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Abstract
[bookmark: _Toc96600550][bookmark: _Toc100781375]Exposure to air pollution and particulate matter (PM) is linked to adverse health effects, including neurodegenerative diseases. While underlying mechanisms are still unknown, epidemiological studies have shown a strong correlation of these diseases with ultrafine particles (< 100 nm; UFP), which are mainly derived from traffic-related air pollution. Due to the small size, UFP can translocate to the brain through the cardiovascular system or directly enter the brain through the olfactory route and may negatively affect the central nervous system. The size distribution and chemical composition of traffic-related UFP can vary substantially between different types of engines and fuels, which in return potentially alters the neurotoxic potency of emitted PM. Aiming to shed light on the impact that different types of engine and fuel as well as UFP fractions have on the neurotoxic potency of traffic-related UFP, we screened several diesel exhaust-derived UFP and PM for their neurotoxic hazard.
UFP test samples where generated by light and heavy duty diesel engines fueled with high- or low-aromatic diesel and the non-volatile and semi-volatile UFP fractions were collected on Teflon filters. UFP samples were extracted and used for further neurotoxicity screening in rat primary cortical cell cultures grown on multi-well microelectrode arrays (MEA). To do so, spontaneous neuronal network activity was determined before and up to 120 h during UFP exposure (1-100 µg/mL and 1-20 L/mL). Additionally, cell viability was assessed after the final MEA recording to distinguish between specific neurotoxic effects and general cytotoxicity.
Exposure to diesel and biodiesel exhaust-derived PM decreased neuronal activity dose-dependent without affecting cell viability. However, diesel exhaust-derived PM was evidently more potent. Semi-volatile organic compounds (SVOC) UFP originating from high-aromatic (A20) and low-aromatic (A0) diesel fuel decreased the neuronal activity, although higher doses also exhibiting cytotoxicity. Interestingly, the non-volatile UFP fraction of A0 and A20 diesel fuel did not affect neuronal activity and cytotoxicity, indicating that the SVOC exhibited considerably higher neurotoxic potency than non-volatile UFP. 
In the presented work, we demonstrated that diesel engine exhaust-derived UFP exhibit neurotoxic hazard, but also that the potency is dependent on sample generation conditions. Concluding, our data suggest that more emphasis should be placed on the emission of the SVOC fraction, which represent a larger hazard for brain health compared to the non-volatile fraction. 


