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Abstract
Lithium-ion (Li-ion) batteries have become the primary power source for electric vehicles (EVs) around the world. How-
ever, this technology comes with important risks during EV fires if the batteries are damaged, improperly overcharged, or 
overheated, leading to intense heat and considerable amounts of smoke, which may have different properties than those from 
fires in internal combustion engine vehicles (ICEVs). Chemical components of smoke emissions from EV fires and their 
potential health risks are not fully understood. In this study, full-scale fire tests of six EVs and two ICEVs were conducted 
to simulate real-world fire scenarios. Respirable particulate matter (PM) in the smoke emissions was collected for chemical 
analyses and mutagenicity tests using the Ames assay. Results showed that the EV smoke PM contained more metals than 
the ICEV smoke samples, but the mass fractions of the PM varied depending on vehicle models. While Li, Mn, Co, and Ni 
were the predominant metals of the EV fire smoke emissions, Zn was a primary contributor to the total metal content of the 
ICEV fire smoke PM. In addition, fluoride was strongly enriched in the EV fire smoke samples. On an equal mass basis, most 
EV fire smoke PM induced more substantial mutagenic potencies compared to the ICEV fire smoke samples. These findings 
provide an initial understanding of the chemistry and potential health effects associated with EV fire smoke exposures and 
could inform protective strategies for emergency responders to EV fire events.
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Introduction

Global demand for lithium-ion (Li-ion) batteries is rap-
idly increasing because of their high-energy capacity and 
the increasing popularity of electric vehicles (EVs), con-
sumer electronic goods, and sustainable energy options. 
However, high-energy Li-ion batteries are vulnerable to 
failure when they are overheated, overcharged, or damaged, 
resulting in explosions and/or uncontrolled fires (Zalosh 
et al. 2021). Since Li-ion batteries account for 15–20% of 
the EV’s weight (Berjoza and Jurgena 2017), fires in EVs 
behave differently from those in conventional internal com-
bustion engine vehicles (ICEVs). While EV fires are less 
frequent than ICEV fires, they are more challenging to 
extinguish and also producing substantial amounts of smoke 
and intense heat, which cannot only threaten the health of 
vehicle drivers, firefighters, and other first responders, but 
also have detrimental effects on the environment (Hynynen 
et al. 2023). Some studies to date have examined chemi-
cal components of smoke released from EV fires; however, 
there are no scientific reports on adverse health outcomes 
associated with exposure to the smoke emissions (Arvidson 
and Westlund 2023; Chiu et al. 2025; Hynynen et al. 2023; 
Kang et al. 2025; Sturm et al. 2022; Zhao et al. 2024). Thus, 
there is a critical gap in fire service knowledge and public 
safety education pertaining to health risks associated with 
EV fires. In addition to the typical combustible materials 
used in all vehicle construction, EV fires generate smoke 
that also includes products released when the Li-ion battery 
burns, leading to distinct chemical characteristics involv-
ing metals and fluoride compounds. Notably, because many 
EVs are produced with more plastics to offset the heavier 
weight of Li-ion batteries, the additional amount of plastics 
that may include additives such as flame retardants could 
increase the release of toxic gases and vapors as well as 
bioactive components such as polycyclic aromatic hydrocar-
bons (PAHs), dioxins, and furans during EV fires. In addi-
tion, carbonaceous components (e.g., graphite anodes and 
electrolytes) of Li-ion batteries could be another source of 
organic compounds (e.g., PAHs) in the smoke emitted from 
EV fires. Numerous studies have shown that exposure to 
metals, fluoride, and PAHs, often found in smoke and other 
environmental matrices, can have various toxic effects on 
human health (Ando et al. 2001; Bergström 1977; Mallah 
et al. 2021; Olasehinde and Olaniran 2022; Szűcs-Somlyó 
et al. 2023). However, there is still a lack of knowledge about 
how many chemicals are released from EV fires, whether 
they are different from ICEV fires, and how such differences 
promote similar or distinct health outcomes.

Of the complex chemical components in EV fire smoke, 
PAHs are major factors of concern because they are wide-
spread environmental pollutants generated from incomplete 

combustion of various sources and their exposure (particu-
larly long-term exposure) can cause DNA damage, leading 
to mutations and potentially increasing the risk of cancer 
(DeMarini and Linak 2022). While there are several muta-
genicity assays that are used to evaluate the mutagenic 
potential of various compounds, the Salmonella (Ames) 
assay has been widely used in the field of environmental 
toxicology for more than 50 years (Claxton et al. 2010). 
Importantly, since many chemicals are directly mutagenic 
in their original forms but may also require metabolic 
transformation within living organisms to elicit mutagenic-
ity, the Ames assay is designed to detect direct and indirect 
mutagenic substances by exposing genetically modified 
bacteria to the chemicals in the absence and presence of 
metabolic activation to simulate mutagenic activity in vitro.

