et al., 2022; 
Costa et al., 2019; Heusinkveld et al., 2016). Brains of animals exposed 
to diesel particles or traffic-derived PM exhibit oxidative damage and 
upregulated the expression of oxidative stress-related genes (Shkirkova 
et al., 2022; Cole et al., 2016; Manzetti and Andersen, 2016), neuro-
inflammation and microglia activation (Shkirkova et al., 2022; Ha et al., 
2022; Cole et al., 2016; Durga et al., 2015; Gerlofs-Nijland et al., 2010; 
Levesque et al., 2011; Lucchini et al., 2012) as well as hall marks of 
neurodegeneration, e.g., neuronal death and accumulation of misfolded 
proteins (Shkirkova et al., 2022; Ha et al., 2022; Hullmann et al., 2017; 
Levesque et al., 2011). Additional in vitro findings support that diesel PM 
causes microglia activation, the release of pro-inflammatory cytokines, 
oxidative stress, and disruption of the blood–brain barrier integrity 
(Aquino et al., 2023; Levesque et al., 2013; Li et al., 2018; Roqué et al., 
2016). 

While the above summarized studies evaluated various endpoints 
indicative for and associated with neurotoxicity and neurodegeneration, 
the impact of (bio)diesel engine combustion-derived PM2.5 (PMDEP; 
PMBIO) on neuronal function has not been studied previously. More-
over, based on in vivo findings, we hypothesized that PM-induced effects 
in the lung (e.g., inflammation) can exert secondary effects on neuronal 
health and function. This is the first study using a novel integrated in 
vitro approach to study the indirect (systemic) effects of particles on 
brain function. A comparable approach was previously used to study the 
neuromodulatory and neurotoxic effects of tobacco smoke and e-ciga-
rette vapor (Staal et al., 2022). We here report for the first time the 

effects and potency of PMDEP and PMBIO on neuronal function upon 
direct exposure of neuronal cultures, which is relevant considering the 
ability of particles to access the brain directly via the olfactory route. 
Furthermore, we compare the effects following direct exposure to in-
direct (inhalation) exposure as well as the neurotoxic potency of PMDEP 
vs. PMBIO. 

More specifically, we first investigated the effects of exposure to 
diesel fuel combustion-derived PM (PMDEP), biodiesel fuel combustion- 
derived PM (PMBIO) and clean carbon particles (CP) (surrogate for the 
core of combustion-derived PM) in an in vitro lung model. Next, we used 
the medium from the basal compartment of the lung model to expose an 
in vitro brain model to assess indirect neurotoxic effects. Finally, we 
investigated the direct effects of PMDEP, PMBIO and CP, as well as pro- 
inflammatory stimuli on neuronal function using microelectrode array 
(MEA) recordings and cell viability measurements for comparison of 
direct brain exposure with simulated inhalation exposure (Fig. 1). 

2. Material and methods 

2.1. Chemicals 

Neurobasal-A (NBA) medium, L-glutamine (200 mM), Penicillin/ 
Streptomycin (5.000 U/mL), Penicillin/Streptomycin (10.000 U/mL), B- 
27 Plus supplement (50X), minimum essential medium + GlutaMAX 
(MEM), Fetal Bovine Serum (FBS), GlutaMAX-I (100x), Non-essential 
amino acid (NEAA) solution (100x), RPMI-1640 medium, MEM 
without phenol red, 0.05 % trypsin-EDTA, and Accutase were obtained 
from Life Technologies (Bleiswijk, The Netherlands). All other chem-
icals, unless otherwise noted, were purchased from Sigma–Aldrich 
(Zwijndrecht, The Netherlands). 

2.2. Generation and sampling of PM test material 

EN590 compliant diesel (Diesel; containing 7 % biofuel) and EN590 
diesel supplemented with 50 % rapeseed methyl-ester (compliant with 
EN14214; Biodiesel) were used to generate the PM samples for this 
study. Diesel and Biodiesel fuel-derived emission were generated using a 
100 kVA common rail diesel generator, which was strained using 
heaters. Part of the exhaust was drawn into a High Volume Cascade 
Impactor sampler (Cassee et al., 2003), which selects and samples the 
different PM size fractions. PM2.5 fraction was collected on poly-
urethane substrate filters (Butraco, WEMA Machinenschutz Elemente, 
Germany). 

Carbon particles (CP) with an average primary size of 60 nm 
(measured using differential mobility analysis; data not shown) were 
generated via spark ablation (1.3 kV, 8.0 mA, 5 L/min N2) using a VSP- 
G1 Nanoparticle Generator (VSParticle, Delft, the Netherlands) equip-
ped with carbon electrodes as source material and collected on fluo-
ropore membrane filters (3 µm pore size; Merck Millipore, Darmstadt, 
Germany). Polyurethane substrate filters and fluoropore membrane fil-
ters were washed with methanol and dried before weighting and sub-
sequent use for particle sampling. 

2.3. Filter extraction for in vitro testing 

Polyurethane substrate and fluoropore membrane filters were 
weighted to determine sampled particle mass. Diesel and Biodiesel fuel- 
derived PM (PMDEP and PMBIO), and CP were extracted from the filters 
using methanol as described previously (Gerlofs-Nijland et al., 2013). 
After extraction, samples were dried overnight at 25 ◦C under constant 
nitrogen flow to prevent oxidation of the particles. 

For exposure of the lung model via nebulization, PMDEP, PMBIO, 
and CP were dispersed on the day of exposure in 100 % DMSO to a stock 
of 100 mg/mL and vortexed at full speed for 1 min. Next, particle stocks 
were diluted in saline solution (0.009 % NaCl in sterile ddH2O) to 1 mg/ 
mL containing 1 % DMSO, sonicated (20 min; ultra-sonic bath), and used 
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for nebulization or measurements of size distribution (see supplemen-
tary data; Table S1 and Fig. S1). 

For direct exposure of primary cortical culture, PMDEP, PMBIO, and 
CP were first dispersed in 100 % DMSO to a stock of 100 mg/mL, vor-
texed at full speed for 1 min, and used directly or stored at − 20̊C for 
further experiments (only PMDEP and PMBIO). Just prior to exposure, 
particle stocks were diluted to 1 mg/mL with glutamate-free culture 

medium (500 mL Neurobasal-A supplemented with 14 g sucrose, 1.25 
mL L-glutamine (200 mM), 5 mL penicillin/streptomycin (5.000 U/mL) 
and 10 mL B–27 Plus Supplement (50X); pH 7.4). After sonication (20 
min; ultra-sonic bath), particle stocks were further diluted with 
glutamate-free culture medium to a dose range of 10–1.000 µg/mL 
containing 1 % DMSO. 

Fig. 1. Schematic overview of the study design. A) PM2.5 can reach the lung upon inhalation, where it can induce local inflammation and toxicity. PM2.5 may not 
only affect the lung, but it may reach the brain via translocating to the systemic circulation after inhalation. Moreover, PM2.5-induced inflammatory factors may 
impact neuronal health. B) Indirect effect of diesel PM2.5 (PMDEP) and biodiesel PM2.5 (PMBIO) following inhalation exposure were studied by first exposing an in 
vitro lung model via PM2.5 nebulization and secondly, after 48 h exposure, collecting basal medium to expose the in vitro brain model and finally performing 
neurotoxicity screening as depicted in D. Further, PM2.5-induced effects on the lung model were studied by assessing barrier function, cell viability and cytotoxicity, 
inflammation, and cellular and oxidative stress. C) PM2.5 generated by the combustion of diesel or biodiesel fuel can also enter the brain translocation via the 
olfactory pathway, highlighting the relevance of assessing direct neurotoxic effects in vitro. D) Direct effects of PMDEP and PMBIO on spontaneous neuronal 
(network) activity were assessed using microelectrode array (MEA) recordings, which are commonly used for neurotoxicity screening. 
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2.4. In vitro lung model and ALI exposure 

2.4.1. Cell culture 
The in vitro lung model consist of Calu-3 cells and THP-1-derived 

macrophages (TDMs) cultured at the air–liquid interface (ALI). Calu-3 
cells (ATCC, Rockville, MD, USA; passage 10–16) were cultured in 
MEM medium (MEM supplemented with 10 % FBS, 1 % NEAA solution 
and 1 % penicillin/streptomycin (10.000 U/mL)) and THP-1 monocyte- 
like cell line (ATCC, Rockville, MD, USA; passage 8–13) were cultured in 
RPMI medium (RPMI-1640 medium with 10 % FBS and 1 % penicillin/ 
streptomycin (10.000 U/mL)) at 95 % humidity, 37 ◦C and 5 % CO2. 

