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A B S T R A C T   

Renewable alternatives to fossil diesel (FD) including fatty acid methyl ester (FAME) biodiesel have become more 
prevalent. However, toxicity of exhaust material from their combustion, relative to the fuels they are displacing 
has not been fully characterised. This study was carried out to examine particle toxicity within the lung 
epithelium and the role for polycyclic aromatic hydrocarbons (PAHs). Exhaust particles from a 20% (v/v) blend 
of FAME biodiesel had little impact on primary airway epithelial toxicity compared to FD derived particles but 
did result in an altered profile of PAHs, including an increase in particle bound carcinogenic B[a]P. Higher blends 
of biodiesel had significantly increased levels of more carcinogenic PAHs, which was associated with a higher 
level of stress response gene expression including CYP1A1, NQO1 and IL1B. Removal of semi-volatile material 
from particulates abolished effects on airway cells. Particle size difference and toxic metals were discounted as 
causative for biological effects. Finally, combustion of a single component fuel (Methyl decanoate) containing the 
methyl ester molecular structure found in FAME mixtures, also produced more carcinogenic PAHs at the higher 
fuel blend levels. These results indicate the use of FAME biodiesel at higher blends may be associated with an 
increased particle associated carcinogenic and toxicity risk.   

1. Background 

To reduce the reliance on fossil fuels, renewable alternatives have 
been suggested as part of the strategic move to net zero carbon emis-
sions, and has led many countries to adopt policy initiatives to actively 
encourage their uptake (Parliament, 2009). Current alternative renew-
able fuels for diesel engines are mainly comprised of fatty acid methyl 
esters (FAMEs), commonly referred to as biodiesel (Hellier and 
Ladommatos, 2015). As these alternatives become more prevalent, it is 
important to understand how resulting changes in pollutant emissions 

may impact human health. Indeed, the presence of oxygen within the 
fuel molecular structure of these fuels, can reduce the production of 
some regulated pollutants such as CO and total particulate matter (PM), 
while increasing others such as NO2 (Hellier et al., 2018; Eveleigh et al., 
2016). Despite such observations, much is still unknown regarding the 
overall relative toxicity of biodiesel versus fossil diesel exhaust 
pollution. 

A limited number of studies focussed to direct human exposure, have 
attempted to understand the health impacts of biodiesel emissions. 
Human chamber studies have demonstrated no difference in lung 
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function when compared to fossil diesel exhaust exposure (Mehus et al., 
2015; Unosson, 2014). A similar study examining acute cardiovascular 
outcomes also did not reveal significant effects (Unosson et al., 2021). 
Epidemiological evidence has thus far been limited to one study in 
children and suggests lung function decline may occur in those with 
severe asthma after exposure to biodiesel emissions (Adar et al., 2015). 
The lack of such studies in humans is a testament to their difficulty, and 
while informative, their scope is typically limited, focussing mainly on 
acute physiological health metrics. Much of what we do understand of 
the likely impacts of changing air pollution emissions with biodiesel 
comes from direct pollutant measurements and toxicological investiga-
tion. In vivo toxicology investigations of biodiesel exhaust effects have 
focussed predominantly on the lung, with some demonstrating increased 
(Shvedova et al., 2013; Fukagawa et al., 2013) while others decreased or 
no change (Brito et al., 2010; Douki et al., 2018) in pulmonary effects. In 
vitro analyses have provided the most abundant source of toxicological 
data and similarly there are no clear conclusions as to the impact on 
health metrics (Madden, 2016; Southern et al., 2021). Further work in 
this area is therefore needed, focussed to components of emissions that 
are altered and that can be mechanistically linked to specific health 
outcomes. This should not only be limited to regulated pollutants but 
also include unregulated components with proven bioactivity. 

Diesel exhaust is classified by IARC as a class I exposure risk and 
deemed to be carcinogenic to humans (Silverman, 2018). This classifi-
cation is based on evaluation of epidemiological studies within the 
mining and trucking industries among others, where exposures to PM 
and gaseous material from diesel combustion is high compared to 
ambient levels. Despite a relatively small proportion of ambient PM2.5 
containing diesel exhaust particulates even in areas of high traffic flow 
(5–6% of total PM2.5 mass; (Kuenen et al., 2021)), the carcinogenic 
potential of these particulates relative to other toxic air contaminants 
can be up to 70% of the total risk from ambient air pollution in some 
cases (Propper et al., 2015). Much if not all of the carcinogenic potential 
from diesel exhaust particulates has been attributed to particle bound 
chemicals including polycyclic aromatic hydrocarbons (PAHs) (Claxton, 
2015; Ostby et al., 1997; Bostrom et al., 2002). 

PAHs are persistent pollutant chemicals produced from incomplete 
combustion of organic material including fossil fuels, where they act as 
important precursors in the growth of soot and are found in gaseous 
form as well as adsorbed onto the exhaust particle surface (Cassee et al., 
2013; Li et al., 2016). They have long established toxicological impacts 
in humans with the lung a major target as the primary site for air 
pollutant exposure (Lag et al., 2020). Acute effects of PAHs on lung 
health include asthma and COPD (Smargiassi et al., 2014; Delfino, 
2002), while chronic exposure has been directly linked to carcinogenesis 
of the airway epithelium (Bostrom et al., 2002). The biochemical 
mechanisms of PAH toxicity involve binding to the aryl hydrocarbon 
receptor (AHR), which acts as transcription factor to increase expression 
of phase I and II metabolic enzymes including CYP1A1 and epoxide 
hydroxylases (Meldrum et al., 2017, 2016). Importantly, this set of 
metabolic pathway activation can transform PAHs to highly reactive 
diol-epoxide metabolites, ultimately leading to adduct formation and 
mutation of DNA underlying their carcinogenicity (Moorthy et al., 
2015). This mechanism is considered central to carcinogenicity mech-
anisms for these chemicals. PAHs have also been observed to result in 
direct cellular oxidative stress, which can be detected as increased 
NQO1 and SLC7A11 gene expression in airway cells upon exposure 
(Meldrum et al., 2016). They have also been observed to modulate 
mitochondrial function as well as innate and adaptive inflammatory 
pathways involving IL-1B signalling (Meldrum et al., 2017, 2016; Pardo 
et al., 2020), which may underlie their effects on inflammatory condi-
tions such as asthma and allergy. 

As altered emissions profiles from alternate biodiesel fuels are yet to 
be fully characterised or understood, there is little systematic knowledge 
with regards to the overall toxicity of these fuels relative to the fossil 
fuels that they may displace, particularly with increases in blend ratio. 