Layman summary
[bookmark: _Toc100781376]Coming in contact with traffic is inescapable, specifically in the many urban areas our world has to offer. In the car to work, on the sidewalk to the store and on the bicycle across town, people breathe in air polluted with traffic exhaust every day. This exhaust consists of many components, including particulate matter (PM). PM consist of mostly solid particles, with chemicals attached to them. They can be harmful to your lungs and enter the bloodstream from there. Moreover, the smallest particles, called ultrafine particles (UFP), can enter the brain directly via translocation the olfactory epithelial which is also know as the window into the brain. Therefore, it is important to investigate whether engine exhaust-derived UFP adversely affect the brain and its function. If so, it is also important to investigate which UFP exhibit the highest hazard and need to be reduced in our environment. With this aim in mind, we examined different sorts of UFP and their effect on brain activity of rat brain cells grown on a machine called the microelectrode array (MEA). These cells develop spontaneous activity over time which can be measured as electrical activity outside of the cells by the microelectrodes. The activity was recorded during exposure up to 5 days and compared to the activity before exposure to identify any differences in activity caused by the different samples. Decreasing the brain activity would mean that somewere in these brains cells, the particles disrupt a process and cause harm to the brain. We investigated the difference between the exhaust particles from diesel and biodiesel fuel and differences within fuel itself, among others. From this, we concluded that both diesel and biodiesel exhaust particles lowered brain activity, but that biodiesel was less harmful. Moreover, the fraction of the exhaust that is thought to be more harmful in general, the semivotalic organic compounds, also decreased brain activity more than other fractions. Therefore, we concluded that more attention should be paid to the use of biodiesel and lowering the semivotalic organic compounds in engine exhaust to reduce the risk on brain damage and human health overall.
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[bookmark: _Toc101374922]Introduction
Air pollution is recognized for its impact on human health. The World Health Organization (WHO) stated that 9 out of 10 people breath air that does not meet WHO air quality guidelines (WHO, 2016). Epidemiological studies indicate that airborne particulate matter (PM) is a pollutant within the ambient air pollution mixture that could be of specific importance related to human health (J. Chen & Hoek, 2020; Hamra et al., 2014; Hoek et al., 2013). According to an other WHO report , there is no evidence of a safe level of exposure for PM, which means that even the slightest quantity of PM can be hazardous for humans (WHO, 2013). In the analysis of the Global Burden of Disease study, ﻿ambient air PM pollution ranked fifth as an avoidable cause of death and sixth as a contributor to disability-adjusted life years lost (Cohen et al., 2017).
PM is usually classified in three categories by its aerodynamic diameter. Coarse particles less than than 10 µm in diameter are classified as PM10, fine particles less than 2.5 µm in diameter are classified as PM2.5 and the ultrafine particles (UFP), with a diameter less than 0.1µm are classified as PM0.1. The different fractions within air pollution are generally associated with a different origin, as coarse particles are mostly associated with mechanical processes as the generation of dust, whereas PM2.5 and UFP are more associated with physiochemical processes as combustion and gas to particle conversion (Manigrasso et al., 2020). Due to the small size, UFP have a considerably larger surface area relative to their mass than PM10 and PM2.5 (Kwon et al., 2020). With this larger surface area, more potentially toxic constituents, like chemicals, metals, endotoxins, can be attached to the particles present in the UFP mixture. While the underlying mode of action is not fully understood yet, exposure to UFP is known to induce inflammation, oxidative stress, and DNA damage (Bräuner et al., 2007; Kwon et al., 2020).
Many well-studied adverse effects of air pollution are known and encountered throughout the world, including cardiovascular (Lelieveld et al., 2019; Mannucci et al., 2019; Tibuakuu et al., 2018) and respiratory disease (Khreis et al., 2019; Kim et al., 2018; Zhu et al., 2019). Additionally, in recent years, evidence has been accumulating that air pollution may negatively affect the central nervous system (CNS) and contribute to neurodegenerative diseases, such as Parkinson’s Disease (PD) and Alzheimer’s Disease (AD) (Alemany et al., 2021; Block & Calderón-Garcidueñas, 2009; Calderón-Garcidueñas et al., 2021; H. Chen et al., 2017; Shi et al., 2021; Shin et al., 2018). Oxidative stress and neuroinflammation are thought to be the primary mechanisms of air pollution-induced neurotoxicity. Importantly, those mechanism are considered to be involved in the onset and progression of various neurodegenerative diseases (Genc et al., 2012; Gerlofs-Nijland et al., 2010; Levesque et al., 2011). In an in vivo study conducted by Campbell et al. (2004), mice were exposed to concentrated urban ambient air, filtered to contain only PM2.5 and UFP (4 h, 5 days per week for 2 weeks). The levels of proinflammatory cytokines IL-1α and TNF-α and immune-related transcription factor NF-﻿κB in brain tissue were increased in mice exposed to PM as opposed to clean air, indicating a proinflammatory response in nervous tissue. Fagundes et al. (2015) exposed various rat brain cell tissues in vitro to PM2.5, collected by filtering urban ambient air. Hereafter, they evaluated oxidative stress parameters as the increase of lipid peroxidation and decrease of the antioxidant enzyme catalase for their involvement in neurotoxicity, concluding that PM induces oxidative stress  and thereby damaging the brain.
For PM, the European Union (EU) has set Air Quality Standards for the limit values of total PM (PM10 and PM2.5 combined), PM10 and PM2.5 measured in ambient air that are monitored throughout the EU and legally binding for al EU Member States (European Parliament, 2008). In contrast, the monitoring and limit values of UFP lack, as studies on the adverse health effects of UFP are deemed inconclusive (European Parliament et al., 2021). However, the UFP fraction possibly exerts the most harm (Oberdörster et al., 2005; Traboulsi et al., 2017). Smaller particles are not cleared by broncho-mucociliary action or scavengered by alveolar macrophages. Particles in the UFP-size range can penetrate deep into the respiratory tract, up to the alveoli, where they can translocate into the bloodstream and from there, reach secondary target organs including the brain. This exposure route is known as the indirect, systemic route. Furthermore, metal-based nanoparticles falling in the UFP size range are also known to translocate directly through the olfactory mucosa into the olfactory bulb in vivo in various animal studies(Elder et al., 2006; Kanayama et al., 2005). Therefore, showing the possibility that UFP are transported through the direct, olfactory route into the brain, circumventing protective barriers as the blood-brain barrier.
Traffic is a major contributor to ambient air pollution and the associated PM (Ghio et al., 2012). Furthermore, diesel exhaust is seen as one of its most important components. Additionally, diesel is the fuel type for both, light- and heavy duty vehicles, as well as industrial machinery, diesel exhaust-derived PM exposure (Costa et al., 2017). Therefore, it is often utilized as a measure of traffic-related air pollution. Diesel exhaust, produced and released during the combustion of diesel fuel, is a complex mixture of gases (e.g. nitrogen oxides and carbon monoxide), hydrocarbons (e.g. aldehydes, volatile organic compounds and polycyclic aromatic hydrocarbons) and particles (e.g. organic and elemental carbon) (Hesterberg et al., 2011). To date, the polycyclic aromatic hydrocarbons (PAH), a subgroup of the semivolatile organic compounds (SVOC) and metals are the UFP that are thought to be the most harmful within diesel exhaust-derived PM. While metals occur naturally in fossil fuels (de Kok et al., 2006), aromatics compounds are added to the fuel as engine lubricant oils and account for 10-30% of regular diesel fuel (Qian et al., 2017). Because of incomplete combustion of the fuel, they are transformed to SVOC in the exhaust (L. Huang et al., 2013). Both PAHs and metals are presumed to contribute to the induction of oxidative stress, cytoxicity and mutagenicity from traffic exhaust exposure, and are thought to be more abundant in the smaller PM2.5 and UFP fractions as opposed to the total suspended particles and PM10 (de Kok et al., 2006).
Therefore, the generation conditions of different UFP are important to assess the potential neurotoxicological hazard of engine exhaust-derived PM. Differences in fuel types, engine types and exhaust fractions could lead to an entirely different composition of the samples. For instance, the difference between petroleum-derived diesel fuel (regarded as regular diesel), and biodiesels blends generate different PM mass and concentrations (McCormick et al., 2006). Biodiesel is made from renewable sources and therefore, it is seen as a ‘greener’ option than regular diesel from fossil fuel sources. Generally, biodiesel is a fuel-blending component produced from vegetable oils, animal fats, or waste grease and is typically blended with fossil diesel up to 20%.
In this study, the effects of various fuel types, engine types and exhaust fractions were assessed, with specific emphasis on their potential hazard characterization. The various samples included in this study were diesel and biodiesel exhaust-derived PM2.5, the diesel exhaust-derived UFP from an older EURO 2-compliant and a newer EURO 6-compliant engine and the non-volatile UFP and SVOC UFP fractions of a low aromatic (A0) and high aromatic (A20) engine fuel (further abbreviated to non-volatile A0 and A20, and SVOC A0 and A20). Additionally, carbon and copper oxide nanoparticles serving as a benchmark material were included. With this approach, this study investigated the potential neurotoxic hazards of several engine and fuel types. To do so, the neuronal network activity of rat primary cortical cultures was examined on different timepoints after exposure to the different samples with the use of the multi-well Micro-Electrode Array (MEA) recordings. The MEA is a non-invasive technique that was capable of detecting changes in spontaneous neuronal (network) activity by a raster of micro electrodes within each well. These microelectrodes measured the extracellular field potentials and transformed them to parameters characterizing the neuronal (network) activity, e.g. the number of spikes, bursts and network bursts (fig. 1) (Gerber et al., 2021). 
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Figure 1: Raster plot of neuronal activity of primary rat cortical cultures on the MEA in the timeframe of 1200-1500 seconds. Baseline recording (DIV9) including spikes (shown in yellow), bursts (red) and network bursts (green). Spikes represent the extracellular field recordings of action potentials, bursts represent a series of spikes within a short interval recorded by a single electrode, and network bursts represent the combination of bursts over multiple electrodes within a short interval within a single well.
Recently, the technique has been used in studies on neurotoxicity testing of chemicals, toxicants and (illicit) drugs (Hondebrink et al., 2016; Vassallo et al., 2017; Zwartsen et al., 2018) but it was demonstrated that MEA recordings are also applicable to assess the neurotoxicity of metal-based nanoparticles (Strickland et al., 2015). Using the MEA as a method to investigate the effects on neuronal (network) activity integrated the underlying mechanisms that can affect the activity, including cell viability, network integrity, synaptic transmission, ion channel and receptor functions. Whereas most studies in vitro on the neurological effect of PM focus mostly on single endpoints, the MEA allowed us to study the neurotoxicity of the samples and rank them on their potential hazard in a more integrated approach.
[bookmark: _Toc91592924][bookmark: _Toc100781377]Rat primary cortical cultures possess many characteristics closely related to the human brain, as they form neuronal networks and develop spontaneous network activity (Charlesworth et al., 2015; Chiappalone et al., 2007). They primarily consist of astrocytes and neurons, including excitatory glutamergic and inhibitory GABAergic neurons (Hondebrink et al., 2016). Postnatal rat primary cortical cultures were exposed on Day In Vitro (DIV) 9 and MEA recordings were performed directly before and after exposure, as well as after 24 h, 48 h and 120 h after exposure in different doses to investigate the effect of the samples on neuronal (network) activity in a concentration- and time-dependent manner acutely and subchronic (Gerber et al., 2021). The neurotoxic effect of traffic-derived PM in vivo and to a lesser extend in vitro was studied, but the combination with the MEA and the neuronal (network) activity of primary rat cortical cultures to investigate the effect of UFP has helped us to understand the potential neurotoxicity of traffic-derived UFP.


[bookmark: _Toc101374923]Materials & methods
[bookmark: _Toc91592925][bookmark: _Toc100781378][bookmark: _Toc101374924]Chemicals
Neurobasal-A (NBA) media, L-glutamine (200 mM), Penicillin/Streptomycin (5000 U/mL/5000 mg/mL), and B-27 Plus Supplement (50X) were obtained from Thermo Fisher Scientific (Bleiswijk, The Netherlands). All other chemicals were purchased from Sigma‑Aldrich (Zwijndrecht, The Netherlands). The test samples were provided by the National Institute for Public Health and the Environment (Rijkinstituut voor Volkgezondheid en Milieu; RIVM) and the University of Eastern Finland (UEF).
[bookmark: _Toc91592926][bookmark: _Toc100781379][bookmark: _Toc101374925]Test samples and reconstruction
In table 1, information about the test samples, including reference materials, collected exhaust fraction, fuel or engine types used to generate the sample, providers, collected/primary size ranges and tested concentration ranges, was summarized.
Table 1: Overview of the tested samples. PM, particulate matter; SVOC, semivolatile organic compounds; RIVM, National Institute for Public Health and the Environment; UEF, University of Eastern Finland 
	Sample ID
	Sample or fuel type
	Engine type
	Provider
	Collected/primary size range
	Conc. range

	Blank extract
	Clean air filter extract
	-
	UEF
	-
	1 – 100 µg/mL

	Carbon particles
	Carbon electrode
	VSP generator
	UEF
	PM0.1
	1 – 100 µg/mL

	Copper oxide particles
	Purchased from PlasmaChem*
	-
	RIVM
	PM0.1
	0.1 – 1 µg/mL

	Diesel
	EN590 diesel
	Common rail engine diesel generator
	RIVM
	PM2.5
	1 – 100 µg/mL

	Biodiesel
	EN590 diesel + 20% biofuel
	Common rail engine diesel generator
	RIVM
	PM2.5
	1 – 100 µg/mL

	EURO 2 engine
	EN590 diesel
	Non-road Kubota engine (EURO 2)
	UEF
	PM0.1
	1 – 100 µg/mL

	EURO 6 engine
	EN590 diesel
	Skoda Octavia diesel engine (EURO 6)
	UEF
	PM0.1
	1 – 100 µg/mL