2.4.2. Creating the in vitro lung model 
Calu-3 cells were seeded (1.2 x 105) on the apical side of transwell 

inserts (0.4 μm pore, 1.12 cm2 polyester membrane, Corning Inc., Ger-
many) in 0.5 mL MEM media. At the basal side, 1 mL MEM medium was 
added and cells were cultured for 12–13 days under submerged condi-
tions at 95 % humidity, 37 ◦C and 5 % CO2 before cells were moved to 
ALI by removing apical media. 

After 5 days culture at the ALI (2 days before exposure), basal me-
dium was replaced by MEM medium with low FBS content (MEM sup-
plemented with 1 % FBS, 1 % NEAA solution and 1 % penicillin/ 
streptomycin (10.000 U/mL)). Further, THP-1 monocyte-like cells were 
differentiated into THP-1-derived macrophages (TDMs) by addition of 
phorbol 12-myristate 13-acetate (PMA, 50 nM) for 24 h. The next day 
(one day before exposure), Calu-3 cells were co-cultured with TDMs. To 
do so, differentiated TDMs were gently detached using Accutase, 
resuspended in MEM medium, and TDMs (5 x 104) were seeded on top of 
Calu-3 monolayer and allowed to attach overnight. 

2.4.3. Transepithelial electrical resistance measurements 
The transepithelial electrical resistance (TEER), an important indi-

cator for the barrier function of the Calu-3 monolayer, was measured in 
triplicates using an Evom2 Volt-Ohmmeter with 4 mm chopstick elec-
trodes (World Precision Instruments Inc., FL, USA) as described previ-
ously (Braakhuis et al., 2020). Values were corrected for the resistance 
of cell-free inserts (≈130 Ω) and insert surface area (1.12 cm2). TEER 
measurements were performed for all inserts before exposure and served 
as quality criteria to exclude inserts with insufficient barrier integrity 
(<800 Ω/cm2) from experiments. After 48 h exposure, TEER was 
measured for three inserts (n) per exposure conditions and reported 
values represents the average TEER ratios (TEERafter exposure/TEERbefore 

exposure) of 2 independent experiments (N). Values > 2x standard devi-
ation (SD) above or below average are considered to be outliers and 
excluded from the analysis (0 % outliers in ALI control inserts; 1.9 % 
outliers in exposed inserts). 

2.4.4. Particle exposure of the in vitro lung model 
On the day of exposure, TEER was measured (for details see section 

2.4.3), apical medium (which was added for the TEER measurement) 
was removed again and the co-culture was exposed to the particles 
suspended in saline solution (1 mg/mL). All inserts were exposed to 
three subsequent nebulization steps of 200 µL using a modified 
VITROCELL® cloud exposure system (Vitrocell, Waldkirch, Germany; 
for detail see He et al., 2020). The modified system uses a cylindric 
exposure chamber instead of a cuboidal unit to reduce the possibility of 
unequal particle deposition. Each exposure, including the three nebu-
lization steps, took in total 30 min. In order to archive different dose 
levels, cells were exposed by nebulizing one (low dose), two (medium 
dose) or three (high dose) times 200 µL of the particle suspension (see 
Table 1). For the remaining nebulization steps, inserts were exposed 
using the control saline solution (2x for low dose, and 1x for medium 
dose). The average particle mass deposited during exposure amounted 
to 1.2, 2.1 and 3.9 µg/cm2 for the low, medium and high dose exposure 
(Table 1). Control inserts were exposed three times to 200 µL saline 
solution (ALI control). Some additional inserts were exposed to 

lipopolysaccharide (LPS; 200 µL of 175 µg/mL; Sigma Aldrich, Zwijn-
drecht, The Netherlands) and served as positive control for inflamma-
tion. Directly after exposure, inserts were transferred to a plate 
containing 1 mL glutamate-free culture media (neuronal medium) per 
well and incubated for 48 h at ALI at 95 % humidity, 37 ◦C and 5 % CO2. 

2.4.5. Fluorescein translocation assay 
Paracellular transport of Fluorescein was assessed as a second 

readout for barrier function after 48 h exposure to particles. Following 
48 h incubation, inserts were transferred to a 12-well plate containing 1 
mL Phenol red-free MEM per well, and 500 µL of 10 µM Fluorescein (in 
Phenol red-free MEM) was added to apical side of each insert. After 30 
min, 1 h, and 2 h, 100 µL media of basal compartment (in triplicates) was 
transferred to transparent 96-well plate. To compensate for volume 
reduction in the basal compartment after 30 min and 1 h, 300 µL fresh 
Phenol red-free MEM was added to basal compartment. One insert was 
used as positive control after cell lysis (1 % Triton–X for 10 min) to 
determine the maximum translocation of Fluorescein per time point. 
Fluorescein translocation was measured at 498/520 nm (excitation/ 
emission) and the Fluorescein concentration was determined by 
applying a standard curve. Per condition and experiment, fluorescein 
transport was assessed in three inserts (n) and averages of 2 independent 
experiments (N) are reported. Values > 2xSD above or below average 
are considered to be outliers and excluded from the analysis (0 % out-
liers in ALI control inserts; 4.9 % outliers in exposed inserts; 0 % outliers 
in positive control inserts). 

2.4.6. Cell viability assay 
Mitochondrial activity of the in vitro lung model was measured after 

48 h particle exposure using an Alamar Blue assay to assess cell viability. 
Briefly, Alamar Blue solution (25 µM resazurin in Hanks’ Balanced Salt 
solution) was added to apical side and incubated for 1.5 h at 37 ◦C, 5 % 
CO2 and 95 % air atmosphere. Then, the Alamar Blue solution was 
transferred from each insert to a transparent 96-well and conversion of 
resazurin to resorufin was measured spectrophotometrically at 540/590 
nm (excitation/emission). Values of exposed inserts were normalized to 
controls (per experiment, set to 100 %), then combined and values >
2xSD above or below average are considered to be outliers and excluded 
from the analysis (0 % outliers in ALI control inserts; 3.6 % outliers in 
exposed inserts). Metabolic activity is presented as the average of 3–4 
insert (n) from 2 independent experiments (N). 

2.4.7. Cytotoxicity assay 
Cytotoxicity in the in vitro lung model was measured after 48 h 

particle exposure using the lactate dehydrogenase (LDH) assay (Roche 
Diagnostics GmbH, Mannheim, Germany) as previously described (He 
et al., 2020). LDH release was assessed in the apical and basal medium 
and values of control and exposed inserts were compared with the 
maximum LDH release of the positive control (lysis, set to 100 %). Re-
ported values are averages of 5–6 inserts per condition (n) from 2 

Table 1 
Exposure scheme of the in vitro lung model to particles via nebulization and the 
total deposited mass. Each group was exposed 3 times via nebulization. To 
achieve different doses, the in vitro lung model was exposed 1–3 times to the 
particle suspension. In order to keep the amount of nebulization steps equal 
between different groups, exposure to saline solution (vehicle; 0.009 % NaCl) 
was used to compensate for the remaining nebulization steps. Total deposited 
mass of particle is listed in mean ± SD [µg/cm2].   

Control Low Medium High 

1. Nebulization Saline PM PM PM 
2. Nebulization Saline Saline PM PM 
3. Nebulization Saline Saline Saline PM 
# Saline exposures 3x 2x 1x 0 
# Particle exposures 0 1x 2x 3x 
Deposited mass [µg/cm2] / 1.2 ± 0.3 2.1 ± 0.7 3.9 ± 0.7  
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independent experiments (N). Values > 2xSD above or below average 
are considered to be outliers and excluded from the analysis (0 % out-
liers in ALI control inserts; 1.9 % outliers in exposed inserts). 