This current study was therefore carried out to address such un-
certainties focussed to impacts of diesel combustion derived PM, asso-
ciated PAHs and their toxicity within the lung. Different blends of soy 
methyl ester (SME) biodiesel with fossil diesel were combusted at con-
stant engine operating conditions to reduce uncertainties associated 
with different drive cycle combustion properties across previous studies. 
The toxicity of these particles was assessed in human primary airway cell 
cultures. Levels of PAHs adhered to, and elemental composition of PM 
was measured and investigated as active toxicological constituents. We 
propose that increased adverse cellular events associated with SME 
biodiesel PM exposure are attributable to increased levels of the most 
potent carcinogenic PAHs despite a reduction in total PAH levels. 
Similar effects on PAH profile were observed for the model fuel FAME, 
methyl decanoate. 

2. Results 

As the use of FAME biodiesel continues to rise, it is essential to 
characterise all possible changes to hazards associated with exhaust 
material. For many regulated pollutants biodiesel generally reduces the 
emitted levels, including PM, CO and THC, while increasing NOx. We 
have previously documented similar changes in these pollutants for SME 
using the same engine setup and facility used in this study with effects 
highly dependent on the blend ratio (Hellier et al., 2019; Efthymio-
poulos et al., 2019). In addition, there are also reports that biodiesel 
reduces EC and increases organic carbon (OC) of engine-out PM. Such 
changes in organic content may indicate changes of toxic chemicals 
including PAHs. Indeed, reductions in the total PAH content associated 
with particles of up to 82.9% has been observed in the case of a direct 
injection diesel generator operated on a SME B20 blend relative to fossil 
diesel only (Tsai et al., 2011). It was therefore the aim of this study 
characterise particle bound PAH content from combustion of different 
blends of SME with reference fossil diesel (FD) and to assess any asso-
ciated changes in toxicity in airway epithelial cells. Initial characteri-
sation of PM mass per exhaust gas volume from combustion of different 
SME blends. A lower percentage biodiesel blend formulation B20 (20% 
(v/v) SME + 80% (v/v) FD), a higher percentage biodiesel blend 
formulation B50 (50% (v/v) SME + 50% (v/v) FD) and 100% SME 
biodiesel (B100) were used. Biodiesel use was associated with a decrease 
in PM levels when compared to FD (Fig. 1A). Next, we analysed particle 
size properties under conditions used for cell culture treatment 
(Figure B-C). There was a small SME biofuel dependent increase in 
particle size metrics (Fig. 1B) when compared to FD and the SRM2975 
reference diesel PM (NIST). This may be attributed to the development 
of secondary larger peaks at ~ 200 nm as can be observed with B100 
(Fig. 1C). Evaluation of particle toxicity was carried out using resazurin 
reduction after treatment of primary bronchial airway epithelial cells for 
24hrs (Fig. 1D). NIST particle treatment resulted in a dose dependent 
decrease in viability (maximal at 150 ug/mL), while there were no 
significant changes with FD or biodiesel blends. B100 did however 
reduce viability but not significantly (Fig. 1D). To investigate particle 
and PAH related toxicity effects in these cells further, we initially 
established a panel of genes, representative of different stress response 
pathway activation that have previously been observed as differentially 
regulated by PAHs including B[a]P using RNA-Seq (Meldrum et al., 
2016). To validate the capacity of these cells to respond to PAHs, we 
treated cells with the NIST standard SRM1975 (NIST.E), which is a DCM 
organic extract of SRM2975 (Fig. 1E). All but one of the chosen genes 
were differentially regulated. Cells were then exposed to FD, SME blends 
and NIST standard PM for 24hrs and examined for gene expression 
changes. 5 genes and their responses, representative of different path-
ways is displayed (Fig. 1F) with B100 resulting in greater fold changes 
(upregulated and downregulated) when compared to the effect of FD. 
The highest regulated gene was CYP1A1, the prototypical AHR depen-
dent gene induced by receptor ligands including PAH molecules. B20 
had a less pronounced effect, while NIST displayed a dissimilar pattern 
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Fig. 1. Impact of biodiesel fuel on exhaust PM characteristics and airway epithelial toxicity. Exhaust PM from a diesel engine run with either Fossil diesel (FD) 
or neat and blended SME (B20, B50, B100) was collected and assessed for mass per exhaust volume (A) and particle size distribution characteristics when suspended 
in cell culture media (B-C). These suspensions were also assessed for toxicity in human normal primary airway epithelial cells (n = 6 different donors) using resazurin 
reduction (D) and PCR analysis of gene expression (F-G) after 24hrs treatment (0–150 µg/mL PM). NIST standard diesel exhaust PM (SRM2975) (NIST) or organic 
extract material ((SRM1975) (NIST.E) were also examined for toxicity endpoints (D-F). Gene expression is displayed as mean + /- SEM normalised to PM content (D- 
F) or to exhaust volume (G) as fold over control (F.O.C.). Statistical analysis is one way ANOVA with Fisher LSD post-test (vs CTRL; * = <0.05, ** = <0.01. vs FD; # =
<0.05, ## = <0.01). 
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of expression to other particle treatments indicative of a fundamentally 
different particle composition. Additional gene expression changes are 
displayed in supplementary Fig. 2C and reveal B100 to have the greatest 
impact when compared to the effect of FD particulates. Confirmation of 
gene changes was also performed with additional engine test runs 
(Supplementary Fig. S4). Gene expression fold changes were then nor-
malised to exhaust gas volume rather than PM mass exposures, in order 
to assess overall relative health risk of exhaust material with the use of 
different fuel types (Fig. 1G). While the majority of genes displayed 
non-significant differences in fuel type PM effects, CYP1A1 levels 
remained elevated in B100 exposed cells. It is acknowledged that these 
results have focussed on mRNA levels alone rather than analysis of 
downstream protein expression. We have used this approach to indicate 
chemical reactivity within the cells and attribute pathway activation, 
that may be linked to specific chemical classes or properties (e.g. PAH 
binding to AHR and the induction of gene expression). 