	Non-volatile A0
	Low aromatic diesel
	heavy duty diesel engine (AGCO)
	UEF
	PM0.1
	1 – 100 µg/mL

	Non-volatile A20
	High aromatic diesel
	heavy duty diesel engine (AGCO)
	UEF
	PM0.1
	1 – 100 µg/mL

	SVOC A0
	Low aromatic diesel
	heavy duty diesel engine (AGCO)
	UEF
	PM0.1
	1 – 20 L/mL

	SVOC A20
	High aromatic diesel
	heavy duty diesel engine (AGCO)
	UEF
	PM0.1
	1 – 20 L/mL


* Germany, Cat. PL-CuO, Lot. YF131107
All solid particles samples provided in glass vials by UEF (Carbon particles, EURO 2 engine, EURO 6 engine, non-volatile A0 and A20) were dispersed in 100% DMSO to a 100 mg/mL concentration. Since test samples were attached to the glass of the vial, a sterile glass rod was used to scrape off the sample. Further, samples were vortexed to get the solid particles in dispersion. Glutamate-free culture medium, containing Neurobasal-A (NBA) medium, supplemented with 25 g/L sucrose, 450 μM L-glutamine, 1% penicillin/streptomycin and 10% FBS, pH was set to 7.4, was added to reach a stock concentration of 5 mg/mL containing 5% v/v DMSO. After sonication (10 minutes in a ultra sonic bath), exposure solutions with a concentration range of 10 – 1.000 µg/mL with a 1% v/v DMSO content were obtained by further diluting the stock solution with glutamate-free culture medium. For glass vials containing 0.5 mg sample, the DMSO and glutamate-free culture media volumes were adjusted, and two separate glass vials were combined.
The blank extract provided by UEF is collected by running fresh air through the system using the same collection process as for the solid particles samples from UEF to assess whether the extraction process could affects neuronal activity or cell viability. Since no mass is collected on the filter from fresh air, the corresponding volume of the solid particles samples was used as a reference for the collected volume. This conversion was used to express the further experiment in the doses equal to those of the solid particles samples.
Copper oxide particles provided by RIVM were reconstructed in ddH2O to a concentration of 100 mg/mL, sonicated (10 min; ultra sonic bath), and further diluted with glutamate-free culture medium to get exposure solutions with a concentration range of 0.1 – 10 µg/mL with a 1% v/v ddH2O content.
Diesel and Biodiesel exhaust-derived PM samples provided by RIVM were reconstructed in 100% DMSO to a stock concentration of 100 mg/mL, vortexed, and used for exposure directly or stored at -20˚C for further experiments. Before exposure, the stock samples were sonicated (10 min; ultra sonic bath) and further diluted with glutamate-free culture medium to prepare exposure solutions. As with the solid particles samples from UEF, a concentration range of 10 – 1.000 µg/mL containing 1% DMSO was prepared and used for exposure.
The SVOC samples were reconstructed in glutamate-free culture media containing 5% v/v DMSO to a concentration of 1000 L/mL. Following sonication (10 min; ultra sonic bath), exposure solutions were prepared by further diluting the stock with glutamate-free culture media to a concentration range of 10 – 200 L/mL with a 1% v/v DMSO content.
[bookmark: _Toc91592927][bookmark: _Toc100781380][bookmark: _Toc101374926]Cell cultures
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.
Rat primary cortical cultures were prepared from Wistar rat pups (Envigo, Horst, the Netherlands) and cultured as described previously by Gerber et al. (2021). Briefly, cells were isolated and 105 cells were seeded on 0.1% polyethyleneimine (PEI)-coated 48-wells MEA-plates (Axion Biosystems Inc., Atlanta, GA, USA) in 50 µL dissection medium containing Neurobasal-A (NBA) medium, supplemented with 25 g/L sucrose, 450 μM L-glutamine, 30 μM glutamate, 1% penicillin/streptomycin and 10% FBS and the pH was set to 7.4. Afterwards, cells were allowed to attach to the electrode grid by incubating at 37°C, 5% CO2, and 95% air atmosphere for 2h before 450 µL of dissection media was added to each well. 
On day in vitro (DIV) 4, 90% of the dissection media was replaced by glutamate-free culture medium. On DIV 8, one day before the MEA recording experiment started and cells were exposed, 50% of the glutamate-free culture medium was replaced. To account for evaporation over time, 5 µL and 20 µL sterile ultra-pure water was added to the inner and outer wells, respectively, before medium change. 
[bookmark: _Toc91592928][bookmark: _Toc100781381][bookmark: _Toc101374927]MEA recording experiments
MEA recording experiments started on DIV 9 when rat primary cortical cultures exhibit stable spontaneous neuronal activity (Dingemans et al., 2016). To investigate the effects of the samples on spontaneous neuronal (network) activity, MEA recordings were performed directly after exposure (0.5 h exposure), and after subchronic exposure on DIV 10, DIV 11, and DIV 14 (24 h, 48 h, and 120 h exposure, respectively).
Each well of an MEA plate contains an electrode array of 16 nanotextured gold micro-electrodes (40–50 μm diameter; 350 μm center-to-center spacing) which are recorded at the same time (Tukker et al., 2018). The Maestro 768-channel amplifier was equipped with an integrated heating system, temperature controller, and a data acquisition interface (Axion Biosystems Inc., Atlanta, GA, USA). Data acquisition was managed with Axion’s Integrated Studio (AxIS version 2.5.2). Signals were pre-amplified with a gain of 1200x (61 dB), band-pass filtered at 0.2–5 kHz, and sampled simultaneously resulting in raw (.RAW) data files.
Before exposure, baseline activity of the rat primary cortical culture was recorded for 30 min (baseline recording) after a calibration time of 5 minutes. Afterwards, cells were exposed by adding 55 µL of the freshly prepared exposure solutions to each well, which results in a 10x dilution. Therefore, all particulate matter (PM) samples reconstructed in DMSO have a final concentration of 1 – 100 µg/mL, and SVOC samples reconstructed in DMSO have a final concentration of 1 – 20 L/mL, with a 0.1% v/v DMSO content for both PM and SVOC. The copper oxide particles final concentration ranges from 0.01 – 1 µg/mL with a ddH2O concentration of 0.1% v/v due to cytotoxicity at higher doses. For all samples, 0.1% v/v solvent (DMSO or ddH2O, respectively) in glutamate-free culture medium was used as control. Remaining exposure solutions are frozen and kept at -20 ˚C for further size distribution analysis.
Directly after exposure, MEA recording comprising of 30 minutes after a calibration time of 5 minutes was conducted to assess acute effects. Further MEA recordings took place after 24 h, 48 h, and 120 h of exposure. Between the recordings, the cells were kept at 37˚C, 5% CO2, and 95% air atmosphere. For the experiments, all conditions were tested on rat primary cortical cultures originating from at least 3 different isolations, in at least 3 plates (N) and at least 16 wells (n). The number of wells represents the number of replicates per condition. 
[bookmark: _Toc91592929][bookmark: _Toc100781382][bookmark: _Toc101374928]Cell viability assay
On DIV 14, after the final MEA recording, an Alamar Blue Assay was performed to discriminate between specific neurotoxic and general cytotoxic effects. The Alamar Blue assay provides an indirect quantification of the cell viability by assessing the mitochondrial activity of cells using the blue, non-fluorescent resazurin which is reduced to the red, fluorescent resorufin by the mitochondrial product NADH. For the cell viability assay, a 25 µM Alamar Blue working solution was prepared by diluting the stock (5 mM resazurin in PBS) in HBSS. The medium of the wells was replaced by 300 µL of the Alamar Blue working solution and cells were incubated for 1.5 h at 37˚C with 5% CO2 and 95% air atmosphere. Subsequently, of each well, 200 µL incubated Alamar Blue working solution was transferred to a transparent 96-wells plate. Additionally, 200 µL of the Alamar Blue working solution was added to four extra wells serving as a blank control. The fluorescence was measured using a microplate reader (Infinite M200, TECAN, Switzerland) with an excitation wavelength of 540 nm and an emission wavelength of 590 nm.
An Alamar Blue Assay was performed with carbon and copper oxide particles to account for possible interference from particles known to affect fluorescence (Breznan et al., 2015). Excess exposure solution from the MEA recording experiments was collected for three doses of both copper and carbon oxide particles. 20 µL per concentration was diluted with 180 µL of either fresh resazurin or the reduced resorufin to obtain final doses of 1, 10 and 30 µg/mL for carbon particles and  0.01, 0.1 and 1 µg/mL for copper oxide particles in resazurin and in resorufin. Additionally, 200 µL of resazurin and 200 µL of resorufin was added to three extra wells each as a control. The fluorescence was measured using a microplate reader (Infinite M200, TECAN, Switzerland) with an excitation wavelength of 540 nm and an emission wavelength of 590 nm.
[bookmark: _Toc91592930][bookmark: _Toc100781383][bookmark: _Toc101374929]Size distribution analysis
The particle size distribution (expressed as the hydrodynamic radius) of the samples was measured using Dynamic Light Scattering (DLS) (Zetasizer Ultra, Malvern Panalytical Ltd., Malvern, UK). Remaining exposure solution from the MEA experiments were thawed for 0.5 h at room temperature and sonicated for 10 minutes. To obtain identical doses as for the MEA recording experiments, the exposure solutions were 10x diluted with glutamate-free culture medium. For DLS measurements, the samples were vortexed and approximately 1 mL of the dilution was transferred to a polysterene cuvette. The optimal dispersant scattering mean count rate (kcps) and attenuation were assessed using glutamate-free culture medium and the ZS Explorer software (Version 1.0.0, Malvern) and set on 340 and 9 for the kcps and attenuation respectively. The equilibrium time was set on 30 seconds, as the samples are on room temperature. Afterwards, the DLS size distribution is measured one time, the particle concentration three times and the multi-angle DLS (MADLS) one time, in sequence with no equilibriation time in between. The median particle diameter (D50) of the highest doses was used as the representative value for the size of the particles.
[bookmark: _Toc91592931][bookmark: _Toc100781384][bookmark: _Toc101374930]Data Analysis
For the MEA recordings analysis, spike data were extracted from the MEA recordings raw files, as mentioned earlier. These raw data files were re-recorded, and spikes were detected using the AxIS spike detector (Adaptive threshold crossing, Ada BandFlt v2) with a post and pre spike duration of 3.6 2.4 ms, respectively, and a variable threshold spike detector set at 7x standard deviation (SD) of the internal noise level (rms) on each individual electrode to obtain spike files (.spk). The spike files were loaded into NeuralMetric Tool (version 3.1.7 Axion BioSystems) for further analysis. To do so, the last 10 minutes of each recording (baseline and exposure) were used for data analysis and subsequent settings were chosen: only active electrodes (MSR ≥ 6/minute) within active wells (≥ 1 active electrode) were included, also excluding coincident artifacts; The Poisson Surprise method (Legendy & Salcman, 1985) was used to detect the bursts and network bursts with a minimal surprise of 10 and with an Inter-Spike-interval (ISI) threshold algorithm with a minimum of 40 spikes, maximal ISI of 100 ms, and a minimum of 15% active electrodes, respectively. The now obtained Comma Separated Values (.csv) files were used to compute the treatment ratios for a set of neuronal activity parameters by custom-made MS Excel macros. The treatment ratios were calculated for each well and each parameter by dividing the exposure values by the corresponding baseline value (exposure/baseline). After outlier analysis in the control wells (≥2x SD; %, Table 2A), treatment ratios of the exposure wells were normalized to the treatment ratios of the control. Finally, the replicates of the experiments (N) were combined and outlier analysis was also performed for exposure wells (≥2x SD; %, Table 2B).
	A
	0.5 h
	24 h
	48 h
	120 h
	