2.4.8. Cytokine release 
The inflammatory response of the lung epithelial cells and activation 

of TDMs as a result of the exposure to particles was studied by assessing 
the release of pro-inflammatory cytokines (IL-6, IL-8, IL-1β, TNF-α, and 
IP-10). Apical and basal medium samples were collected from the in vitro 
lung model after 48 h exposure, centrifuged at 150 x g for 10 min at 4 ◦C 
and supernatant was stored at –80 ◦C until cytokine analysis. Cytokine 
levels were determined in the collected samples by enzyme-linked 
immunosorbent assay (ELISA; DuoSet ELISA kits from R&D Systems, 
San Diego, CA, USA) according to manufacturer’s protocols. Samples 
were diluted if necessary (apical: 1:1 (IL-1β and TNF-α), 1:10 (IP-10), or 
1:100 (IL-6 and IL-8); basal: 1:1 (IL-6, IL-1β, TNF-α, and IP-10) or 1:10 
(IL-8)). Medium collected from cells exposed to LPS served as positive 
control. Per condition and experiment, cytokine concentrations were 
assessed in samples from three inserts (n) and average values from 2 
independent experiments (N) are reported. Values > 2xSD above or 
below average are considered to be outliers and excluded from the 
analysis (0 % outliers in ALI control inserts; 0 % outliers in exposed 
inserts). 

2.4.9. Gene expression analysis 
Induction of oxidative stress or cell stress response by particle 

exposure was assessed by gene expression analysis in two independent 
experiments. Total RNA was isolated from two inserts per exposure 
condition and experiment using the NucleoSpin™ RNA purification kit 
(Macherey-Nagel GmbH & Co. KG, Düren, Germany) according to the 
manufactures protocol. Concentration and purity of the RNA was 
determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher 
Scientific, Wilmington, DE, USA). Reverse transcription was performed 
using the iScript™ cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) 
according to the manufactures protocol. Then, expression of genes 
associated with oxidative stress response and cell stress was assessed by 
quantitative real-time polymerase chain reaction (qPCR) using iTaq 
universal SYBR® green supermix (Bio-Rad, Hercules, CA, USA) ac-
cording to the manufactures protocol. Genes included in the analysis, 
primer sequences, and loaded cDNA amount are listed in Table S2. Each 
sample was tested in triplicate and a clean water control (SYBR® green 
supermix, primer pair and water) and reverse transcription control 
(SYBR® green supermix, primer pair and cDNA generated without RNA) 
were added to each plate. qPCRs were performed using a C1000 Thermal 
Cycler (Bio-Rad, Hercules, CA, USA) equipped with CFX96 Real-Time 
PCR Detection System (Bio-Rad, Hercules, CA, USA) and CFX Maestro 
software (v2.0; Bio-Rad, Hercules, CA, USA). Three reference genes 
(β-actin, GAPDH, and YWHAZ) were included and their stability across 
the test samples was validated using CFX Maestro software (v2.0; Bio- 
Rad, Hercules, CA, USA). Gene expression of each sample (insert) was 
determined by normalizing the Cq mean of the target gene to the Cq 
mean obtained for the three reference genes of the same sample using 
the ΔΔCq method in the CFX Maestro software v2.0. To obtain fold 
change values, expression of each gene was then further normalized to 
the mean expression of the controls from the corresponding experiment. 
Afterwards, data from the 2 independent experiments (N), in total 4 
inserts (n) per exposure condition, were combined and averages of fold 
change for each gene and per condition were calculated. Values > 2xSD 
above or below average are considered to be outliers and excluded from 
the analysis (0 % outliers in ALI control inserts; 0 % outliers in exposed 
inserts). 

2.5. In vitro brain model and neurotoxicity screening using MEAs 
recordings 

2.5.1. Rat primary cortical cultures 
Primary cortical cultures were isolated from Wistar rat pups (Envigo, 

Horst, the Netherlands) on postnatal day 0 to 1 (PND0-1) and cultured 
on Polyethyleneimine (0.1 %)-coated 48-well MEAs plates (Axion Bio-
Systems Inc, Atlanta, USA) as described previously (Gerber et al., 2021). 
Animal experiments were performed in agreement with Dutch law, the 
European Community directives regulating animal research (2010/63/ 
EU) and approved by the Ethical Committee for Animal Experiments of 
Utrecht University. All efforts were made to minimize the number of 
animals used and their suffering. 

2.5.2. Microelectrode array (MEA) recordings 
Each well of a 48-well MEA plate contains 16 nanotextured micro-

electrodes (40–50 μm diameter; 350 μm centre-to-centre spacing) 
forming an array on the culture surface that enables the detection of 
extracellular local field potentials (spikes) at different locations within 
the culture. Neuronal activity was recorded using a Maestro (direct 
exposure experiments) or Maestro Pro (indirect exposure experiments) 
768-channel amplifier with integrated heating system, temperature 
controller, CO2 controller (only for Maestro Pro) and data acquisition 
interface (Axion BioSystems Inc, Atlanta, USA; for direct exposure ex-
periments). MEA recordings were performed on DIV9-14 as previously 
described in detail (Gerber et al., 2021). 

Briefly, on DIV9, when rat primary cortical cells exhibit stable 
spontaneous neuronal activity (Dingemans et al., 2016; Gerber et al., 
2021), a 30 min baseline recording was performed. Next, cells were 
exposed under sterile conditions (for details see below) and neuronal 
activity was measured immediately after the exposure for 0.5 h and 
again after 24 h (DIV10), 48 h (DIV11) and 120 h (DIV14; only for 
selected direct exposure experiments) continuous exposure to cover 
both acute and prolonged exposure scenarios. Between recordings, 
cortical cells were kept at 95 % humidity, 37 ◦C and 5 % CO2. 

For simulated inhalation exposure experiments, 125 µL (25 % of the 
medium in one well) of the medium was removed 1 h before the baseline 
recording. After the baseline recording, cells were exposed by adding 
125 µL of collected ALI medium (resulting in 1:4 dilution of the ALI 
medium). ALI control medium (1:4 dilution) was used as control. 

For direct exposure experiments, cells were exposed to 1–100 µg/mL 
PMDEP, PMBIO or CP, and DMSO (0.1 % final concentration) was used 
as control. For specific experiments testing neuromodulation by in-
flammatory stimuli, cells were exposed to 0.3–3000 ng/mL LPS or 
0.01–100 ng/mL recombinant rat CINC-1 and TNF-α (R&D Systems, San 
Diego, CA, USA), and Phosphate-buffered saline (0.1 % final concen-
tration) was used as control. 

All conditions were tested on neuronal cultures originating from at 
least 2 different isolations, in at least 2 plates (N) and at least 16 wells 
(n). Axion’s Integrated Studio (AxIS 1.7.8 and AxIS 3.2) was used to 
manage data acquisition and further data processing and analysis was 
performed as previously described in detail (Gerber et al., 2021). Briefly, 
spikes were detected using the AxIS spike detector (Adaptive threshold 
crossing, Ada BandFlt v2) with a post/pre spike duration of 3.6/2.4 ms 
and a variable threshold spike detector set at 7xSD of the internal noise 
level (rms) on each individual electrode. Data analysis was performed 
with NeuralMetric Tool (version 2.2.4, Axion BioSystems) using the last 
20 min of each recording, except for acute exposure to medium collected 
from the in vitro lung model. Here, the last 10 min of the 0.5 h recording 
were used because of the occurrence of transient exposure effects. Only 
active electrodes (MSR ≥ 6 spikes/s) in active wells (≥4 active elec-
trodes and ≥ 1 network bursts per minute during baseline recording) 
were included. Bursts were extracted with the Poisson Surprise method 
(Legendy and Salcman, 1985) with a minimal surprise, and network 
bursts were determined with an adaptive threshold algorithm. 

For both exposure methods, the effects of PMDEP, PMBIO, CP, LPS, 
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CINC-1 and TNF-α on spontaneous activity were determined by 
comparing the baseline activity with activity following exposure (0.5 h, 
24 h, 48 h, and 120 h). Means of different neuronal activity parameters 
(Mean Spike Rate (MSR), Mean Burst Rate (MBR) and Mean Network 
Burst Rate (MNBR)) were calculated based on well averages and 
normalized to control as previously described (Gerber et al., 2021). 
Results are expressed as average in % of control and wells that showed 
an effect > 2xSD above or below average were considered outliers and 
removed from further data analysis (for direct exposure: 2.3 % outliers 
in control wells and 4.2 % outliers in exposed wells; for simulated 
inhalation exposure: 2.1 % outliers in control wells and 4.8 % outliers in 
exposed wells). 