Thus far, we have examined in vitro toxicological responses in 
airway cells from normal human donors with no underlying pathology 
or disease status. However, the adverse effects of air pollution particu-
lates including those derived from diesel combustion more readily 
impact those individuals with underlying susceptibilities, including 
asthma and respiratory allergies (Stevens et al., 2020; Ryu et al., 2020; 
Meldrum et al., 2020). Therefore, we next compared toxicological re-
sponses of different biodiesel exhaust particulates in conditions of house 
dust mite (HDM) allergen co-exposure (Supplementary Fig. S2) and also 
in donors with an underlying clinical diagnosis of asthma (Supplemen-
tary Fig. S3). HDM is mixture of biologically active substances such as 
endotoxins, dsDNA and chitins which act on epithelial and other cells 
within the lung to initiate innate immune responses and cellular 
dysfunction (Post et al., 2012). These responses can initiate sensitisation 
processes but occur before any adaptive immune system recognition of 
allergens within the HDM mixture (Post et al., 2012; Calven et al., 2020). 
Examination of how pollutants modify these initial innate immune and 
toxic responses indicate how they may influence later sensitisation and 
exacerbation events. While HDM exposure appeared to reduce resazurin 
reduction (non-significant), it did not have any significant impact on 
fuel particulate treatment effects (Supplementary Fig. S2A). Similarly, 
HDM co-exposure did not significantly impact biodiesel induced 
changes in gene expression when compared to particulates alone (Sup-
plementary Fig. S2B-C). Comparisons of exhaust particulate resazurin 
effects in asthma donors compared to normal donors revealed no sig-
nificant changes for FD and B100 (Supplementary Fig. S3A). However, 
the decrease in viability observed with NIST in normal donors was not 
observed in asthma donor exposures. This effect was also seen with NIST 
and B100 but not FD when treatments were carried out with HDM 
co-exposure (Supplementary Fig. S3A). As indicated from Supplemen-
tary Fig. 2 no HDM dependent changes in gene expression were observed 
in normal donors, an effect also observed in asthma donors (Supple-
mentary Fig. S3B). Interestingly however there were differential effects 
to NIST particles with enhanced expression of PLA2G4A, while dimin-
ished DDIT3 and MUC5AC responses, when comparing asthma to 
normal donor cells (Supplementary Fig. S3B). Ultimately the presence of 
allergen or asthmatic background did not alter toxicity endpoints from 
biodiesel particle exposure. 

With increased toxicity profiles resulting from SME fuel PM in airway 
cells, consistent with a pattern of increased PAH bioactivity, it was next 
decided to examine particle associated PAH levels that may explain such 
effects. Levels of 16 PAHs previously identified as priority chemicals by 
the US EPA partly due to their potential carcinogenicity in humans were 
examined after extraction from PM (Fig. 2). Individual PAH levels per 
mass of particulate for FD, B20–100 and NIST PM are displayed ac-
cording to IARC carcinogen classifications with groups 3, 2B, 2 A & 1 
representing unclassifiable, possible, probable, and definitive carcino-
gens in humans respectively. Levels of group 3 PAHs were in the ma-
jority of cases significantly reduced with increasing SME blends with the 
largest reductions observed with B100 vs FD (Fig. 2A). This trend was 

also observed for some of the group 2B carcinogens (NPH, CRY and B[a] 
A) (Fig. 2B). Interestingly those PAHs with reduced levels upon 
increasing SME blend were of lower ring number (2− 4). In contrast, 
those group 2B, 2 A and 1 PAHs of 5 ring size (except B[b]F) demon-
strated clear increases with increasing biodiesel blend when compared 
to FD. This observation is particularly important given the 2 most potent 
carcinogens examined (D[ah]A and B[a]P) displayed the greatest in-
crease in levels with increased SME blending. These higher levels are 
still present when results are normalised to exhaust volume (data not 
shown). A summary of total PAH content (Sum of 16 measured) for each 
fuel PM is displayed in Fig. 2C and demonstrates decreased levels with 
increasing biodiesel blend. Analysis of PAH content within the NIST 
standard particles revealed a general decrease for low molecular weight 
(low ring number) while an increase in higher molecular weight (large 
ring numbers) chemicals (Fig. 2A-C). Summary metrics for carcinogenic 
risk based on equivalency factors of PAH potency relative to B[a]P based 
on review of animal exposure studies (Epa, 2010; Nisbet and LaGoy, 
1992), have routinely been used to assess relative risk from environ-
mental PAH mixture exposures. This may be an important exercise, as a 
reduction in total PAH levels may not equate to a reduction in PAH 
carcinogen or toxicity risk. Such an analysis was carried out (Fig. 2D-E) 
using two methods and revealed an initial reduction with B20, 
increasing with B50 to a maximum with B100 when compared to FD. 
This was only significant using the TEF method weightings (Fig. 2E). The 
B100 TEF increase was still present when normalised to exhaust volume. 

Having demonstrated that increasing FAME biodiesel displacement 
of fossil diesel results in increased exhaust particle adverse gene 
expression effects in airway epithelial cells, which was also paralleled by 
increased levels of more carcinogenic PAHs, it was next decided to 
remove the semi-volatile particle bound fraction containing these 
chemicals and examine the resulting particle toxicity. Particles collected 
from FD or SME combustion were subjected to a baking protocol to 
remove the semi-volatile fraction. The size distribution of these particles 
remained for the most part similar albeit for a moderate increase in some 
larger particles between 200 and 400 nm (Fig. 3A-B). Particulate matter 
without semi-volatiles (PM.R) was compared to unprocessed PM for 
toxicity effects using resazurin and gene expression analysis (Fig. 3C-E). 
No alterations in resazurin reduction was observed for FD or any bio-
diesel effects (Fig. 3C). There was however a significant attenuation of 
biodiesel induced stress responsive genes CYP1A1, NQO1 and IL-1B 
(Fig. 3D) representing AHR, oxidative/electrophilic stress and inflam-
matory pathways. This pattern was also observed for many other genes 
examined (Fig. 3E). The removal of PAHs from particles was confirmed 
for 7 PAH molecules using GC-MS (Fig. 3F). Toxic metals and other 
chemicals associated with particles may also account for some or all of 
the toxicity associated with increased SME biodiesel fuel combustion. 
ICP-MS was used to further characterise such chemical associations 
(Fig. 4). Of particular interest was an increase in Cu, Zn, Ni, Pb, Cr, Mn 
and Sn levels in B20 and B100 particles above those observed with FD, 
with B100 displaying more than B20 indicating a corelation within the 
quantity of SME used in the fuel blends. For the most part, levels of these 
elements were not observed to a similar level within the NIST standard 
particles and may explain some differences in toxicity between these 
particles observed in airway cells in this study. It should be highlighted 
that two elements As and Ce were higher in NIST particles compared 
B100 and may explain acute resazurin toxicity of NIST not observed 
with B100 treatments. Furthermore, processing of SME particles to 
remove semi-volatile organic content in fossil diesel and B20 (FD.R, B20. 
R) displayed moderate reductions in particle elemental composition. 
This was not however observed to any great extent when comparing 
B100 to B100.R indicating that levels of toxic metals are unlikely to 
account for the airway epithelial toxicity differences observed between 
processed and unprocessed particles. 