In the present study, we performed full-scale fire testing 
of six EVs and two ICEVs and collected respirable par-
ticulate matter (PM) of the combustion smoke to evaluate 
mutagenic potentials. As noted earlier, there are no stud-
ies integrating analysis of chemical and toxicology data 
from real fire scenarios for EVs and ICEVs and examining 
potential health effects as compared to other combustion 
smoke exposures. To our knowledge, this is the first study 
to investigate differences in chemical profiles of the smoke 
PM emitted from EV and ICEV fires and associated muta-
genic risks, which are relevant to firefighters and others 
who may be exposed to vehicle fire smoke.

Methods

Full‑scale EV and ICEV fire testing

Full-scale fire experiments involving both EVs and 
ICEVs were completed at an indoor large-fire laboratory 
(UL Solutions, Northbrook, IL, USA). Fire effluent was 
removed from the lab at a rate of 28.3 m3/s throughout the 
experiments and passed through a regenerative thermal 
oxidizer prior to release to the environment. A total of 
six EV models (EV1, EV2, EV3, EV4, EV5, and EV6) 
and two ICEV models (ICEV1 and ICEV2) were used 
for the full-scale fire testing. Full specifications of the 
vehicles are listed in Supplementary Table S1. Note that 
EV6 and ICEV1 shared the same platform (chassis and 
body structure) but with different propulsion systems. The 
vehicles were placed near the center of the room, inside 
of a metal pan, that was situated on a metal frame, which 
raised the vehicle approximately 52 cm from the lab floor 
(Fig. 1). Vehicles remained intact and were filled with 
gasoline (for ICEVs) or charged to near maximum capac-
ity (for EVs). The windows were lowered, and vehicles 
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were placed in the “ON” position prior to ignition. Vehi-
cles were ignited using a propane burner that was placed 
under the battery in the EVs and under the engine bay in 
the ICEVs. Gas flow to the burner was regulated to pro-
duce an output of 30 kW and was shut off when the fire 
had transitioned to the vehicle. Vehicles were allowed to 
burn until the consumption of all combustible materials.

Smoke PM sampling and extraction

This work is part of a larger study that conducted meas-
urements of the thermal properties and chemical charac-
terization of the effluent from EV and ICEV fires. While 
vehicle mass loss, temperature, heat flux, and gas/particle 
components were measured to characterize the heat release 
rate and physico-chemical properties of the fires (Dehghani 
et al. 2025; Kesler et al. 2025), this study is focused on the 
particulate matter (PM) which was collected using high-
volume air samplers (Staplex, Cincinnati, OH, USA) from 
two different locations during the full-scale fire experi-
ments. These samplers were positioned 1.5 m high, approx-
imately 3 m in front, and 4.5 m behind the vehicle (Fig. 1), 
representing potential exposure locations for emergency 
first responders (e.g., firefighters and paramedics) during 
fire events. For a subset of tests, an additional high-volume 
air sampler was placed in the plume area near the ceiling 
(8.3 m above the vehicle’s ground level), representing the 
worst-case scenario of fire smoke exposures. The samplers 
were equipped with 90-mm quartz fiber filters and operated 
at a flow rate of 10 ft3/min (approximately 280 l/min). The 
smoke PM was extracted from the filters through sonica-
tion in methanol. PM samples were resuspended in metha-
nol and filtered (Syringe Strainer, pluriSelect, El Cajon, 
CA, USA) to remove non-respirable particles larger than 
10 µm. The smoke samples were diluted to a concentration 
of 1 mg/ml, and chemically analyzed and tested for muta-
genic effects. For chemical analysis, three aliquots of each 

sample containing 200 µg of PM were added to pre-cleaned 
15 ml polypropylene DigiTubes (SCP Science, Champlain 
NY, USA) and submitted for analyses of organic carbon 
(OC), elemental carbon (EC), inorganic elements, and ions. 
For mutagenicity testing, separate samples of the EV and 
ICEV fire smoke PM were suspended in dichloromethane 
(DCM) at a concentration of 10 mg/ml.