2.5.3. Cell viability assay 
After the final MEA recordings were completed, i.e. 48 h (indirect 

exposure, direct LPS exposure) or 5 days (direct PM exposure) after the 
start of the exposure, an Alamar Blue assay was performed to measure 

mitochondrial activity as previously described (Gerber et al., 2021) and 
data were analyzed as described in 2.4.6. Wells that showed an effect >
2xSD above or below average were considered outliers and removed 
from further data analysis (for direct exposure: 2.7 % outliers in control 
wells and 6.7 % outliers in exposed wells; for indirect exposure: 2.1 % 
outliers in control wells and 2.8 % outliers in exposed wells). 

2.6. Statistics 

All statistical analyses were performed using GraphPad Prism soft-
ware (v9.3.1, GraphPad Software, La Jolla CA, USA). If applicable, non- 
linear regressions were used to fit dose–response curves and PROAST 
web application (v70.1, RIVM, the Netherlands) was used to compute 
benchmark doses (BMD) values using the SD of controls as benchmark 
response level. Dose-dependent effects were determined by one-way 
ANOVA followed by a post–hoc Dunnett test comparing values ob-
tained for exposed inserts/wells to values of respective control inserts/ 

Fig. 2. Metabolic activity and LDH release in the in vitro lung model following 48 h exposure to PMDEP (top; red), PMBIO (middle; blue) or CP (bottom; green). 
Inserts were exposed to vehicle solution only (control) or to 1 (low), 2 (medium), and 3 (high) doses of particle suspension. A), D) and G) Metabolic activity is 
expressed as mean ± SD in % of control (control set at 100 %) from n = 3–6 inserts, N = 2 independent experiments. Grey area indicates 95–105 % metabolic activity 
(based on average SD of controls (±5%)), which is used as threshold for relevant effects. LDH release to apical (B, E, and H) and basal (C, F, and I) compartment 
expressed as mean ± SD in % of LDHmax (set at 100 %) from n = 3–6 inserts, N = 2 independent experiments. Grey areas indicate ± 2 % or ± 0.3 % LDH leakage 
(based on average SD of controls) into apical and basal compartment, respectively, which is used as threshold for relevant effects. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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wells. Differences were considered statistically significant if p–values <
0.05. For all endpoints, differences were considered relevant when the 
effect was larger than the benchmark response level, i.e. 1xSD of the 
control. All data were derived from at least 2 independent experiments 
(N) and are presented as mean ± SD, except for MEA data which are 
traditionally presented as mean ± standard error of the mean (SEM). 

3. Results 

3.1. Direct toxicity in an in vitro lung model 

3.1.1. Cell viability and cytotoxicity 
We first investigated the effect of 48 h exposure to a low, medium, or 

high dose of PMDEP, PMBIO or CP (1 to 3 times exposure to particle 
suspension via nebulization, resulting in 1.2–3.9 µg/cm2; see Table 1) on 
the in vitro lung model. As depicted in Fig. 2, the highest dose of PMDEP 
modestly but not significantly reduced metabolic activity (Fig. 2A, 91 % 
of control), without affecting LDH leakage in the apical (Fig. 2B) or basal 
(Fig. 2C) compartment, suggesting that PMDEP exposure did not cause 

Fig. 3. Barrier function of the in vitro lung model following 48 h exposure to PMDEP (top; red), PMBIO (middle; blue), or CP (bottom; green). Inserts were exposed to 
vehicle solution only (control) or to 1 (low), 2 (medium), and 3 (high) doses of particle suspension. A), C) and E) TEER data are presented as ratio of resistance 
(Ω/cm2) measured after 48 h exposure to values measured before exposure. The solid lines indicate the mean obtained from the individual inserts represented by the 
dots (n = 6–9 inserts, N = 2 independent experiments). B), D) and F) Fluorescein translocation is presented as cumulative Fluorescein (mean ± SD in ng) detected in 
the basal compartment after 30 min, 60 min, and 120 min from n = 5–6 inserts, N = 2 independent experiments. Additionally, cumulative Fluorescein translocation 
of lysed inserts (positive control; n = 3, N = 2) is depicted. Dotted line indicates zero line, i.e., no Fluorescein translocation. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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overt cytotoxicity. For PMBIO and CP, neither metabolic activity 
(Fig. 2D and 2G) nor LDH release (Fig. 2E–F and 2H–I) were affected 
indicating that these exposures also did not induce cytotoxicity in the in 
vitro lung model. 

3.1.2. Barrier function 
Next, we studied the impact of exposure to PMDEP, PMBIO or CP on 

the barrier function of the in vitro lung model by assessing TEER and 
performing an Fluorescein translocation assay. Following 48 h exposure, 
the TEER ratio (value after exposure vs. value before exposure) of inserts 
exposed to PMDEP, PMBIO or CP did not differ from the ratio obtained 
for control inserts (Fig. 3A, 3C, and 3E). Similarly, no relevant increase 
in Fluorescein translocation was detected in basal medium of PMDEP-, 
PMBIO- or CP-exposed inserts indicating that barrier function was not 
affected by the exposures (Fig. 3B, 3D, and 3F). In contrast, for inserts 
with lysed cells (positive control) clear time-dependent translocation of 
Fluorescein into the basal compartment was measured. 

3.1.3. Inflammatory response 
Following 48 h exposure to PMDEP, PMBIO, or CP, the inflammatory 

response of the in vitro lung model was assessed by measuring the 
cytokine concentration in the apical and the basal medium. Concen-
trations in apical and basal medium from control inserts of the CP 
exposure experiments (ctrl.CP) were substantially lower than concen-
tration from control inserts of the experiments studying PM (ctrl.PM; see 
Fig. 4, Table S3 and S4). Data from the different controls are therefore 
not merged and results for particle- and LPS-exposed insets are 
compared to their respective controls. For LPS, exposure was either 
performed together with PMDEP and PMBIO exposure (red/blue circle) 
or with CP exposure (green circle). 

Concentrations of IL-8, IL-6, IP-10, and IL-1β in apical medium ob-
tained from PMDEP- and PMBIO-exposed inserts did not differ from ctrl. 
PM, although LPS exposure induced a 3- to 10-fold increase in the 
cytokine concentrations (Fig. 4, Table S3). Similarly, in CP-exposed in-
serts, apical medium concentration of IL-8, IL-6, IP-10, and IL-1β did not 
differ from concentration measured in medium from control inserts 
(ctrl.CP), although LPS exposure caused an 4.5- to 11-fold increase of 
these cytokines (Fig. 4, Table S4). TNF-α was detected only in the apical 
medium collected from the LPS-exposed inserts, whereas in none of the 
other apical medium samples (ctrl.PM, ctrl.CP, PM exposure, CP expo-
sure) TNF-α was detected at concentrations exceeding the detection 
limit of the ELISA kit (Fig. 4I, indicated by N.D.; Table S3 and S4). 

Results for basal medium were comparable to those obtained for 
apical medium samples. Samples from PM- and CP-exposed inserts did 
not show any effects on IL-8 and IL-6 concentrations, although cytokine 
levels were higher (ca. 2–7.5 -fold increase) in LPS-exposed inserts 
(Fig. 8B and 8D, Table S3 and S4). For IP–10, IL-1β, and TNF-α, con-
centrations in basal medium of controls and inserts exposed to PM or CP 
did not exceed the detection limit (Fig. 4F, 4H and 4 J indicated by N.D.; 
Table S3 and S4). 

Together, these data indicate that exposure to PM and CP did not 
induce overt inflammation of the in vitro lung model following 48 h of 
exposure, although the model is sensitive to inflammatory stimuli like 
LPS. 

3.1.4. Oxidative and cell stress 
Finally, oxidative stress or general cell stress in the in vitro lung 

model following 48 h exposure to PMDEP, PMBIO, or CP were assessed 
by gene expression analysis. As depicted in Fig. 5, neither PMDEP nor 
PMBIO caused clear dose–response related changes in any of the genes 
associated with oxidative stress or cell stress (also see Fig. S2 and S3 for 
fold change values of individual inserts after PMDEP or PMBIO 
exposure). 

Nonetheless, low and medium dose of PMBIO (but not the high dose) 
increased GPX, indicative for oxidative stress. Notably, CYP1A1 was 
increased by exposure to the medium and high dose of PMDEP, or all 

three dose levels of PMBIO, even though the increase was only signifi-
cant for the medium dose of PMDEP and PMBIO. In contrast to PM 
exposure, none of the CP exposures affected CYP1A1 expression, sug-
gesting that adsorbed chemicals on the carbon core surface of PMDEP 
and PMBIO, e.g., PAH, cause the overexpression of CYP1A1. Overall, 
fold change of gene expression following CP exposure were less pro-
nounced compared to PM samples (also see Fig. S4 for fold change 
values of individual inserts after CP exposure). Nevertheless, following 
high dose exposure, HO1 and p53 were significantly increased indica-
tive for (modest) oxidative stress and cell/DNA damage. 