We have thus far demonstrated increased biodiesel particle toxicity 
in airway epithelial cells associated with an increased level of the more 
potent carcinogenic PAHs. Soy feedstock derived FAME biodiesel 
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Fig. 2. Impact of biodiesel fuel on 
exhaust PM PAH content and car-
cinogenicity relative risk. Exhaust 
PM from a diesel engine run with 
either fossil diesel (FD) or neat and 
blended SME (B20, B50, B100) was 
collected and analysed for particle 
bound PAH content using GC-MS (A- 
B). IARC category 3 carcinogens are 
displayed (A), while category 2B, 2 A 
and 1 carcinogens are displayed in 
panel (B). Total PAH content for the 
16 priority PAHs is also displayed (C). 
Relative carcinogenicity potential was 
assessed using methods from EPA 
2010 (Relative potency factor (RPF)) 
(D) or Nisbett 1993 (Toxicity equiva-
lent factor (TEF)) (E) with results 
expressed relative to PM mass or 
exhaust volume. Results are displayed 
as mean (n = 3) + /- SEM with sta-
tistical analysis was carried out using 
one way ANOVA with Fisher LSD 
post-test (vs FD; * = <0.05, ** =
<0.01).   
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contains a mixture of different FAME molecules (predominantly C16 to 
C18 esters) with methyl oleate and methyl linoleate account for > 85% 
(Fig. 5A). The methyl ester groups on these molecules distinguish them 
from fossil diesel. Methyl decanoate was chosen for further study as it 
exemplified the contrasting features of an ester fuel relative to fossil 
diesel (oxygenated functional group, straight saturated alkyl chain), 
while possessing physical properties resulting in similar combustion 
phasing (Supplementary Fig. S4). We next examined whether combus-
tion of a synthetic pure single FAME molecule, methyl decanoate with 
this same ester group moity (Fig. 5A) would result in similar effects on 
carcinogenic PAH generation as observed with SME biodiesel. 
Increasing blends of methyl decanoate with FD (M20, M50, M100) were 
combusted and the mass of PM per exhaust gas volume was quantified 
(Fig. 5B). This revealed a decrease in PM mass with increasing methyl 
decanoate blend. Levels of the most potent carcinogenic PAHs of IARC 

categories 2B, 2 A and 1 were then measured on these particles using 
GC-MS (Fig. 5C-D). Similar to effects with SME biodiesel blending, 
methyl decanoate combustion resulted in PM with increased levels of 
this PAHs, which was highest for the M50 blend. This was most apparent 
for B[k]F, D[ah]A and B[a]P above FD levels. Cumulative quantity of the 
16 priority PAHs were also assessed and similar to SME demonstrated 
decrease in total levels with increasing FAME blend (Fig. 5E), although 
this was not as pronounced for M20 and M50 as it was for M100. Car-
cinogenicity relative risk scores were also calculated for methyl dec-
anoate and displayed increased levels for M50 and M100 when 
calculated per PM Mass (Fig. 5F-G). This increased risk was still present 
for the M50 blend when factors were normalised to exhaust gas volume 
(Fig. 5F-G). 

Fig. 3. Removal of semi-volatile organic content reduces PM airway epithelial toxicity. Exhaust PM from Fossil diesel (FD) and SME (B20, B100) combustion 
was subject to a baking protocol to remove organic semi-volatile material resulting in particle samples labelled as PM.R, FD.R or B100.R. Particle size distribution 
characteristics when suspended in cell culture media (A-B) were assessed. These suspensions were also assessed for toxicity in normal human primary airway 
epithelial cells (n = 6 different donors) using resazurin reduction (C) and PCR analysis of gene expression (D-E) after 24hrs treatment. Gene expression is displayed 
normalised to PM content as fold over control (F.O.C.) levels. Results are displayed as mean (n = 3) + /- SEM with statistical analysis as students unpaired t-test (vs 
un-modified PM for each gene; * = <0.05, ** = <0.01). PM was also analysed for 7 particle bound PAHs using GC-MS (F). 
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3. Discussion 

It was the aim of this study to examine the toxicological impact of 
exhaust emissions arising from increased displacement of FD with FAME 
biodiesel fuels and to provide some clarity on a generally uncertain 
assessment of their relative safety, particularly for those emissions 
components least characterised. As can be seen in our study, the use of 
biodiesel is associated with a reduction in PM per exhaust gas volume 
(Hellier et al., 2019; Lapuerta et al., 2008; Shahir et al., 2015), an 
observation often attributed to the fuel-bound oxygen content and 
reduced fuel aromaticity of biodiesel blends relative to unblended fossil 
diesel (Tree and Svensson, 2007; Su et al., 2013). There is however a 
lack of information on the relative toxicity of these particles, as one 
cannot assume all combustion particles are alike. Indeed, comparing 
equal mass of particles from combustion of different fuel types, we 
observed alterations in stress response genes upon human primary 

airway epithelial exposure of B100 SME biodiesel particles. This is 
indicative of adverse cellular impact; an effect not present to the same 
extent with either FD or a lower percentage blend of SME biodiesel 
(B20). These increases in transcriptional markers of toxicity are highly 
unlikely attributable to changes in particle size given the small magni-
tude of difference between fuel types. In addition, NIST and FD particles 
have near overlapping profiles of particle size distribution but sub-
stantially different responses for viability (resazurin reduction) and gene 
expression changes. Furthermore, particle processing for organic con-
tent removal increased the particle size distribution of the sample, while 
eliminating gene expression changes, an effect contrary to the sugges-
tion that increased size is responsible for particle bioactivity in this 
study. Moreover, for genes such as CYP1A1 and ALDH3A1, expression at 
an mRNA level is driven by chemical ligands of the transcription factor 
AHR including PAHs and not by particle effects (Bonvallot et al., 2001). 
Coupled with the fact that DEP extracts (NIST.E) induce a strikingly 

Fig. 4. Elemental composition of PM exhaust material. Exhaust PM from combustion of fossil diesel (FD, FD.R) and SME (B20, B20.R, B100, B100.R) was 
prepared in cell culture media and subsequently processed for elemental analysis using ICP-MS. Those elements with levels in any PM sample greater than 2-fold over 
media controls, with 1.5fold difference to FD and with levels above the limit of quantification (LOQ) or limit of detection (LOD) are displayed. Elements with levels 
below 0.1ppb were also excluded as unlikely to impact toxicity. Results are displayed as mean ng or pg / mg of PM (n = 2 measurements for each particle type, except 
B100 and B100.R, where n = 5 measurements were taken) + /- SEM. Statistical analysis as students unpaired t-test (B100 vs B100.R; * = <0.05). 
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similar pattern of gene expression to particle treatments and that 
removal of semi-volatile material from particles results in significant 
attenuation or ablation of B100 induced stress response genes, we can be 
relatively confident that the majority if not all adverse toxicological 
effects observed in this study can be attributed to particle bound 

chemicals independent of properties associated with the carbonaceous 
core. 