Smoke PM analysis

For the inorganic elemental analysis, an aliquot of the PM 
extract containing 100 µg of PM was transferred into an 
acid-cleaned SCP Science DigiTube. Then, 0.5 ml of HNO3 
– HCl (3:1) mixture was added, capped, and placed on a 
DigiPrep Jr block digester (SCP Science, USA) at 65ºC for 
3 h. Following this step, the tubes were withdrawn, 0.5 ml 
of deionized water was added, and they were returned to 
the DigiPrep Jr and heated at 95 °C for an additional 2 
h. The resulting solution was allowed to leach overnight. 
The following day, 9 ml of deionized water was added to 
each DigiTube, and the contents were vortex-mixed and 
then centrifuged at 2000 rpm for 30 min. An aliquot of 
the supernatant was subsequently transferred for elemental 
analysis, following further dilution to achieve a final nitric 
acid concentration of 2%. Inorganic elemental analysis 
was performed using high-resolution inductively coupled 
mass spectrometry (HR-ICP-MS; Nu AttoM ES; Nu Instru-
ments Ltd, Wrexham, UK). Samples were introduced to 
the plasma using a SC-FAST flow injection multivalve 
system and MC2 peristaltic pump (Elemental  Scien-
tific Inc., Omaha, NE, USA) with online internal stand-
ard Indium at 2 ppb. Up to 42 elemental isotopes were 
analyzed, including typical metals found in lithium-ion 
batteries such as Al, Co, Li, Mn, Ni, Pb, and Sb. Analyti-
cal calibration was performed using multielement stand-
ards (SCP Science, USA). NIST SRM 1643a and 1640a 
were analyzed in each analytical sequence as a quality 

Fig. 1   Schematic of full-scale 
EV and ICEV fire testing (left) 
and one of the vehicles during 
the fire event (right)
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control measure. For water-soluble anion analysis, sam-
ples were diluted to 5 ml using Milli-Q water (Millipore 
Sigma, MA, USA) prior to transfer into Thermo Scientific 
Dionex vials and Guardcaps. Ion chromatography analy-
sis was performed on a Dionex ICS-2000 (Chromeleon 
software v6.8) equipped with a 200-µl injection loop, 
Thermo Scientific Dionex IonPac AS18 anion-exchange 
analytical (4 × 250 mm, pn060549), and AG18 guard col-
umns (4 × 50 mm, pn060551) utilizing a 30 mM potassium 
hydroxide (KOH) isocratic separation method, based on 
EPA Method 300.0(A). The system was calibrated using 
a Thermo Seven Anion standard (pn056933) of fluoride, 
chloride, nitrite, bromide, sulfate, nitrate, and phosphate. 
Each sample was injected and analyzed twice to observe 
precision. For carbon species analysis, samples were ana-
lyzed using a Sunset Laboratory Model 5L Thermal-Opti-
cal Carbon Analyzer (Sunset Laboratory Inc., Tigard, OR, 
USA). In preparation for analysis, each sample solution 
was homogenized using a vortex mixer for 1 min. An ali-
quot of 20 µl was extracted from the well-mixed solution 
using a syringe and directly spiked onto the center of a 
pre-baked quartz filter punch. The spiked filter punch was 
dried using the equipment’s drying cycle function to ensure 
methanol evaporation. Once dried, the OC/EC analysis was 
conducted using NIOSH 870 parameters (NIOSH Method 
5040). The resulting organic carbon (OC), elemental car-
bon (EC), and total carbon values were recorded.

Mutagenicity assay

Smoke PM samples from burning six EVs and one 
ICEV were used for mutagenicity analysis. We extracted 
the organics from the smoke PM with dichlorometh-
ane (DCM), and then solvent-exchanged the extractable 
organic material (EOM) into dimethyl sulfoxide (DMSO) 
as described previously (Kim et al. 2018, 2021). Smoke 
EOM samples were tested for mutagenic potential in a 
bacterial reverse mutation assay using Salmonella typh-
imurium tester strains TA98 and TA100. Experiments in 
TA98 were done in the presence and absence of S9, and 
those in TA100 were done only in the presence of S9 due 
to the limited amount of sample. The metabolic activa-
tion (S9 mix) contained 1 mg of S9 protein (Moltox, Inc., 
Boone, NC, USA) made from the livers of Aroclor-induced 
Sprague–Dawley rats; mutagenesis experiments were con-
ducted at Inotiv, Inc. (Research Triangle Park, NC, USA). 
In the presence of S9, both strains primarily detect PAHs, 
and strain TA98 is also sensitive to aromatic amines; in the 
absence of S9, strain TA98 primarily detects nitro-PAHs 
(nitroarenes). Strain TA100 + S9 detects primarily PAHs. 
The smoke samples were evaluated using 3 doses (50, 100, 
and 200 µg EOM/plate) at one plate/dose; samples were 

evaluated in two independent experiments in each strain/
S9 combination. We defined a positive mutagenic response 
as a reproducible, dose-related increase in revertants 
per plate relative to the DMSO control. The mutagenic 
potency (MP) of the EOM (revertants/µg EOM) was the 
slope of the linear regression over the initial linear portion 
of the dose-response curve created by combining the data 
(rev/plate) from the independent experiments.