3.2. Neurotoxicity assessment in the in vitro brain model following 
simulated inhalation exposure to PMDEP, PMBIO, and CP 

Since the above exposure conditions did not induce overt or non- 
specific toxicity to the in vitro lung model, we investigated in a next 
step the impact of the lung exposure to PM and CP on the brain. We used 
the basal medium collected from the in vitro lung model previously 
exposed at the air–liquid interface (ALI) for 48 h to vehicle control (ALI 
ctrl.), PMDEP, PMBIO, or CP, to expose the in vitro brain model (rat 
primary cortical cells), and thereby mimicked neurotoxic effects of 
inhalation exposure in vitro. Changes in neuronal network activity, as a 
measure for neurotoxicity, can be recorded using MEAs, which provide a 
non-invasive, sensitive and integrated readout for several critical 
cellular and molecular mechanisms underlying neuronal function 
(Johnstone et al., 2010; McConnell et al., 2012; Valdivia et al., 2014). 

Interestingly, acute exposure to medium collected from the vehicle 
control of the in vitro lung model (ALI ctrl.) somewhat reduced neuronal 
activity compared to exposure to neuronal medium (not used to culture 
the in vitro lung model). While MSR, MBR and MNBR were reduced on 
average to respectively 89 %, 71 % and 75 % of neuronal medium 
control the decrease in neuronal activity upon acute exposure to the ALI 
ctrl vs. neuronal medium control is variable between all experiments 
(Fig. 6A). To overcome the inter-experimental variation, MEA data upon 
indirect exposure has been normalized to the more stable neuronal 
medium control. After 24 h and 48 h exposure, however, neuronal ac-
tivity of cells exposed to medium from ALI ctrl. did not differ from cells 
exposed to neuronal medium control. Furthermore, exposure to ALI ctrl. 
did also not affect metabolic activity after 48 h (Fig. 7). Therefore, ef-
fects of medium collected from the PM and CP exposed in vitro lung 
model were evaluated by comparing the neuronal activity to neuronal 
medium and ALI ctrl. exposure. 

Overall, the most profound changes in neuronal activity, specifically 
increased MSR, were observed during acute exposure (Fig. 6A). 
Compared to neuronal medium control, acute exposure to medium from 
inserts exposed to PMDEP and medium and high dose of PMBIO 
increased MSR to 158 % and 152–153 %, respectively. The medium and 
high dose of PMBIO also increased the MNBR. Further, medium 
collected from high dose CP exposure increased MSR following acute 
exposure, although this effect was only significantly when compared to 
corresponding ALI ctrl. medium. In contrast, MBR following CP expo-
sure modestly decreased when compared to neuronal medium control 
but did not differ from ALI ctrl.. 

Notably, MSR of rat primary cortical cells remained increased 
following 24 h exposure to PMBIO-exposed medium (Fig. 6B, low and 
high dose). Besides this increase, none of the exposure conditions caused 
consistent changes in the neuronal activity of the rat primary cortical 
cells following prolonged (24–48 h) exposure (Fig. 6B–C) and metabolic 
activity was unaffected (Fig. 7) suggesting that neuronal cells were not 
stressed by prolonged exposure to medium from in vitro lung model. 

3.3. Direct neurotoxicity of PMDEP, PMBIO and CP in the in vitro brain 
model 

PM can also reach the brain directly via the olfactory route, high-
lighting the relevance of studying direct neurotoxicity. Furthermore, 
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Fig. 4. Cytokine release in the in vitro lung model following 48 h exposure to PMDEP (red), PMBIO (blue), or CP (green). Inserts were exposed to vehicle solution 
only (control), LPS (positive control; red/blue circle when performed in the same experiment as PMDEP and PMBO exposure; green circle when performed in the 
same experiment as CP exposure), or to 1 (low), 2 (medium), and 3 (high) doses of particle suspension. Cytokine concentrations were measured in apical (left) and 
basal medium (right). Cytokine levels (IL-8, IL-6, IP-10, IL-1β, and TNF-α) are presented as mean ± SD from n = 11–12 inserts (control) or n = 5–6 inserts (PM or CP 
exposure), from N = 2 independent experiments. For PMBIO high dose exposure, IL-6 was derived from 3 inserts (n), 1 independent experiment (N) only. For LPS, 
cytokines levels (mean ± SD) were measured in medium from n = 3 inserts, from N = 1 experiment. IL-1β and TNF-α were only detected in basal medium of 1 insert 
exposed to LPS, highlighted by LPS#. Dotted line indicates the detection limit of the ELISA kits (IL-8 and IP-10: 31.3 pg/mL, TNF- α: 15.6 pg/mL, IL-6: 9.4 pg/mL, and 
IL-1 β: 3.9 pg/mL). N.D., not detected. ** p < 0.01 compared to control. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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direct neurotoxicity data are suitable to compare the neurotoxic potency 
of PMDEP, PMBIO and CP, which is important for risk assessment and 
evaluating the possible impact of mitigation measures. Additionally, we 
aimed to compare the direct neurotoxic effect with the modest and 
short-lived effects observed following simulated inhalation exposure. To 
do so, we exposed rat primary cortical cultures grown on MEAs directly 
to 1–100 µg particles/mL (equivalent to 1.2–119 µg/cm2 assuming all 
particles will deposit on the cells) and assessed changes in neuronal 
activity following acute (0.5 h) and prolonged (24 h, 48 h, and 120 h) 
exposure. 

Interestingly, none of the acute exposures affected neuronal activity, 
except for the high dose of PMDEP (100 µg/mL), which evoked a modest 
reduction of the MBR (62 % of control; Fig. 8A). On the other hand, 
following prolonged exposure (24 h, 48 h, and 120 h), both PMDEP and 
PMBIO persistently inhibited neuronal activity with comparable effect 
patterns in the higher dose range (≥30 µg/mL) during the 5 days of 
exposure (Fig. 2B–D). Interestingly, exposure to 10 µg/mL PMDEP (24 h 
and 48 h) already reduced neuronal activity significantly, whereas no 
effects are observed for 10 µg/mL PMBIO. A clear difference in the de-
gree of inhibition is also seen following 120 h of exposure, indicating 
that PMDEP exhibit higher neurotoxic potency (Fig. 2B–D). The higher 
neurotoxic potency of PMDEP is also reflected in the computed BMD 
values and corresponding confidence intervals (Table 2, Fig. S5). BMD 

values obtained for PMDEP are 3.3–7.6 fold lower than corresponding 
values for PMBIO. In contrast, CP did not inhibit neuronal activity 
(Fig. 8B–D) following prolonged exposure indicating that clean carbon 
core of PM samples unlikely caused the reduction of neuronal activity. 

Importantly, after 120 h exposure, no change in metabolic activity 
was detected in cells exposed to PMDEP and PMBIO (Fig. 9A) indicating 
that PM exposure did not affect cell viability. For CP exposure, fluo-
rescence was decreased for 30 µg/mL and 100 µg/mL suggesting a 
decrease in cell viability (Fig. 9A). However, in a separate cell-free 
experiment it was shown that CP at doses > 10 µg/mL quenches the 
fluorescence emission of resorufin (Fig. 9B). The quenching of the signal 
is comparable to the presumed reduction in metabolic activity measured 
for exposed cells, indicating that metabolic activity actually was not 
affected by CP. 