Even, with this evidence that organic chemicals are responsible for 
B100 particle effects, other possibilities do exist however, including 
altered levels of toxic metals. To address this, we used ICP-MS to 

Fig. 5. Impact of methyl decanoate on exhaust PM PAH content and carcinogenicity risk. Molecular structure of primary FAME components of SME (Methyl 
oleate and linoleate) and model FAME Methyl decanoate are displayed (A). Exhaust PM from a diesel engine run with either fossil diesel (FD) or neat and blended 
methyl decanoate (M20, M50, M100) was assessed for mass per exhaust volume (B). Particulates were also analysed for particle bound PAH content using GC-MS (C- 
E). IARC category 2 A and 2B carcinogens are displayed (C), while category 1 carcinogen B[a]P is displayed in panel (D). Total PAH content for the 16 priority PAHs 
is also displayed (E). Relative carcinogenicity potential was assessed using methods from EPA 2010 (Relative potency factor (RPF)) (F) or Nisbett 1993 (Toxicity 
equivalent factor (TEF)) (G) with results expressed relative to PM mass or exhaust volume. Results are displayed as mean (n = 3) + /- SEM with statistical analysis 
carried out using one way ANOVA with Fisher LSD post-test (vs FD; * = <0.05, ** = <0.01). 
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investigate particle elemental composition. Using a stepwise screening 
approach, we identified Cu, Zn, Pb, Sn, Mn and Cd as elements with 
particle levels above control and FD, which were higher in B100 than 
B20. Levels of these metals except Sn did not change when particles were 
processed for organic content removal, a process which removed bio-
logical activity, thereby discounting altered levels as causative. With 
levels of Sn observed in our study within the low pg/mg range, con-
centrations unlikely to have biological effect (Winship, 1988; Reynolds 
et al., 2018), we can reasonably discount any role for toxic metals within 
B100 particles as responsible for the adverse effects observed in our 
study. It is therefore most likely changes in organic chemical content 
including PAHs are responsible. 

Analysis of particle bound PAH levels was carried out to investigate 
whether changes in such chemicals account for increased biodiesel 
particle toxicity. Overall total PAH mass per exhaust PM decreased with 
increased incorporation of biodiesel fuel. These effects are mainly driven 
by reductions in more highly abundant smaller ring sized PAHs 
including naphthalene, phenanthrene and pyrene, which are more often 
categorised as group 3 (unclassifiable) by IARC, a carcinogenic classi-
fication where there is not enough evidence to make a call in humans. In 
terms of group 2B (possible carcinogens) PAHs, there was a mixed 
profile of responses with increasing biodiesel use. Importantly however, 
the two most carcinogenic PAHs in this analysis, D[ah]A categorised as 
group 2 A (probable carcinogen) and B[a]P categorised as group 1 
(human carcinogen) were significantly increased with biodiesel use. 
With changes in multiple PAH molecules of differing carcinogenic po-
tential, attempts have been made to estimate overall carcinogenic risk 
from complex mixtures based on relative BAP potency metrics calcu-
lated from previous carcinogenic studies in rodents (Epa, 2010; Nisbet 
and LaGoy, 1992). Application of these scores to our data revealed a 
non-significant decrease at the lower B20 blend and a potential increase 
in risk for B100, if one uses the TEF method of analysis. Interestingly, 
this risk was still present for B100 when scores were adjusted for exhaust 
gas volume indicating a potential for overall increased particle carci-
nogenic risk when compared to fossil diesel. These results closely par-
allel those observed for CYP1A1 increases in response to B100, which is 
important as CYP1A1 is a key initiating event in the mechanism of B[a]P 
carcinogenicity. Further support for PAH profile alterations as a mech-
anism of increased biodiesel emission particle carcinogenic potential at 
higher blends comes from combustion experiments using the model 
single component FAME methyl decanoate. Decreases in total particle 
PAH levels were paralleled by large increases in levels of D[ah]A and B 
[a]P at M50 and M100 blends. M20 blend modestly increased B[a]P 
similar to B20, again supporting the hypothesis that this type of fuel 
displacement and biodiesel molecular structure impacts production of 
these toxins in a similar way. However more work is needed to confirm 
this. In addition, the PAH carcinogenic index (TEF or RPF) for these 
analyses of MD demonstrated similar increased carcinogenic risk, which 
was still significant for M50 when levels were adjusted for exhaust gas 
volume. Finally, as methyl decanoate has a shorter chain length but 
retains the same ester moiety, it may be considered the latter to be more 
important for altered combustion chemical profiles than the former. 

While our in vitro toxicology results show some corelation with the 
levels of more carcinogenic PAH levels, the utility of focussing on just 
these 16 PAH chemicals as a catch all for this group of toxic chemicals 
has recently been called into question. This list is a legacy from over 50 
years previous and does not contain larger and highly relevant PAHs, 
alkylated PACs, and compounds containing heteroatoms, which may be 
present in combustion processes and have toxic effects (Andersson and 
Achten, 2015). Reliance on these 16 and derived carcinogenic indexes 
such as TEF may underestimate carcinogenic risk by up to 85% (Sam-
burova et al., 2017). 

Beyond PAHs measured in this study there is also evidence that an 
additional chemical bioactive profile is present within B100 when one 
compares gene expression results for this exposure against NIST particle 
effects. Levels of NQO1 were increased with B100, while no change was 

observed with NIST particle exposure. While levels of the most carci-
nogenic and bioactive PAHs, BAP and DHA (Meldrum et al., 2016) were 
higher in NIST than B100 and corelated well with AHR dependent 
CYP1A1 expression, these levels did not correspond to changes in NQO1. 
There were in fact no corelation with levels of any of the PAHs measured 
in this study. Toxic metal effects are also unlikely as causative as NQO1 
effects were diminished on semi-volatile fraction removal, where levels 
of metals remained the same. In addition to NQO1, there was also a 
significant reduction in a gene responsible for co-ordinating mitochon-
dria biogenesis PPARGC1A (Houten and Auwerx, 2004) with B20 and 
B100 exposure, again an effect not observed in NIST samples where 
higher levels of more carcinogenic PAHs (IARC groups 2B, 2A, 1) are 
present. Removal of particulate organic content reversed in part these 
reductions in PPARGC1A again indicating a chemical bioactivity beyond 
classical PAH -AHR activation is present. Interestingly exposure of mice 
to PM2.5 which contains a fraction of DEPs, has been previously 
demonstrated to result in airway epithelial mitochondrial vacuolisation, 
rupture and reduction PPARGC1A expression (Ning et al., 2019). It has 
also been observed that the polar quinone rich fraction of DEPs, was 
more potent than the PAH rich aromatic fraction in generating super-
oxide, mitochondrial pore opening, decreasing mitochondrial mass and 
induction of apoptosis. These effects which are indicative of mitochon-
drial toxicity were also observed with ambient air pollutant ultrafine 
particles but not nanoparticles devoid of chemicals (Xia et al., 2004). 
Furthermore, as NQO1 is a reductase enzyme specifically tasked with 
detoxifying quinones (Lee et al., 2021) it is interesting to speculate 
whether increased expression with B100 exposure may be a specific 
response to increased levels of this type of toxic chemical on these 
particles. Indeed, quinones including 1,4-naphthoquinone found on 
diesel particles have been demonstrated to directly modify mitochon-
drial function (Xia et al., 2004; Li et al., 2022). Other chemical types 
including aldehydes may also be responsible for differential effects be-
tween particle types examined in this study. 