	B
	0.5 h
	24 h
	48 h
	120 h

	MSR
	1.8
	2.1
	1.7
	2.9
	
	MSR
	4.1
	3.8
	4.6
	4.7

	MBR
	3.0
	2.3
	3.4
	4.3
	
	MBR
	4.5
	5.1
	4.4
	4.5

	MNBR
	3.2
	1.9
	2.3
	4.1
	
	MNBR
	4.7
	5.0
	4.6
	5.1


 Table 2: Percentage of excluded outliers, relative to the total amount of wells for the control (A) and the exposure conditions (B). Expressed as the mean percentage of all exposure conditions.

For the cell viability assay analysis, the average of the blank was subtracted from raw values to correct for background fluorescence. Afterwards, the average of the control was calculated and values for exposure wells were normalized to control average (control set to 100% mitochondrial activity). Experiments were combined and averages of metabolic activity per concentration were calculated. Values exceeding 2x SD are considered to be outliers and excluded from the analysis. The values are normalized to control and expressed in the mean percentage of control, where the control is set to 100%. 
For size distribution, measurements were analyzed using ZS Xplorer (Version 1.0.0, Malvern)  and the D50 values of the hydrodynamic diameter were used to assess the median and standard deviation.
[bookmark: _Toc91592932][bookmark: _Toc100781385][bookmark: _Toc101374931]Statistical analysis
[bookmark: _Toc91775070][bookmark: _Toc100781386]All statistical analyses were performed using GraphPad Prism (version 9.0.0, GraphPad Software, La Jolla CA, USA). Welch’s ANOVA followed by a Dunnett's T3 multiple comparisons test were used to determine the significant changes in neuronal activity parameters of exposure compared to control. The resulting data is presented as mean ± standard error of the mean (SEM) normalized to the control. P-values < 0.05 were considered statistically significant. Significant effects on neuronal activity within 75-125 were considered to be of limited toxicological relevance. One-way ANOVA followed by post-hoc Dunnett's multiple comparisons test was used to determine significant changes in mitochondrial activity for the cytotoxicity analysis. The resulting data is presented as mean ± SD normalized to the control. P-values < 0.05 were considered statistically significant.

[bookmark: _Toc101374932]Results
[bookmark: _Toc91775071][bookmark: _Toc100781387][bookmark: _Toc101374933]Acute and subchronic exposure to the blank extract did not affect neuronal activity or viability
The blank control assessed differences potentially made by the extraction method. Therefore, no particles were collected and the doses mentioned are regarded as equivalent of the other sample doses. None of the tested doses of the blank extract did induce relevant change of MSR and MBR at any time point (0.5 h, 24 h, 48 h or 120 h; fig. 2A). MNBR was reduced after acute and 120 h exposure to a dose of 1 µg/mL and 30 µg/mL, respectively. However, no concentration- or time-dependent relationship was observed. Furthermore, 120 h exposure to the blank extract did not reduce the metabolic activity of the culture (fig. 2B). Therefore, we concluded that the blank filter extract did not exhibit relevant effects on neuronal (network) activity or viability of the rat primary cortical cultures and that in further experiments 0.1% DMSO can be used as control. 