3.4. Neuromodulatory effect of pro-inflammatory stimuli 

Since particle exposure-induced toxicity is closely linked with 
(neuro)inflammation, we tested if exposure to medium collected from 
the in vitro lung model previously exposed to LPS would alter sponta-
neous neuronal activity of the rat primary cortical culture. Furthermore, 
we tested the direct effects of LPS and two pro-inflammatory cytokines, 
CINC-1 (considered a rat equivalent to IL-8) and TNF-α, on neuronal 

Fig. 5. Change in gene expression of the in vitro lung model following 48 h exposure to PMDEP, PMBIO, or CP to assess oxidative stress and cell stress. Cells depict 
fold change of mRNA expression associated with oxidative stress and cell stress response. Values in cells represent mean of fold change normalized to controls 
(=1.00) from 4 inserts (n = 4) of 2 independent experiments (N = 2). * p < 0.05 compared to control; ** p < 0.01 compared to control. CAT, catalase; GPX, 
glutathione peroxidase; HO1, heme oxygenase 1; NQO1, NAD(P)H quinone dehydrogenase 1; SOD1, superoxide dismutase 1; SOD2, superoxide dismutase 2; 
CYP1A1, Cytochrome P450 1A1; MUC5AC, mucin 5AC; p53, tumor protein p53. 
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function. 
In line with the data presented in Fig. 6, exposure to medium 

collected from ALI control reduced neuronal activity during acute 
exposure, but not following 24 h and 48 h exposure (Fig. 10). Overall, 
medium collected from the in vitro lung model previously exposed to LPS 
only exhibited limited effects on neuronal activity and changes are seen 
mainly during acute exposure (Fig. 10). The increase in MSR and MNBR 
attenuated following prolonged exposure and changes were no longer 
detected following 24 h and 48 h exposure for any of the neuronal ac-
tivity parameters (Fig. 10). 

Interestingly, direct acute exposure to LPS (0.3–3,000 ng/mL) did 
not impact neuronal activity (Fig. 11A). Following prolonged (24 h and 

48 h) exposure, only MSR of cells exposed to non-cytotoxic concentra-
tion of 300 µg/mL and 3,000 µg/mL was modestly reduced (67–74 % of 
control), whereas no effects were observed for MBR and MNBR 
(Fig. 11A) indicating that LPS itself does not modulate neuronal activity. 
Comparable, CINC-1 did not modulate neuronal activity (Fig. 11B) and 
unlikely caused the excitation seen for exposure to the medium collected 
from the LPS-exposed in vitro lung model. 

For TNF-α (0.01–100 ng/mL), acute exposure did not affect sponta-
neous neuronal activity (Fig. 11C), whereas prolonged exposure to 10 
ng/mL (only MNBR at 24 h) and 100 ng/mL TNF–α resulted in modest 
but consistent reduction of overall neuronal activity (Fig. 11C; MSR: 
64–67 % of control, MBR: 67–73 % of control, and MNBR: 59 % of 

Fig. 6. Neuronal activity of rat primary cortical cells following simulated inhalation exposure to PMDEP (red), PMBIO (blue) or CP (green). Neuronal activity was 
recorded after 0.5 h (A), 24 h (B), and 48 h (C) exposure and is presented as mean spike rate (MSR; top), mean bust rate (MBR; middle), and mean network burst rate 
(MNBR; bottom). Data are depicted as mean treatment ratio (±SEM) in % of neuronal medium control from n = 12–24 wells, N = 2–3 plates. Grey area indicates 
biological variation of MEA data (based on SD of time-matched neuronal medium control), which is used as a benchmark for toxicological relevance (±30 %). * p <
0.05 compared to neuronal medium and exceeding the benchmark response level (grey area; ± 30 %), ** p < 0.01 compared to neuronal medium and exceeding the 
benchmark response level (grey area; ± 30 %), # p < 0.05 compared to ALI ctrl. medium and deviating > 30 % from ALI ctrl. medium, ## p < 0.01 compared to ALI 
ctrl. medium and deviating > 30 % from ALI ctrl. medium. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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control) without affecting metabolic activity (Fig. S6). However, overall, 
TNF-α exhibited only minor (inhibitory) effects on neuronal activity of 
rat primary cortical cells following direct exposure. 

4. Discussion 

We studied for the first time the effect of diesel engine combustion- 

Fig. 7. Metabolic activity of the in vitro brain model following simulated inhalation exposure to PMDEP (red), PMBIO (blue) or CP (green). Metabolic activity of rat 
primary cortical cultures after 48 h exposure is depicted as mean (±SD) in % of neuronal medium control from n = 15–26 wells, N = 2–3 plates. Grey area indicates 
90 %–110 % cell neuronal medium viability (SD of control), which is used as a threshold for relevant changes in cell viability. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Changes in neuronal activity following direct exposure to PMDEP (red circles), PMBIO (blue squares), or CP (green triangles). Neuronal activity, presented as 
mean spike rate (MSR; top), mean burst rate (MBR; middle), and mean network burst rate (MNBR; bottom) was recorded after 0.5 h (A), 24 h (B), 48 h (C), and 120 h 
(D) exposure. Data are depicted as mean treatment ratio (±SEM) in % of control from n = 18–24 wells, N = 3 plates. Dose-response curves (dashed lines) were 
computed and indicated in the graphs. Grey area indicates biological variation of MEA data (based on SD of time-matched controls), which is used as a benchmark for 
toxicological relevance: 0.5 h: 20 %, 24 h: 25 %, 48 h: 25 %, and 120 h: 35 %. * p < 0.05 compared to control and exceeding the benchmark response level (grey 
area), ** p < 0.01 compared to control and exceeding the benchmark response level (grey area). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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derived PM2.5 on neuronal function in vitro, which complements the 
existing data on (neuro)toxicity evoked by PMDEP and PMBIO. More-
over, we applied a novel approach to investigate the indirect effects of 
particles on neuronal function and health upon simulated inhalation 
exposure and thereby incorporated the systemic exposure route and 
secondary exposure effect. Finally, by comparing the neurotoxic potency 
of PMDEP and PMBIO, our study provides important toxicity data for 
risk assessors and regulators to evaluate the possible reduction in human 
health hazard by replacing petroleum-based diesel with biodiesel fuel. 

We demonstrated that simulated inhalation exposure to diesel 
combustion-derived PM can induce modest effects on neuronal function, 
while effects on lung cells are virtually absent. In the Calu-3-TDM co- 
culture lung model, PM or CP did not cause cytotoxicity, barrier 
disruption or inflammation in the dose range tested (Figs. 2–4). The 
overall lack of toxicity in our in vitro lung model following exposure to 
PMDEP is partly in line with previous reports where non-cytotoxic doses 
of diesel exhaust PM did not disrupt cellular morphology, indicative of 
barrier integrity, nor increased the level of cytokines in basal media 
(Klein et al., 2017; Steiner et al., 2015, 2013). Further, although the time 
point used in our study to measure cytokine levels (after 48 h exposure) 
may be suboptimal given the possible degradation or re-uptake of cy-
tokines, our findings seem to be largely in line with a recent study 
exposing a co-culture of A549 cells and TDMs to fresh diesel exhaust PM. 

Table 2 
In vitro benchmark dose levels (±upper and lower limit of 95 % confidence in-
terval) for inhibition of neuronal activity by PMDEP and PMBIO after acute (0.5 
h) and prolonged (24 h, 48 h, and 120 h) exposure. In vitro benchmark dose level 
were assessed from in vitro neurotoxicity screening in rat primary cortical cells 
and are expressed in µg/mL. Benchmark response levels are defined based on the 
SD of time-matched control, i.e. 20 %, 25 %, and 35 % for 0.5 h, 24 h and 48 h, 
and 120 h, respectively. N.A., not applicable (could not be determined); MSR, 
mean spike rate; MBR, mean burst rate; MNBR, mean network burst rate.    