Unlike changes observed with CYP1A1 levels, alterations in NQO1 
and PPARGC1A as well as other stress response genes, did not persist 
when results were normalised to exhaust gas volume, indicating no 
change in overall inhalation risk for this set of toxicity endpoints when 
comparing SME to FD. However, this assumption is based only on a 
single 24 h exposure and is limited to a model of the airway containing 
only one cell type and the measurement of a limited number of toxicity 
endpoints. A more in-depth toxicity assessment, coupled with a more 
comprehensive chemical characterisation of SME particles may yet 
reveal further risks to airway health through mechanisms beyond those 
driven by changes in PAHs, CYP1A1 and related AHR activation. Indeed, 
a recent study in Nature (Hill et al., 2023) has highlighted a novel air 
pollution particle driven inflammatory mechanism of lung cancer in 
non-smokers. Increased levels of the main driver of this effect, IL-1B was 
increased with B100 particle exposure, an effect that could be attributed 
to the particle bound chemical fraction. 

With the alterations in particle bound PAH chemicals observed in 
this study, it is important to understand how fossil fuel displacement 
with FAME biodiesels may alter combustion dynamics and what role 
fuel molecular structure plays. Such properties and associated toxicities 
will ultimately impact how one may consider incorporating such fuels 
across society and the inhalation risks that may arise. In analysing the 
PAHs formed during combustion of a range of FAME and fatty acid ethyl 
esters (FAEE) at varying oxygen pressures in a bomb calorimeter, Llamas 
et al (Llamas et al., 2017). proposed production via initial abstraction of 
a hydrogen from the α-carbon adjacent to the ester group to produce a 
stable acrylic ester molecule and an alkyl or alkenyl radical, which 
subsequently decomposes to short chain precursors to aromatic forma-
tion, usual soot and PAH precursors. While FAME and FAEE from the 
same fatty acid feedstock formed similar concentrations and composi-
tion of PAH, despite differences in the ester alcohol moiety, lower levels 
of PAH were produced by more highly unsaturated esters, suggested to 
be due to the formation of resonance stabilised allenes. It is tentatively 
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suggested therefore that the effects of SME blend level on the abundance 
of several PAH apparent in Fig. 2 can be attributed to displacement of 
the wide range of aromatic ring and soot precursors derived from the 
various paraffinic, cyclic and aromatic compounds that comprise fossil 
diesel with a more limited selection of species formed from the biodiesel 
alkyl moieties. Such a changing composition of PAH precursors may 
explain the gradual increases and decreases seen in the concentration of 
some species with increasing SME blend level, for example NAP and B[a] 
P respectively. As to what specific properties of FAME and the com-
bustion route it takes to form more toxic PAHs such as B[a]P and D[ah]A 
as found in this study remains to be elucidated. 

It is important to discuss properties of fuel combustion independent 
of fuel molecular structure that may account for changes in PAH profiles. 
Supplementary Fig. S1B-C shows the apparent net heat release of pure 
fossil diesel, unblended SME biodiesel, unblended methyl decanoate and 
the respective blends of both with fossil diesel (B20, B50, M20 and 
M50). A reduction in peak heat release rates and a greater proportion of 
mixing rate-controlled combustion with an increasing level of SME 
biodiesel is observed (Supplementary Fig. S1B). This agrees with pre-
vious studies and can be attributed to the impediment of fuel air mixing 
with the higher viscosity of the biodiesel relative to fossil diesel (Hellier 
et al., 2019; Schonborn et al., 2009; Peirce et al., 2013). The decrease in 
peak heat release, and likely also maximum in-cylinder temperatures 
reached, could be anticipated to decrease rates of particulate oxidation, 
while a greater extent of mixing rate controlled combustion, also 
apparent with the displacement of fossil diesel with methyl decanoate 
(Supplementary Fig. S1C), might be expected to increase the formation 
PAH and particulate through pyrolysis reactions (Tree and Svensson, 
2007). However, the observed decrease in PM emissions with the 
displacement with either FAME, are suggestive of a greater influence of 
the ester molecular structure on pyrolysis reaction rates than that of the 
fuel physical properties on combustion phasing. 

Previous studies of B[a]P and D[ah]A in the context of increasing 
SME content in blends with fossil diesel have focused on collecting 
particulate samples during standardised drive-cycles. For example, 
during both urban and extra urban drive-cycles levels of B[a]P extracted 
from particulate matter have been found to decrease with increasing 
SME content (Karavalakis et al., 2010; Bakeas et al., 2011). However, 
significant increases in B[a]P with increasing SME, in agreement with 
our own study have also been observed (Karavalakis et al., 2017; Bakeas 
and Karavalakis, 2013) with various driving conditions. Such 
drive-cycles necessarily require a variety of both steady state and tran-
sient engine operation, resulting in a range of global mixture stoichi-
ometries and temperatures within the combustion chamber during 
particulate collection, factors which can be expected to influence PAH 
formation independent of fuel composition (Dandajeh et al., 2017, 2018; 
Khan et al., 2022; Wu et al., 2006). While we acknowledge that using 
drive cycles are more representative of real-world emissions genera-
tions, they come with the disadvantage of uncertainty around howe 
different fuels may behave under different combustion phases and dif-
ficulty in comparison across studies. By using a standardised steady state 
approach for which most engine activity occurs, we hoped to provide 
some further clarity on how Biodiesel fuel molecular structure may alter 
combustion particle toxicity. 

4. Conclusion 

We demonstrate that under steady state engine conditions that 
displacement of FD with SME FAME biodiesel increases exhaust emis-
sions particle toxicity in human primary airway epithelial cells, attrib-
utable to changes in more toxic PAH species including B[a]P and D[ah] 
A. Physical particle effects and changes in toxic metals were excluded as 
causative. Increased levels of these priority carcinogens were also 
increased when FD was displaced with the single component FAME fuel 
methyl decanoate. Overall carcinogenic risk, calculated from cumula-
tive PAH quantification, increased at the higher blend levels of FAME 

fuels, an effect that was still present when levels were adjusted for re-
ductions in total exhaust PM mass with FAME use. This adjustment 
method, used to provide a level of comparison of exhaust particle 
inhalation toxicity risk across different fuel use, reduced gene expression 
increases associated with B100 particle exposure, except for CYP1A1. 
Induction of this gene is typically driven by PAHs including carcinogenic 
B[a]P and is part of the mechanism of carcinogenicity of this chemical. 
Such results indicate that at higher blends of FAME biodiesel combus-
tion, exhaust particle associated PAHs may pose a risk of enhanced 
carcinogenicity and/or toxicity. 