[bookmark: _Toc91775072]Figure 2: Effect of Blank extract on neuronal (network) activity (A) and metabolic activity (B) of rat primary cortical cultures. Effects on neuronal activity were assessed after 0.5 h, 24 h, 48 h and 120 h exposure. Mean Spike Rate (MSR), Mean Burst Rate (MBR), and Mean Network Burst Rate (MNBR) are presented as mean treatment ratio (± SEM) normalized to control from n = 18 - 24 wells, N = 3. Effects ≤ 25% (2xSD of control; indicated by the grey area) are considered to be of limited toxicological relevance. Significant effects were determined by Welch’s ANOVA and if exceeding 25% of control indicated by  a=p < 0.05 for 0.5 h exposure compared to time-matched control, b=p < 0.05 for 24 h exposure compared to time-matched control, c=p < 0.05 for 48 h exposure compared to time-matched control, d=p < 0.05 for 120 h exposure compared to time-matched control. Cell viability was determined after 120 h exposure and data is presented as mean (± SD) normalized to control from n = 19 - 24 wells, N = 3. Effects ≤ 10% (indicated by the grey area) are considered as biological variability. Significant effects were determined by ordinary one-way ANOVA. *=p < 0.05 compared to control and exceeding 10%.[image: ]
A) Blank extract
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[bookmark: _Toc100781388][bookmark: _Toc101374934]Carbon and Copper oxide particles exposure did not induce change in neuronal activity in non-cytotoxic range
For acute and subchronic exposure to 1 - 100 µg/mL carbon particles no change in any of the neuronal activity parameters was observed (fig. 3A). However, after 120 h exposure the metabolic activity was significantly decreased at 30 µg/mL (fig. 4A), indicating decreased cell viability.
Copper oxide particles decreased the MSR, MBR and MNBR after subchronic 24 h exposure to 1 µg/mL (fig. 3B). However, after 120 h the metabolic activity shows a concentration-dependent reduction for concentration from 0.3 µg/mL (fig. 4B).
 Figure 3: Effect of Carbon particles (A) and Copper oxide particles (B) on neuronal (network) activity of rat primary cortical cultures. Effects on neuronal activity were assessed after 0.5 h, 24 h, 48 h and 120 h exposure. Mean Spike Rate (MSR), Mean Burst Rate (MBR), and Mean Network Burst Rate (MNBR) are presented as mean treatment ratio (± SEM) normalized to control from n = 18 - 24 wells, N = 3. Effects ≤ 25% (2xSD of control; indicated by the grey area) are considered to be of limited toxicological relevance. Significant effects were determined by Welch’s ANOVA and if exceeding 25% of control indicated by  a=p < 0.05 for 0.5 h exposure compared to time-matched control, b=p < 0.05 for 24 h exposure compared to time-matched control, c=p < 0.05 for 48 h exposure compared to time-matched control, d=p < 0.05 for 120 h exposure compared to time-matched control.[image: ]
A) Carbon particles				B) Copper oxide particles
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[bookmark: _Toc91775073] Figure 4: Effect of Carbon particles (A) and Copper oxide particles (B) on metabolic activity of rat primary cortical cultures after 120 h exposure. Cell viability data is presented as mean (± SD) normalized to control from n = 19 - 24 wells, N = 3. Effects ≤ 10% are of limited toxicological relevance and indicated by the grey area. Significant effects were determined by ordinary one-way ANOVA. *=p < 0.05 compared to control and exceeding 10%.A) Carbon particles				B) Copper oxide particles
[image: ][image: ]


To investigate the possible interference of carbon and/or copper oxide particles, three doses of each sample group were diluted with either resazurin or resorufin and fluorescence intensity was measured (fig. 5). Carbon particles show a signicant difference from the control for 30 mg/mL for both resazurin and resorufin, the same concentration that shows an significant decrease for the Alamar Blue assay (fig. 4A). Copper oxide particles do not show a significant decrease for both resazurin and resorufin, indicating no interference for the Alamar Blue assay (fig. 4B)
 Figure 5: Effect of Carbon particles (A) and Copper oxide particles (B) on fluorescence intensity after 120 h exposure.
Top and bottom row show the combination with resazurin and resorufin respecvtively.  Fluorescentce intensity data is presented as mean (± SD) normalized to control from n = 3 wells, N = 1. Significant effects were determined by ordinary one-way ANOVA. *=p < 0.05 compared to control.A) Carbon particles 					B) Copper oxide particles
					Resazurin
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[image: Chart, bar chart, histogram  Description automatically generated]			[image: Chart, bar chart, histogram  Description automatically generated]

[bookmark: _Toc100781389][bookmark: _Toc101374935]Diesel and Biodiesel exhaust-derived PM reduce neuronal activity
For acute exposure, only the highest concentration of 100 µg/mL diesel exhaust-derived PM reduced the MBR (fig. 6A) to 61.9% (p = <0.0001). Following subchronic exposure (24 h, 48 h and 120 h), MSR, MBR and MNBR were significantly and dose-dependently decreased by 30 µg/mL. Furthermore, 120 h exposure to 10 µg/mL diesel exhaust-derived PM significantly reduced the MBR to 69.1% (p =  0.0063). For the biodiesel exhaust-derived PM no effect was seen after acute exposure.  After 24 h exposure to 100 µg/mL a mild reduction of MSR, MBR and MNBR was observed while MNBR was not reduced significantly after 120 h to 100 µg/mL (fig. 6B). Both, diesel or biodiesel exhaust derived PM did not induce change in metabolic activity after 120 h indicating that cell viability was unaffected (fig. 7).
 Figure 6: Effect of Diesel exhaust-derived PM (A) and Biodiesel exhaust-derived PM (B) on neuronal (network) activity of rat primary cortical cultures. Effects on neuronal activity were assessed after 0.5 h, 24 h, 48 h and 120 h exposure. Mean Spike Rate (MSR), Mean Burst Rate (MBR), and Mean Network Burst Rate (MNBR) are presented as mean treatment ratio (± SEM) normalized to control from n = 18 - 24 wells, N = 3. Effects ≤ 25% (2xSD of control; indicated by the grey area) are considered to be of limited toxicological relevance. Significant effects were determined by Welch’s ANOVA and if exceeding 25% of control indicated by  a=p < 0.05 for 0.5 h exposure compared to time-matched control, b=p < 0.05 for 24 h exposure compared to time-matched control, c=p < 0.05 for 48 h exposure compared to time-matched control, d=p < 0.05 for 120 h exposure compared to time-matched control.[image: ]
A) Diesel exhaust-derived PM		B) Biodiesel exhaust-derived PM
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[bookmark: _Toc91775074]Figure 7: Effect of Diesel exhaust-derived PM (A) and Biodiesel exhaust-derived PM (B) on metabolic activity of rat primary cortical cultures after 120 h exposure. Cell viability data is presented as mean (± SD) normalized to control from n = 19 - 24 wells, N = 3. Effects ≤ 10% are of limited toxicological relevance and indicated by the grey area. Significant effects were determined by ordinary one-way ANOVA. *=p < 0.05 compared to control and exceeding 10%.A) Diesel exhaust-derived PM		B) Biodiesel exhaust-derived PM
[image: ][image: ]


[bookmark: _Toc100781390][bookmark: _Toc101374936]EURO 2 engine exhaust-derived PM reduces neuronal activity, while EURO 6 engine exhaust-derived PM did not
EURO 2 engine exhaust-derived PM decreased the MSR and MBR after 48 h exposure to 100 µg/mL and to 30 µg/mL for the MNBR to 69.3% (p =  0.0003), 70.8% (p = 0.0044) and 62.0% (p = 0.007) respectively (fig. 8A). Furthermore, an increase of activity for the MBR after 120 h exposure to 1 and 3 µg/mL is shown. As the 120 h exposure values show a relatively large SEM and an inconsistent trend, the significant increase for 1 and 3 µg/mL after 120 h exposure is considered an artefact and of limited toxicological relevance. Cell viability after 120 h exposure to 100 µg/mL is minorly but significant decreased to 87.0% (p =  0.0003) (fig. 9A). EURO 6 engine exhaust-derived PM decreased the MNBR after 120 h exposure to 30 µg/mL slightly to 74.8% (p = 0.0426) (fig. 8B). For the other parameters, no effects were observed. Similarly, cells exposed to EURO 6 engine exhaust-derived PM for 120 h exhibit same viability as control cells (fig. 9B).
 Figure 8: Effect of EURO 2 engine exhaust-derived PM (A) and EURO 6 engine exhaust-derived PM (B) on neuronal (network) activity of rat primary cortical cultures. Effects on neuronal activity were assessed after 0.5 h, 24 h, 48 h and 120 h exposure. Mean Spike Rate (MSR), Mean Burst Rate (MBR), and Mean Network Burst Rate (MNBR) are presented as mean treatment ratio (± SEM) normalized to control from n = 21 - 24 wells, N = 3. Effects ≤ 25% (2xSD of control; indicated by the grey area) are considered to be of limited toxicological relevance. Significant effects were determined by Welch’s ANOVA and if exceeding 25% of control indicated by  a=p < 0.05 for 0.5 h exposure compared to time-matched control, b=p < 0.05 for 24 h exposure compared to time-matched control, c=p < 0.05 for 48 h exposure compared to time-matched control, d=p < 0.05 for 120 h exposure compared to time-matched control.[image: ]
A) EURO 2 engine exhaust-derived PM	B) EURO 6 engine exhaust-derived PM
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[bookmark: _Toc91775075]Figure 9: Effect of EURO 2 engine exhaust-derived PM (A) and EURO 6 engine exhaust-derived PM (B) on metabolic activity of rat primary cortical cultures after 120 h exposure. Cell viability data is presented as mean (± SD) normalized to control from n = 21 - 23 wells, N = 3. Effects ≤ 10% are of limited toxicological relevance and indicated by the grey area. Significant effects were determined by ordinary one-way ANOVA. *=p < 0.05 compared to control and exceeding 10%.A) EURO 2 engine exhaust-derived PM	B) EURO 6 engine exhaust-derived PM
[image: ][image: ]