Exposure duration 

Sample 
ID 

Neuronal 
activity 
parameter 

0.5 h 24 h 48 h 120 h 

PMDEP MSR 120 [106 – 
262] 

14 [8.1 
– 22] 

9.2 [5.5 
– 14] 

11 [7.4 
– 17] 

MBR 52 [26 – 84] 4.7 [1.7 
– 10] 

9.7 [4.4 
– 17] 

14 [8.6 
– 22] 

MNBR 78 [37 – 110] 9 [3.0 – 
20] 

11 [5.7 
– 20] 

16 [9.7 
– 21] 

PMBIO MSR N.A. 62 [44 – 
84] 

42 [30 – 
60] 

41 [28 
– 60] 

MBR 260 [16 – 
>100,000] 

35 [20 – 
56] 

27 [19 – 
37] 

51 [35 
– 72] 

MNBR N.A. 48 [26 – 
75] 

36 [23 – 
64] 

62 [38 
– 61]  

Fig. 9. Metabolic activity of the in vitro brain model following direct exposure to PMDEP (red), PMBIO (blue) or CP (green). A) Metabolic activity of rat primary 
cortical cultures after 120 h exposure is depicted as mean (±SD) in % of control from n = 18–24 wells, N = 3 plates. Grey area indicates 90 %–110 % cell viability (SD 
of control), which is used as a threshold for relevant changes in cell viability. B) Assessment of CP interference with the fluorescent signal of resorufin. Fluorescence 
was measured with 1–30 µg/mL CP and data is presented as mean (±SD) in % of control (pure resorufin) from n = 3 wells, N = 1 experiment. ** p < 0.01 compared to 
control and exceeding the benchmark response level (grey area). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 10. Modulation of neuronal activity of rat primary cortical cells following simulated inhalation exposure to LPS. Neuronal activity, presented as mean spike rate 
(MSR; A), mean burst rate (MBR; B), or mean network burst rate (MNBR; C), was recorded after 0.5 h, 24 h, and 48 h exposure. Data are depicted as mean treatment 
ratio (±SEM) in % of neuronal medium control from n = 30–32 wells, N = 4 plates. Effects ≤ 30 % (based on SD of neuronal medium control) are considered to be of 
limited toxicological relevance and indicated by the grey area. ** p < 0.01 compared to time-matched neuronal medium control; # p < 0.05 compared to time- 
matched ALI ctrl medium; ## p < 0.01 compared to time-matched ALI ctrl medium.. 
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Here, 24 h post exposure, non-cytotoxic dose of diesel exhaust PM (4.2 
ng/cm2) decreased secretion of IL-6, IL-1β, and TNF-α into the media, 
whereas IL-8 secretion was unaffected (Hakkarainen et al., 2023). Such a 
decrease would not be expected in lung cells where usually the opposite 
response it noted. Importantly, the exposure dose is relatively low 
compared to studies reporting an increase in cytokine secretion, and the 
authors linked the decreased cytokine levels following diesel exhaust PM 
exposure with an immunosuppressive effect (Hakkarainen et al., 2023). 

The gene expression analysis of the lung model exposed to PM sug-
gest only minor signs of cell stress and oxidative stress (Fig. 5). Increased 
gene expression was especially observed in inserts exposed to PMDEP 
and PMBIO for CYP1A1 which is in line with previous findings in BEAS- 
2B cells (Totlandsdal et al., 2010). Totlandsdal and colleagues (2010) 
reported that diesel exhaust particles (≈ 4–40 ng/cm2) induce CYP1A1 
expression. Interestingly, the activation of proinflammatory pathways 
indicated by increased expression of IL-6, IL-8 and COX-2 was only 
observed at much higher doses (≈ 16 µg/cm2; Totlandsdal et al., 2010), 
possibly explaining why cytokine levels remained unaffected in our 
study. 

Interestingly, in our study, the expression of mRNA associated with 
cell stress (CYP1A1) and oxidative stress (GPX) appeared to be more 
prominent following PMBIO exposure. This is in line with the results of a 
recent study where human primary bronchial epithelial cells were 

exposed to PM from fossil diesel or from biodiesel blends of different 
ratios (20 %, 50 %, 100 %) using fatty acid methyl esters FAME (soy 
bean methyl ester) (Ogbunuzor et al., 2023). While the fold increase in 
CYP1A1 expression was comparable following exposure to PM from 
fossil diesel and 20 % biodiesel blend, increasing FAME ratio resulted in 
increased expression of several stress response genes (CYP1A1, NQO1 
and IL-1β) indicating higher potency of FAME (Ogbunuzor et al., 2023) 
to induce genes involved in the bioactivation of polycyclic aromatic 
hydrocarbons (PAHs). Further, in BEAS-2B cells, PM derived from the 
same biodiesel blend as used in our study exhibited higher cytotoxicity 
than PM from fossil diesel, and caused IL-6 secretion after 24 h sub-
merged exposure (Gerlofs-Nijland et al., 2013). The absence of cytokine 
release and cytotoxicity in our study is likely due to differences in lung 
models, dose levels and exposure methods (submerged vs ALI). On the 
other hand, studies using RAW264.7 macrophages or a triple culture in 
vitro lung model indicate that the supplementation of gasoline with (bio) 
ethanol may reduce cytotoxicity and oxidative potential (Bisig et al., 
2016; Hakkarainen et al., 2020). Together, these results emphasize the 
importance of the type and composition of biofuels (FAME vs bio-
ethanol), blending ratio, and engine technology for the hazard of 
emitted PM (Kousoulidou, et al., 2012; Landwehr et al., 2023). 

Direct exposure of rat primary cortical cultures to PMDEP and 
PMBIO dose-dependently inhibited neuronal activity following 24–120 

Fig. 11. Modulation of neuronal activity of rat primary cortical cells following direct exposure to LPS (A), CINC-1 (B), and TNF-α (C). Neuronal activity, presented as 
mean spike rate (MSR; left) mean burst rate (MBR; middle), and mean network burst rate (MNBR; right), was recorded after 0.5 h, 24 h, and 48 h exposure. Data are 
depicted as mean treatment ratio (±SEM) in % of control from n = 14–16 wells, N = 2 plates. Effects ≤ 25 % (the SD of control) are considered to be of limited 
toxicological relevance and indicated by the grey area. * p < 0.05 compared to time-matched control and exceeding grey area; ** p < 0.01 compared to time-matched 
control and exceeding grey area. 
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h exposure (Fig. 8B–C), which is not the result of cytotoxicity (Fig. 9). 
The absence of cytotoxicity at the applied doses (1–100 µg/mL) is in line 
with previous reports where 24 h exposure of rat primary neuron-glia 
cultures to 200 µg/mL diesel exhaust particles (Kim et al., 2022) or of 
murine dopaminergic neurons to 100 µg/mL (Roqué et al., 2016) did 
also not cause cytotoxicity. Based on our neurotoxicity data, PMDEP has 
a higher neurotoxic potency than PMBIO, with lowest effect levels of 10 
µg/mL and 30 µg/mL, respectively (Fig. 8, Table 2, Fig. S5) assuming 
equal PM deposition rates. 

Evaluation of the physiological relevance of this dose-dependent 
effect remains challenging as internal dose levels (brain levels) of PM 
upon in vivo inhalation or nasal instillation are unknown. Consequently, 
the in vitro dose cannot be extrapolated to an external exposure, thereby 
hampering further risk assessment. Although direct neurotoxicity aims 
to resemble brain exposure via the olfactory route, the highest doses of 
PM are likely found in olfactory structures and not in the cortex. 
Importantly, cell types vary between different brain structures, thereby 
likely also affecting the PM effect and toxicity. Besides, interspecies 
differences regarding toxicodynamics may apply. Previous research 
demonstrated that depending on the test compound, neuronal activity of 
rat primary cortical cultures is comparable to or even more sensitive 
than those of human induced pluripotent stem cells (hiPSC)-derived 
neuronal cultures (Kasteel and Westerink, 2017; Hondebrink et al., 
2017). Notably, though, for hazard characterization and potency 
ranking of PM2.5 from different fuels, the rat cortical culture is an 
adequate model to compare neurotoxic potencies. 

Interestingly, the reduction of neuronal activity following direct 
acute exposure (0.5 h) is very limited (Fig. 8A), which may be the result 
of a relative low deposited dose. We have previously reported that 
following 0.5 h exposure to titanium dioxide and silver nanoparticle 
suspensions (primary particle size: 26–40 nm; mode diameter of 
agglomerated: 200–400 nm) only 0.5–0.7 % of the total particle mass is 
deposited on the cells (Gerber et al., 2022). Also for PM and CP the 
nominal dose delivered to the cells is likely minimal, which would thus 
limit physical interaction of PM with the cortical culture, thereby 
possibly explaining the delayed effect. Alternatively, the lack of acute 
effects suggests that the inhibition following prolonged exposure is 
likely not due to immediate interaction of the PM with for example 
neurotransmitter receptors or ion channels, but rather to indirect effects. 
It may very well be that the inhibition of neuronal activity is due to 
indirect processes, like release of cellular mediator as cytokines (besides 
CINC-1 and TNF-α), accumulation of ROS, and/or changes in gene 
expression. However, elucidation of the exact modes of action is chal-
lenging due to the complex composition of PMDEP and PMBIO and 
should be further explored in follow up studies. It should be noted that 
conditions during PM generation, e.g., engine type, fuel type, filter 
material, have a critical impact on the composition of the PM samples 
and their toxicity (Bengalli et al., 2019), which further hampers eluci-
dation of the mechanisms as well as comparison with other studies. 
Nevertheless, the current data clearly demonstrate that PMBIO and 
particularly PMDEP exhibit neurotoxic potency. 