5. Methods 

5.1. Test fuels 

The engine was fuelled by three pure fuels namely reference fossil 
diesel (FD) without FAME, Soybean oil methyl ester (SME) (100% SME 
labelled as B100), both purchased from a fuel supplier (Haltermann 
Carless) and methyl decanoate (MD) obtained from a chemical supplier 
(Sigma Aldrich). In addition to the pure fuels, SME blends (B20, B50) 
and MD blends (M20, M50) were prepared with FD at ratios of 20 v/v% 
and 50 v/v% ester content. Supplementary Table S1 reports the chem-
ical composition and physical properties of the pure fuels, with specia-
tion of the fossil diesel PAH content provided in an earlier work 
(Ogbunuzor et al., 2021). 

5.2. Engine specifications and test procedure 

All combustion experiments were undertaken with a naturally aspi-
rated single-cylinder direct injection compression-ignition research en-
gine. Engine components, including head, piston and fuel injector, were 
taken from a commercially available light-duty diesel engine and in- 
cylinder geometry preserved, further details of the engine specifica-
tion are shown in Supplementary Table S2. No exhaust aftertreatment 
devices or Exhaust Gas Recirculation (EGR) were utilised in these ex-
periments. A schematic diagram of the research engine and exhaust 
sampling apparatus is presented in Supplementary Fig. S1. 

For all engine experiments, the ambient air temperature was main-
tained at 25 ◦C, and the engine coolant and lubricating oil were pre- 
heated to 70 and 80 ◦C respectively. After reaching the desired tem-
peratures, the engine was fired with fossil diesel for 10 min to heat the 
engine to a consistent operating temperature. Filters for the collection of 
particulates from exhaust gases during engine combustion were pre-
pared by sandwiching a 70 mm glass microfibre filter (0.7 µm Pore size, 
Fisher Scientific UK) between two 70 mm stainless steel woven wire 500 
mesh discs (The Mesh Company UK). Sandwiched filters were desiccated 
for 12 h and pre-weighed before loading into the filter holder within a 
bespoke housing located upstream of the vacuum pump and gas meter 
sampling from the main engine exhaust flow. The filter holder housing 
and connecting stainless-steel pipes to the exhaust were heated to 
250 ◦C by insulated PID-controlled electric tape heaters to prevent 
condensation of water vapour and gaseous hydrocarbons. 

Particulate samples were collected from the engine exhaust for 
15 min under steady state conditions at a constant engine speed of 
1200 rpm, with the start of injection (SOI) adjusted throughout to 
maintain a consistent start of combustion (SOC) at top dead centre 
where the duration of ignition delay varied with fuel composition. In-
jection durations were varied between tests to maintain a constant en-
gine load of 7 bar indicated mean effective pressure (IMEP), with all 
fuels injected at a pressure of 450 bar; fossil diesel was supplied to the 
injector directly from a common rail, while FAME blends were pres-
surised and supplied from a novel low volume fuel system (Talibi et al., 
2018). Once collected, all sandwiched filters were placed in petri dishes 
and stored below – 20 ◦C in the dark in accordance with the US EPA 
Method TO-13A. Sandwiched filters were further processed as is or 
baked at 300 ◦C for 4 h to remove the semi-volatile organic fraction 
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(Eveleigh et al., 2015), using similar temperature conditions previously 
utilised with thermodenuders for the same purpose (Jayaratne et al., 
2008). Unbaked or baked particle samples were subsequently removed 
from the mesh for in vitro testing, particle size analysis, elemental 
composition or processed directly from the filters for PAH analysis. 

5.3. Particle extraction and PAH analysis 

Particle PAH extraction and analysis was carried out as previously 
described (Ogbunuzor et al., 2021). In brief, samples were desiccated for 
12 h and reweighed to determine the particulate mass recovered. Par-
ticle extracts were prepared from the sandwiched filters with dichloro-
methane (DCM) in a Dionex Accelerated Solvent Extractor (ASE150) 
under conditions optimised by Dandajeh et al (Dandajeh et al., 2017, 
2018).: 125 ◦C and 103.5 bar for three 5-minute static cycles followed 
by 4 mL rinse and 60 second nitrogen purge. The combined extract 
(60–90 mL) from three extractions of each particulate sample was 
reduced to 1–2 mL in two stages under nitrogen flow. Initially the 
extract was reduced to 11 mL in the collection bottle and transferred 
without losses into a preconditioned 15 mL graduated centrifuge tube 
for further reduction. After reducing to 1–2 mL, the extract was trans-
ferred into 2 mL screw cap vials for GC-MS analysis. An Agilent 5977 A 
GS-MS detector fitted with a Restek fused silica Rxi-17Sil MS column 
was used to identify and quantify the PAH profile present in the organic 
extracts. The configuration and operating parameters of the GC-MS are 
reported in Supplementary Table S3. To quantify the PAH profile, 50 µl 
of the external standard (2000 μg/mL 16 EPA priority PAH mixture in 
DCM) was serially diluted with DCM to 1100 µl at four calibration levels: 
50, 25, 10 and 5 ppm. To compensate for potential unequal loading of 
the GC column by the Automatic Liquid Sampler (ALS), 10 µl of internal 
standard comprised of deuterated PAHs recommended by EPA: 
Naphthalene-d8, Acenaphthalene-d10, Phenanthrene-d10, Chrys-
ene-d12 and Perylene-d12 was added to each sample and calibration 
vial. A carcinogenicity metric for particle-phase PAHs was calculated 
from the 16 measured PAHs and reported as either a Toxicity Equivalent 
Factor (TEF) or Relative potency factor (RPF) using relative PAH 
weightings normalised to B[a]P as described by Nisbet and LaGoy 
(Nisbet and LaGoy, 1992) and US EPA 2010 (Epa, 2010) respectively, 
using Eq. 1. 