[bookmark: _Toc100781391][bookmark: _Toc101374937]Non-volatile A0 and A20 show no consistent effect on neuronal (network) activity
Non-volatile UFP from A0-fuel reduced the MBR acute after 0.5 h and the MSR after 24 h and 48 h after exposure to 100 µg/mL, but no consistent effect is visible for the MNBR, or after 120 h of exposure (fig. 10A). As the effect on the MSR and MBR are not persistent, it is of limited toxicological relevance. Acute and prolonged exposure to 100 µg/mL Non-volatile UFP from A20-fuel resulted in a modest reduction of the MSR to 68.5% (p =  <0.0001) and 58.7% (p =  0.0008) for 0.5 h and 120 h exposure, but no change in neuronal activity were detected for lower concentration or other parameters (fig. 10B). Subsequent Alamar Blue assay indicated that cell viability is not affected consistenly by non-volatile A0 and non-volatile A20 (fig. 11).
 Figure 10: Effect of non-volatile A0 (A) and non-volatile A20 (B) on neuronal (network) activity of rat primary cortical cultures. Effects on neuronal activity were assessed after 0.5 h, 24 h, 48 h and 120 h exposure. Mean Spike Rate (MSR), Mean Burst Rate (MBR), and Mean Network Burst Rate (MNBR) are presented as mean treatment ratio (± SEM) normalized to control from n = 20 - 24 wells, N = 3. Effects ≤ 25% (2xSD of control; indicated by the grey area) are considered to be of limited toxicological relevance. Significant effects were determined by Welch’s ANOVA and if exceeding 25% of control indicated by  a=p < 0.05 for 0.5 h exposure compared to time-matched control, b=p < 0.05 for 24 h exposure compared to time-matched control, c=p < 0.05 for 48 h exposure compared to time-matched control, d=p < 0.05 for 120 h exposure compared to time-matched control.[image: ]
A) Non-volatile A0				B) Non-volatile A20
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[bookmark: _Toc91775076] Figure 11: Effect of non-volatile A0 (A) and non-volatile A20 (B) on metabolic activity of rat primary cortical cultures after 120 h exposure. Cell viability data is presented as mean (± SD) normalized to control from n = 21 - 24 wells, N = 3. Effects ≤ 10% are of limited toxicological relevance and indicated by the grey area. Significant effects were determined by ordinary one-way ANOVA. *=p < 0.05 compared to control and exceeding 10%.A) Non-volatile A0				B) Non-volatile A20
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[bookmark: _Toc100781392][bookmark: _Toc101374938]SVOC A0 and SVOC A20 decrease neuronal activity and cell viability
The SVOC A0 and A20 fractions are the UFP fractions of the A0- and A20-fuel exhaust in which the semivotalic organic compounds, which are in between the particle and the gaseous phase, are collected. Therefore, this group does not consist of the particles that we see in other sample groups. MSR and MBR were dose-dependently reduced following acute exposure (0.5 h) to 10 L/mL or 4 L/mL SVOC A0 to 63.3% (p = <0.0001) and 69.5% (p = 0.0002), respectively (fig. 12A). While the reduction remained for 20 L/mL, cells exposed to a concentration below 20 L/mL exhibits unaffected MSR and MBR for 24 h – 120 h exposure indicating recovery of the neuronal activity (fig. 12B). An acute reduction of the MSR and MBR was also observed for cells exposed to 10 L/mL SVOC A20 (71.7%, p = 0.0324 and 35.1%), but in contrast to the SVOC A0 exposed cells, neuronal activity parameters remained significantly decreased. After prolonged exposure, MBR was also reduced by lower doses of SVOC A20 (2 and 4 L/mL). However, data on metabolic activity suggest that SVOC A0 and SVOC A20 induced cell death with SVOC A20 being more potent. Cell viability was reduced to 75.0% and 50.0% for 10 and 20 L/mL SVOC A0 resp. (p = <0.0001 for both) and to 34.0% and 3.0% for 10 and 20 L/mL SVOC A20 resp. (p =  <0.0001 for both) (fig. 13).
 Figure 12: Effect of SVOC A0 (A) and SVOC A20 (B) on neuronal (network) activity of rat primary cortical cultures. Effects on neuronal activity were assessed after 0.5 h, 24 h, 48 h and 120 h exposure. Mean Spike Rate (MSR), Mean Burst Rate (MBR), and Mean Network Burst Rate (MNBR) are presented as mean treatment ratio (± SEM) normalized to control from n = 19 - 24 wells, N = 3. Effects ≤ 25% (2xSD of control; indicated by the grey area) are considered to be of limited toxicological relevance. Significant effects were determined by Welch’s ANOVA and if exceeding 25% of control indicated by  a=p < 0.05 for 0.5 h exposure compared to time-matched control, b=p < 0.05 for 24 h exposure compared to time-matched control, c=p < 0.05 for 48 h exposure compared to time-matched control, d=p < 0.05 for 120 h exposure compared to time-matched control.[image: ]
A)	SVOC A0				B)	SVOC A20
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[bookmark: _Toc91775077] Figure 13: Effect of SVOC A0 (A) and SVOC A20 (B) on metabolic activity of rat primary cortical cultures after 120 h exposure. Cell viability data is presented as mean (± SD) normalized to control from n = 21 - 24 wells, N = 3. Effects ≤ 10% are of limited toxicological relevance and indicated by the grey area. Significant effects were determined by ordinary one-way ANOVA. *=p < 0.05 compared to control and exceeding 10%.A)	SVOC A0				B)	SVOC A20
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[bookmark: _Toc100781393][bookmark: _Toc101374939]Size distribution
The size distribution was expressed as the D50 value, which displayed the median of hydrodynamic diameter of the samples (Table 3). Next to the samples, the D50 value of glutamate-free culture medium and diesel in H2O were analysed. The glutmate-free medium was indicative for the background of the medium. Comparing the D50 of the Diesel measurements perfomed in H2O and glutamate-free culture medium shows the impact of the culture medium on the hydrodynamic diameter measurement of the UFP. The difference of diesel in H2O and diesel in glutamate-free culture medium indicate that the medium increases the hydrodynamic diameter. As expected, blank extract, SVOC A0 and SVOC A20 showed no apparent difference from the glutamate-free culture medium, thus indication that no solid particles were detected by the DLS. Also for EURO 6-compliant engine exhaust-derived PM, the DLS measurement did not detect particles. Diesel and biodiesel exhaust-derived PM, EURO 2-compliant engine exhaust-derived PM, and non-volatile A20 showed an D50 value falling in the PM2.5 size range, and the D50 value of non-volatile A0 falls into the UFP size range. 
Table 3: Hydrodynamic diameter of the samples. Data is presented as D50 value (±SD)
	Sample ID
	D50 value (nm)
	Sample concentration