In contrast to the significant and dose-dependent neurotoxicity 
following direct exposure, simulated inhalation exposure via PM- 
medium collected from the lung model caused a transient and modest 
increase in the neuronal activity of the primary cortical cells during 
acute exposure (Fig. 6). Particle translocation across the in vitro lung 
model depends on the formed cell barrier, the size of the particles and 
the membrane on which the lung cells were grown, especially the 
membrane pore size. Overall, it remains unclear if and to what extend 
the combustion-derived particles and chemicals released from their 
surface have reached the basolateral compartment for subsequent 
interaction with the neuronal cell cultures. Importantly, the inclusion of 
the lung model results in opposite effects on neuronal function following 
simulated inhalation exposure compared to direct exposure to PMDEP 
and PMBIO. Therefore, the acute changes in neuronal activity following 
simulated inhalation exposure could not be caused by translocated 

particles or adsorbed chemicals. 
Notably, a comparable increase in MSR and MNBR as seen for PMBIO 

and partly for PMDEP following simulated inhalation exposure was also 
observed following exposure to medium from LPS-exposed lung cells 
(Fig. 10). However, no elevated cytokine levels were detected in the 
basal medium from PMDEP- and PMBIO-exposed inserts (Fig. 4) and the 
direct exposure of rat cortical cultures to LPS or cytokines did not in-
crease neuronal activity (Fig. 11). Therefore, the neuromodulatory ef-
fect following simulated inhalation exposure is unlikely due to released 
cytokines in the basal medium. Our combined findings indicate that the 
lung can act as an efficient barrier for the inhibitory components in the 
PM samples and suggests that the in vitro lung model releases factors 
with neuromodulatory properties. Although the neuromodulatory fac-
tors secreted by the lung model and the underlying causes remain to be 
identified, these findings highlight the need for additional research 
using integrated readouts and cell models. 

Our study consistently shows that CP cause only minor (neuro)toxic 
effects in comparison to PMDEP and PMBIO. Neither did CP inhibit 
neuronal activity following direct exposure nor did CP-medium from the 
lung model cause transient increase of neuronal activity in rat primary 
cortical cells. This lack of toxic effects of CP suggests that the (neuro) 
toxicity of PMDEP and PMBIO is caused by combustion-derived chem-
icals on the surface of the PM, e.g., metals or organic carbons including 
PAH, n-alkanes, and that it is not due to the clean carbon core. This 
conclusion is in line with previous studies where (geno)toxic potential 
and the immune response of PM from diesel (and biodiesel) exhaust 
were clearly related to the adsorbed chemicals (Hakkarainen et al., 
2022; Ogbunuzor et al., 2023). 

In vitro models can have shortcomings that should be taken into ac-
count when interpreting the data. Notably, Calu-3 cells form a very 
strong barrier (TEER > 1000 Ω/cm2), which is much stronger than the 
barrier of other lung epithelial cell lines (He et al., 2021) and may even 
be stronger than in the in vivo situation. It is further important to note 
that the transwell membrane (0.4 μm pore size) may hamper particles 
from translocating into the basolateral compartment. Moreover, the 
absence of inhibition of neuronal activity following simulated inhalation 
exposure may be related to the relatively low exposure range compared 
to the doses used for direct exposure. Although the highest applied dose 
in the in vitro lung model was 3.9 µg/cm2, the PM concentration in the 
basal medium after 48 h was maximal 4.4 µg/mL (based on 1.12 cm2 per 
membrane, 1 mL medium in the basolateral compartment and assuming 
100 % translocation). With the technically required dilution step from 
the in vitro lung model to the in vitro brain model, the maximal PM dose 
to which neuronal cultures were exposed could not have exceeded 1.1 
µg/mL. Since the lowest observed effect level for direct exposure of the 
cortical culture amounts to 10 µg/mL and 30 µg/mL for respectively 
PMDEP and PMBIO it is thus not very surprising that the possible effects 
of the PM remain undetected. Unfortunately, there are practical limi-
tations preventing higher exposure levels including limited availability 
of generated PM2.5 sample, whereas higher exposure levels would also 
result in unrealistic high dose (rates). So, while the inclusion of an in 
vitro lung model may make the exposure route more relevant to the in 
vivo situation, it also limits the maximal exposure levels for the brain 
model and thereby hampers further hazard characterization. 

The combination of the lung model with neurotoxicity screening 
aims to simulate the systemic exposure route of PM2.5 upon inhalation. 
While our approach includes a lung-blood barrier represented by the ALI 
lung model, several additional cell types and structures that may play a 
crucial role in the systemic exposure effect of particles are lacking. The 
most important ones are the endothelial and blood–brain barrier, which 
may get disrupted by particles and further promote systemic and neu-
roinflammation. Regarding the limitations of the in vitro brain model per 
se, rat primary cortical cultures consist of multiple cell types, including 
neuronal and glia cells, e.g. astrocytes. Especially microglia may be of 
great importance for the neurotoxicity of PM as neuroinflammation and 
microglia activation has been reported by several research groups 
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(Shkirkova et al., 2022; Ha et al., 2022; Cole et al., 2016; Durga et al., 
2015; Gerlofs-Nijland et al., 2010; Levesque et al., 2011; Lucchini et al., 
2012). However, the proportion of microglia in rat cortical cultures 
(derived at PND0-1) is very low, likely explaining the limited response of 
the brain model towards the inflammatory stimuli like LPS and 
cytokines. 

Finally, while direct exposure of rat primary cortical cells caused a 
clear dose-dependent decrease of neuronal activity, other endpoints 
assessed in our study did not show such a clear relationship, i.e. gene 
expression in the in vitro lung model and indirect neurotoxicity in the in 
vitro brain model. For the first, the limited number of replicates and a 
possibly unequal deposition of the nebulized PM may cause/contribute 
to the absence of a dose–response relationship. For the latter, exposure 
to medium form an independently exposed in vitro model is not repre-
senting a defined dose range as is the case for a direct exposure. The 
effective mediators released by the in vitro lung model may differ per PM 
dose as different pathways may be activated depending on the dose, 
highlighting the complexity and challenges that need to be taken into 
account when studying cell–cell interaction and secondary toxicity in 
vitro. 

It is important to consider that in real-life, exposure to PMDEP and 
PMBIO will occur simultaneously. As the aim of this study was to shed 
light on the impact of further supplementation of fossil diesel with FAME 
on the neurotoxic potency, the PM samples were only studied inde-
pendently and not in a mixture scenario. Thus, our data cannot rule out 
that the more complex real-life exposure to fuel combustion that in-
cludes additional pollutants, e.g. gases, is more potent than the PM2.5 
fraction alone. Moreover, a reduction of PM hazard does not necessarily 
decrease the risk of engine emissions-derived PM for human health. The 
application of biofuel has been reported to effectively reduce PAH and 
PM emissions in the exhaust of fossil diesel (Tan et al., 2009; Traviss 
et al., 2010; Ogbunuzor et al., 2023). Nevertheless, the chemical 
composition of the exhaust emission highly depends on the origin of the 
FAME, blending ratio and engine technology which in turn critically 
determines the hazard of the PM (Kousoulidou, et al., 2012; Landwehr 
et al., 2023). Furthermore, previous studies found that the oxidative 
potential of biodiesel-derived PM is decreased when expressed on a per 
kilometer basis even though per unit mass they exhibit higher oxidative 
potency than PM from regular diesel fuel (Kooter et al., 2011; Cheung 
et al., 2009; Gerlofs-Nijland et al., 2013), highlighting the importance of 
assessing PM emission. 

5. Conclusion 

In summary, the results presented here provide important insights 
into the toxic potency of PMDEP, PMBIO and CP. Effects of 48 h expo-
sure on a lung model are limited to upregulation of genes indicative for 
(modest) oxidative and cell stress. While the transient neurotoxic effects 
of simulated inhalation exposure are modest, clear neurotoxic effects are 
observed following prolonged direct exposure to PM, with PMDEP being 
more potent in inhibiting neuronal activity compared to PMBIO. Given 
the lack of effect for CP exposure, our data suggest that the neurotoxic 
effects of engine emission-derived PM are caused by adsorbed chemicals 
rather than the pure carbon core. 
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