B[a]Pequivalence =
∑16

i=1
((TEF or RPF relative ratios)

× (PAH/PM(µg/g))) (1)  

5.4. Particle elemental composition 

Particle sample suspensions at a concentration of 1.5 mg/mL were 
prepared in LHC-9/DMEM cell culture media containing 0.1% Tween 
80. Cell culture media without particles were processed alongside par-
ticle samples as blank controls. Samples were digested using a micro-
wave assisted acid digestion approach. 0.666 mL of sample suspension 
(1 mg of particles) were transferred to microwave digestion vials along 
with 0.46 mL 65% HNO3, 0.125 mL 35% HCl, 0.25 mL H2O2 and 1.5 mL 
ultrapure water (UPW). This resulted in a volume of 3 mL and acid 
matrix of 10% HNO3 and 1.5% HCl. The samples underwent microwave 
digestion in an Anton Paar MultiWave Go microwave digestion system, 
where temperatures were ramped to 180 ◦C over 10 min and held for a 
further 20 min. Upon completion samples were transferred to 15 mL 
trace metal centrifuge tubes and centrifuged at 10,000 rpm for 10 min. 
The supernatant was diluted 5x using UPW to result in an acid matrix of 
2% HNO3 and 0.3% HCl. Sample solutions were analysed using a 
Thermo iCAPQ inductively coupled plasma mass spectrometry (ICP-MS) 
instrument. A mixed element standard was prepared and included Li, Be, 
B, Na, Mg, Al, si, P, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, 
Se, Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, In, Sn, Sb, Cs, Ba, La, Ce, Nd, Sm, Eu, 

Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re, Pt, Au, Hg, Tl, Pb, Bi, Th, 
U. Standard solutions were prepared at the following concentrations of 
0.01, 0.05, 0.1, 0.5, 1, 5, 10, 25, 50 and 100 μg/L. Online standard 
addition of Rh in 2%HNO3 was used as an internal standard. Elemental 
levels were normalised to NanoSight assessed particle volume within the 
original samples and expressed as ng or pg / mg of particulate mass. 

5.5. Particle Characterisation 

Size distribution of particulate samples made up in LHC-9/DMEM 
cell culture media containing 0.1% Tween 80 was determined using 
nanoparticle tracking analysis (NanoSight LM10 instrument, NanoSight, 
Amesbury, UK). Particle were reconstituted in media separately 3 times 
for each fuel type sample and measured separately to ensure accurate 
estimation of size distribution. Each sample was measured for a mini-
mum of 60 s and processed using the NTA 3.2 Analytical software. Re-
sults are displayed as mean particle diameter size, with standard 
deviation (SD) as well diameter cut-offs below which contain 10% 
(D10), 50% (D50) and 90% (D90) of the particle volume within the 
sample resides. 

5.6. Cell culture and treatment protocols 

Human primary bronchial epithelial cells (HPBECs) were obtained 
from 6 normal and 4 asthma donors (Epithelix Sàrl, Suisse) with char-
acteristics as described in Supplementary Table S4 and were maintained 
at 37 ◦C in a 5% CO2 humidified atmosphere. Cells were sub-cultured 
into 24 well plates using Epithelix cell growth media (Cat# EP09AM) 
with experimental exposures carried out between passage 2–4. Prior to 
treatment, cells were differentiated using a 50:50 ratio of LHC-9 and 
DMEM (High Glucose) culture media (Carlsbad, CA, USA) supplemented 
with bovine serum albumin 0.5 mg/mL, Bovine pituitary extract, 10 µg/ 
mL, Insulin 1 µg/mL, Transferrin 0.125 µM, Hydrocortisone 0.1 µM, 
Triiodothyronine 0.01 µM, Epinephrine 2.7 µM, Epidermal growth fac-
tor 0.5 ng/mL, Retinoic acid 5 × 10–8 M, Phosphorylethanolamine 
0.5 µM, Ethanolamine 0.5 µM, Zinc sulphate 3.0 µM, Penicillin G sul-
phate 100 U/mL, Streptomycin sulphate 100 µg/mL and CaCl2 1.0 mM. 
Other stock components and trace elements were added as indicated 
(Fulcher and Randell, 2013). Culture in differentiation media was 
initiated after cells reached confluence (at Day 7 of culture) and carried 
out for a minimum of 14 days, prior to cell treatment. Media replace-
ment was carried out every 2–3 days. For treatment, particles collected 
from the engine runs were prepared at a concentration of 1.5 mg/mL in 
LHC-9/DMEM containing 0.1% Tween-80. Suspensions were sonicated 
to ensure homogeneity as previously described (Meldrum et al., 2020). 
NIST Standard diesel particulate matter SRM-2975 was used as a posi-
tive control for diesel particle associated PAH cellular effects, elemental 
and PAH analysis. These particles were collected from an industrial 
diesel engine powered forklift truck and obtained from a chemical 
supplier (Sigma Aldrich UK). SRM1975 dichloromethane (DCM) extract 
of SRM2975 NIST standard particles (NIST.E) was processed to replace 
DCM with an equal volume of DMSO through evaporation under ni-
trogen. Cells were treated in 500 µl volume per well, to a range of par-
ticle final concentrations (0–150 µg/mL) for 24hrs prior to toxicological 
assessment using resazurin reduction and PCR analysis of gene expres-
sion. Control wells contained 50 µl particle diluent (LHC-9/DMEM 
containing 0.1% Tween-80). NIST.E was used at a final concentration of 
10 µg/mL with 1:1000 dilution of DMSO as solvent control. 

5.7. Cellular viability 

Resazurin reduction is used as an indicator of cellular reductase ac-
tivity indirectly as a viability indicator and is based on the conversion to 
a fluorescent product resorufin (Liu, 1981). After treatment, cells were 
washed once in 200 µl of 44 µM resazurin (Cat# R7017, Sigma-Aldrich, 
Gillingham, UK) in cell culture media and incubated with a further 
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200 µl of resazurin solution for a minimum of 1 h at 37 C. Fluorescence 
was detected at 540 nm excitation and 590 nm emission. 

5.8. RNA isolation and PCR 

For gene expression analysis, total RNA was isolated using a silica 
gel-based RNeasy spin column method (Qiagen, Valencia, CA) and as 
previously described (Fransen and Leonard, 2021). RNA purity was 
determined using the nanodrop platform (Thermo Scientific) and cDNA 
synthesised using a random hexamer dependent protocol and reverse 
transcriptase as per manufacturer’s instructions (Cat# BIO-27036, Bio-
line Reagents Ltd, UK). cDNA was analysed for gene expression using the 
QuantStudio™ 6 Flex Real-Time PCR System. PCR Primer sequences for 
real time PCR are listed in supplementary Table S5. cDNA was amplified 
for 10 min at 95 ◦C followed by 40 cycles of 30 s at 95 ◦C and 30 s at 
60 ◦C. Cycle thresholds (Ct values) were quantitatively assessed using 
the delta-delta Ct method and normalized to GAPDH control. 

5.9. Data handling and statistical analysis 

Statistical significance between treatments was carried out using 
Graphpad Prism with one-way ANOVA and Fisher’s LSD Test subsequent 
to outlier removal using the ROUT method. Results are expressed as 
mean ± standard error of the mean (SEM) unless otherwise stated. 
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