	Glutamate-free culture medium
(equivalent to the background)
	7.4 ± 0.3
	-

	Diesel in H2O
	167.8 ± 94.6
	100 µg/mL

	Blank extract
	8.3 ± 0.6
	100 µg/mL

	Copper oxide particles
	362.4 ± 25.4
	100 µg/mL

	Diesel
	270.2 ± 15.1
	100 µg/mL

	Biodiesel
	245.7 ± 139.5
	100 µg/mL

	EURO 2 diesel
	532.5 ± 168.3
	100 µg/mL

	EURO 6 diesel
	7.6 ± 0.3
	100 µg/mL

	PM A0
	97.1 ± 152.9
	10 L/mL

	PM A20
	405.9 ±15.6
	10 L/mL

	SVOC A0
	7.6 ± 0.3
	10 L/mL

	SVOC A20
	7.1 ± 1.1
	10 L/mL


[bookmark: _Toc101374940][bookmark: _Toc100781394]Discussion
In this study, various fractions (non-volatile and semi-volatile organic compounds) of traffic-derived PM, as well as reference materials, were screened for their effects on neuronal (network) function in rat primary cortical cultures using MEA recordings aiming to compare the potential neurotoxic hazard of these PMs. One of the main obeservations was that common rail engine diesel generator diesel exhaust-derived PM reduces neuronal activity more, both time- and dose-dependent, than biodiesel exhaust-derived PM suggesting the PM originating from diesel exhaust is more neurotoxic. For heavy-duty engines, SVOC generated using high-aromatic (A20) diesel exhibited more neurotoxic potential than SVOC collected from the same engine when fueled with low-aromatic (A0). However, high dose exposure to SVOC was associated with cytotoxicicity and therefore at high dose no specific neurotoxicity occured. Further, the non-cytotoxic SVOC PM fraction originating from A20 and A0 diesel reduced neuronal activity to a greater extent than their corresponding non-volatile PM fraction. Finally, carbon particles, blank extract, EURO 2 and EURO 6 engine exhaust-derived PM showed no consistent (time- and dose-dependent) decrease in neuronal activity and cytotoxicity, while the copper oxide particles showed significant cytotoxic potential resulting in decreased neuronal activty. 
The particle size of the samples is measured with the DLS and expressed in the D50 value for the median of the hydrodynamic diameter. For the Blank extract, SVOC A0, SVOC A20 and the EURO 6 compliant engine exhaust-derived PM, no particles were detected that deviated from the D50 value of the glutamate-free culture medium. These samples indeed did not generate mass as with the other samples and were expressed in exhaust volume or the corresponding mass relative to the other samples. Diesel and biodiesel exhaust-derived PM, EURO 2 compliant engine exhaust-derived PM, PM A0, PM A20 and copper oxide particles did show a D50 value differing from the glutamate-free culture medium, ranging from 97 to 532 nm. The D50 values of diesel in medium was far greater than diesel in H2O, indicating that the medium increases the hydrodynamic diameter. Nanoparticles in a biological environment form a corona that could be measured as part of the hydrodynamic diameter in the DLS (Li & Lee, 2020). Furthermore, the chemicals that are attached on the surface of the particles could interact with the medium, further increasing the measured hydrodynamic diameter. Therefore it is possible that the medium causes the hydrodynamic diameter to be measured greater than the actual particle diameter and that these particles fall within the UFP size range. Furthermore, the EURO 2 compliant engine exhaust-derived PM showed the greatest hydrodynamic diameter of 532 ± 168 nm. This sample appeared to strongly and inconsistenly clump together, possibly leading to irregular particles and high standard deviation.
[bookmark: _Toc101374941]Diesel and biodiesel exhaust-derived PM
By exposing rat cortical cultures on the MEA acutely and subchronically, the difference in neuronal activity of diesel- and biodiesel-derived PM was analyzed. These results showed that biodiesel exhaust-derived PM, which was the result of the combustion of diesel supplemented with 20% biodiesel, had a less detrimental effect on neuronal activity than its diesel-only counterpart.
Previous research showed contradicting results on the decrease of known toxic components in biodiesel exhaust compared to PM derived from regular diesel. In several studies on the chemical composition of engine exhaust, exchanging diesel fuel to biodiesel reduced the concentration of known toxicants, such as PAH and metals, in engine exhaust-derived PM (Karavalakis et al., 2017; Tsai et al., 2011). Furthermore, Karavalakis et al. saw that the addition of biodiesel to diesel fuel decreased the oxidative capacity and cellular reactivity of the exhaust. Contrastingly, other studies showed that the biodiesel blends in various ratios, as opposed to diesel-only fuel, induced adverse effects in non-neuronal cell lines, including increased inflammatory response, oxidative activity, and cytotoxicity (Fukagawa et al., 2013; Gerlofs-Nijland et al., 2013; Grigoratos et al., 2014). A rat inhalation study by Valand et al. (2018) focused specifically on neuronal integrity between diesel and various biodiesel blend exposed animal after 7- and 28-day exposure. Only mild and no consistent alterations between different exposure groups were present for gene expression of genes that were related to redox responses (Cat, Gpx1, Gsr, Sod1, Sod2), genes associated with inflammation (Ccl3, Nfkb1, Il18) and histopathology of the frontal cortex and hippocampus. Further, no conclusive research has been done on the difference in the effect of diesel and biodiesel exhaust-derived PM on neurophysiology, neurotransmission, receptor activation etc. Hence, no consensus is reached on the difference between diesel and biodiesel engine exhaust in literature, more specifically on the fractions of PM. Nevertheless, our results support the hypothesis that biodiesel has less adverse health effects on the CNS.
[bookmark: _Toc101374942]Aromatic compounds in exhaust-derived PM
After combustion of the low aromatic A0 and the high aromatic A20 fuels, the exhaust was collected in fractions of non-volatile UFP and SVOC UFP per fuel. The non-volatile fractions of A0 and A20 induced no relevant changes in neuronal activity. For both SVOC UFP samples derived from A0 and A20 fuel, our data showed clear dose- and time-dependent reduction of neuronal activity. However, the effects seen for SVOC A20 were far greater than SVOC A0-induced changes indicating that the A20-derived samples exhibit higher neurotoxic potency. SVOC are a fraction of engine exhaust that fluctuates between the particle and gaseous phase and contain, amongst others, the known toxicant group of PAH. This can explain that SVOC, and especially A20, disrupt neuronal activity, because the concentration of potential toxic aromatic compounds is also expected to be far greater than for non-volatile UFP. However, it is still expected that a fraction of the SVOC would coat and be present in the non-volatile UFP, as they would retain in the particle state upon collection.
The SVOC UFP fractions did not contain equal amounts of mass as non-volatile UFP from the A0 and A20 fuels did because they are partly gaseous. Therefore, SVOC UFP fractions were not collected on filters, but on absorption tubes from which the weight of collected sample could not be determined. On the other hand, the volume of exhaust from which the SVOC UFP was collected was known. Therefore, the SVOC UFP were exposed in L/mL rather than mg/mL, with the highest dose of 20 L/mL instead of 100 mg/mL as for the non-volatile fractions. To correctly compare these fractions, the exposure doses of the non-volatile UFP were recalculated to equal units in L/mL. As the collected volume for 1 mg collected non-volatile UFP was 0.38 and 0.56 m3/mg for the A0 and A20, respectively, the highest doses were equal to 37.7 and 55.8 L/mL. So compared to the SVOC UFP fraction, the exposed doses were ca two times higher than the dose for the SVOC, making the SVOC UFP fractions from A0 and A20 fuel even more potent relatively to the non-volatile UFP fractions.
[bookmark: _Toc101374943]Possible mechanism of toxicity from SVOC exposure
The cytotoxicity was measured to distinguish whether inhibition of neurological activity is due to specifc interaction with cellular processes important for neuronal signalling, or general cytotoxicity such as apoptosis or necrosis, which would also result in lower neuronal activity. Both SVOC UFP fractions of A0 and A20 showed cytotoxicity for the dose that lowered the neuronal activity. This indicates that the decrease in neuronal activity subchronically was more related to general cellular processes, rather than the effect on specific neurological processes. However, also acute inhibition of the activity was observed which is unlikely a result of cytotoxicity indicating that SVOC do exhibit specific neurotoxicity. It is suggested to ensure that the SVOC did not affect cell viability after acute exposure. Possible mechanisms that could acutely affect neurological function include changes in receptor activation and calcium concentrations in neuronal cells (Brinchmann et al., 2018; Mayati et al., 2012). The study by Mayati et al. showed an acute (20-25 min) increase of intracellular calcium concentration ([Ca2+]i) after exposure to PAH on human microvascular endothelial cells, independent of the aryl hydrocarbon receptor (AhR) pathway. Similar results are seen in the study of Brinchmann et al., which shows an acute (30 min) increase of [Ca2+]i after exposure to the organic fractions of diesel engine particles on human microvascular endothelial cells. The effect of these fractions, which incorporate the SVOC, were hypothesized to be dependent on AhR signalling and the transient receptor potential channel (TRPC). Both AhR and TRPC are present in rat cortices and human cell lines, and function as ligand activated transcription factor for xenobiotics and voltage-independent cation channel respectively (Fowler et al., 2007; Jin et al., 2004; Roedding et al., 2009; Xu et al., 2016). These processes potentially affect receptor (in)activation and calcium homeostasis, processes which are essential for neuronal signaling (J. Huang et al., 2011; Juricek & Coumoul, 2018), but more specific investigations are necessary to reveal which compounds in the mix of SVOC are responsible for the acute neurotoxicity and which cellular mechanisms are disturbed.
[bookmark: _Toc101374944]Reference materials
The results of the generated UFP carbon and copper oxide analysis indicate that both samples did not induce specific neurotoxicity. The use of the MEA is previously shown to be successful for the assessment of the neurotoxic hazard of nanoparticles (Strickland et al., 2015, 2016). The carbon particles showed no decrease in neuronal activity. The results did show a decrease in cell viability, but this is most likely due to interference of the carbon particles at the photospectometer used for the Alamar Blue assay rather than cytotoxicity of the sample (Breznan et al., 2015). Furthermore, the copper oxide particles range did decrease neuronal activity at the highest dose of 1 µg/mL. However, this decrease correlates with the cell viability assay data indicating cytotoxicity which was even observed at a lower dose of 0.3 µg/mL. A study from Karlsson et al. (2008) on the effect of nanoparticles on human epithelial lung cells confirms our results. In this study, the copper oxide nanoparticles induced cytotoxicity at a concentration of 80 µg/mL after 18 h resulting from DNA damage and oxidative lesions, which were absent for carbon nanoparticles.
A rat study performed by Oberdörster et al. (2004) confirmed that carbon black UFP can translocate into the olfactory bulb and therefore the CNS, but the effect of these particles on the CNS remains unknown. Exposure to only carbon particles did not inhibit neuronal activity, which substantiates that solid carbon UFP in engine exhaust did not act as the toxic component itself. Furthermore, the solid carbon UFP could still act as a carrier for other toxicants on its surface (Gerde et al., 2001).
In contrast, several studies on copper oxide UFP showed that it could affect cells in the CNS (Bulcke et al., 2013; Bulcke & Dringen, 2016; Fahmy et al., 2020; Zhang et al., 2012). These studies focus mostly on the induction of oxidative stress and decrease in cell viability, which underpins our results that the effect of copper oxide UFP is related to cytotoxicity. However, the study by Zhang et al. (2012) also found that the secretion of neurotransmitters changed in some brain regions, suggesting that copper UFP interferes in specific neurological processes. Furthermore, these copper nanoparticles are hypothesized by Zhang et al. (2012) to affect the dopaminergic pathways, which are absent in our rat primary cortex cultures and explains that this effects was not present for the results of this study (Hondebrink et al., 2016).
[bookmark: _Toc101374945]Future research
There is still a lack of knowledge on the composition of diesel exhaust in particular the related emitted PM. Although multiple studies researched the size distribution and chemical composition of diesel exhaust (Alam et al., 2016; Bünger et al., 2000; Popovicheva et al., 2015; Tsolakis, 2006), the variation in size distribution and especially chemical composition among studies is great because of several differences during sample generation, collection and extraction including fuel and engine types used, aftertreatment methods (e.g. diesel particle filter, ﻿diesel oxidation catalyst and ﻿selective catalytic reduction), engine load and temperatures during sample collection (Guan et al., 2015; Hays et al., 2017; Jiang et al., 2019; Martin et al., 2017; Zerboni et al., 2022). For instance, Zielinska et al. (2004) discovered that a lower temperature lead to an eight times increase of organic carbon in diesel exhaust emission. In our research, two different institutions, RIVM and UEF, with different circumstances and protocols provided the test samples. The diesel and biodiesel exhaust-derived PM data showed well-defined dose-effect curves that were not seen for the other non-volatile test samples collected on filters, which could be partly due to the different conditions and protocols used by RIVM as opposed to UEF. This variation will be even greater for comparisons between completely different studies. The use of standardized protocols for the combustion and collection of samples could be a way to tackle this variation. However, the options for fuel types, engine types etc. are endless and the same conditions are not always available worldwide.
Another point of interest when interpreting the results, is the unit in which the dose is expressed. The mass of collected PM per volume in the wells on the MEA was used to obtain exposure doses, as they were provided in vials with a known mass content. An advantage to this method is that the effect of a specific dose on neuronal activity would be clear, as this is the method that is generally applied with single chemicals. However, our samples are composed of complex mixtures collected from exhaustion from an engine. Therefore, relating our exposure doses to e.g. the elapsed time of sampling or the volume of fuel that was used to collect the samples could facilitate the comparison to a more realistic exposure. Additionally, the different diesel fuels or engines used in this study could lead to a higher or lower mass of PM, but as we expose per unit of mass, this consideration is not included in our experiments and may affect their outcome. In a study by Tsai et al. (2011), a 20% biodiesel blend lowered the mass of PM by 30% as opposed to diesel. If this reduction is present in our study, it could lead to a longer runtime of the engine to obtain the same dose in mass per volume. This would lead to a lower exposure per volume of fuel or driven distance, suggesting that biodiesel exhaust-derived PM is even less toxic than our results indicate. An experiment including the measurement of the mass of collected PM per volume of exhaust or fuel should define if a reduction of PM is present and would provide results that are easier extrapolated to human exposures. To better directly compare the toxicity of fuel exhaust to realistic human exposure, expressing concentrations in driven distance for the amount of PM that is collected would be suitable. This way, the efficiency of the engine and fuel source are also taking into account, keeping in mind that different fuels and engines also provide different levels of energy conversion.
Working with doses that are representative for realistic exposure conditions to PM in urban areas is critical for risk assessment. In the present study, doses ranging from 1-100 µg/mL and 1-20 L/mL were selected for in vitro investigations to compare the various samples for neuronal (network) activity and cytotoxicity after exposure. The amount of PM that reaches the brain remains to be determined, but a study discovered that an estimate of 0.01-0.001% of inhaled iridium and carbon nanoparticles were found in the brain after 24 h exposure (Kreyling et al., 2009). Furthermore, a study on the in vitro and in vivo effect of diesel exhaust UFP derived that, based on the estimation of Kreyling et al. (2009) and their in vivo model using 0.5 and 2 mg/m3 inhalation exposure of diesel exhaust UFP to rats, an in vitro exposure doses range of 5-50 µg/mL falls within the current estimates of what may reach the brain. Various studies use comparable doses for in vitro exposure to neuronal cell lines, ranging from 1-50 µg/mL (Campbell et al., 2014; Gillespie et al., 2013; Morgan et al., 2011). Comparing these doses to realistic exposures remains complicated as UFP levels are not commonly measured. As mentioned before, UFP are not monitored by the EU and limit values are missing (European Parliament et al., 2021). Furthermore, spatial variations between UFP are weakly represented by PM2.5 measurements (Weichenthal et al., 2020) and UFP is better expressed in particle number concentration than PM mass used for PM2.5 and PM10 (de Jesus et al., 2019). Therefore, the measurements and limits for PM2.5 and PM10 in ambient air deriving from diesel engine exhaust do not correctly translate to the exposure to UFP and the associated health risk.


[bookmark: _Toc101374946]Conclusion
The current research was done to determine whether diesel engine-derived exhaust PM affect neuronal (network) activity and give insight into which fractions could pose the most harm. To conclude, the current study shows a time- and dose-dependent decrease of neuronal activity after exposure to diesel and biodiesel exhaust-derived PM, with diesel exhaust-derived PM showing a higher potency to exert harm. Also, the SVOC fraction seems to be more detrimental than the non-volatile PM fraction, albeit the observed subchronic effects are partly due to general cytotoxic than specifically neurotoxic. Furthermore, the results show that UFP exhibit neurotoxic potential that possibly harm neuronal function. Therefore, more attention for the impact of exposure to UFP, and specifically the SVOC fraction, is necessary. This novel knowledge on the neurotoxic hazard of different fractions within exhaust-derived PM opens the floor for more targeted research on the mechanisms that affect the neurotoxicity of UFP.
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