Mutagenicity score calculation

We used MP to calculate a mutagenicity score (MS) of 
smoke samples from each vehicle burn. The MS of each 
bacteria strain was calculated by (MPsample – MPminimum)/
(MPmaximum – MPminimum) and a total mutagenicity score 
(TMS) for each smoke sample was calculated as the sum of 
MS of each strain (Ghosh et al. 2024); TMS = MSTA98+S9 
+ MSTA98-S9 + MSTA100+S9. The TMS was used to rank the 
relative mutagenicity of the smoke samples using a scale 
from 0 to 3, with 0 being less mutagenic and 3 being more 
mutagenic.

Statistical analysis

We used one-way analysis of variance (ANOVA) followed 
by Dunnett’s multiple comparison test to compare the muta-
genic potencies. This analysis was performed using Graph-
Pad Prism software (version 10.2.2, GraphPad Software Inc., 
San Diego, CA, USA). Data were expressed as mean ± stand-
ard error of the mean (SEM). The statistical significance level 
was assigned at a probability value of p < 0.05.

Results and discussion

EV fire smoke differs from ICEV fire smoke

Smoke PM collected from burning six EVs and two ICEVs 
was chemically analyzed for organic carbon, elemental car-
bon, ions, and inorganic elements and their characteristics 
are summarized in Fig. 2 and Supplementary Tables S2 and 
S3. Note that some EV smoke samples (EV6 and ICEV1) 
were collected from two different locations at 1.5 m above 
ground level and in the plume area near the ceiling to exam-
ine chemical transformations potentially taking place within 
smoke plumes. Our findings indicate that the chemical pro-
files of the ground-level smoke and the rising smoke plume 
were similar (Supplementary Figure S1). Thus, we com-
bined them into one sample before proceeding further. All 
other smoke samples in this study were ground-level smoke 
samples. Depending on the vehicle model, we found that 
EV fires emitted 2–7 times more inorganic elements (mostly 
Ni, Mn, Co, and Li) than ICEV fires. Specifically, the mass 
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fraction of inorganics was largest in the smoke sample from 
the EV1 fire (27.5%) and the lowest mass fraction was meas-
ured in the EV4 sample (8.4%), but their mass fractions were 
still higher than the average mass fractions (6.4%) of two 
ICEV smoke samples. This difference can be explained by 
the fact that lithium-ion batteries account for about 20% of 
the EV’s weight, such that fires in EVs release more metals 
associated with the battery burns. Interestingly, mass frac-
tions of inorganic elements in the smoke samples from the 
burning of EV4 and EV5 that had relatively high-energy 

capacity batteries (> 80 kWh) were noticeably lower than 
other EV smoke samples (9.4% vs. 24.6%). It was assumed 
that the mass yield of inorganic elements would be primarily 
dependent upon battery capacity, where increasing capacity 
would result in increased mass yields. However, our findings 
illuminate that other factors such as battery chemistry (e.g., 
cathode and anode materials), battery enclosure design and 
materials, cell form factor, and battery integration into the 
vehicle chassis likely play a significant role in mass yields 
released into the surrounding environment.

Fig. 2   Mass balance of major chemical components of smoke PM samples from EV and ICEV fires. Unknown: unquantified oxygen and hydro-
gen derivatives. EV6 and ICEV1 were the same vehicle model but with different propulsion systems
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While the ICEV smoke samples had lower levels of met-
als than the EV smoke samples, they contained the largest 
fraction of Zn. It has been well reported that Zn is a chemical 
compound commonly used as an antiwear/antioxidant additive 
in engine oils, transmission fluids, and hydraulic oils to pro-
tect ICE systems (da Cruz et al. 2021; Ferguson et al. 2015; 
Li et al. 2019; Ziȩba-Palus and Kościelniak 2000). This dif-
ference in metal profiles can be clearly observed in samples 
collected from burning the same vehicle model with differ-
ent propulsion systems (EV6 vs. ICEV1), suggesting that 
ICEV fires are not simply less impactful on metal emissions 
but rather produce unique heavy metal (mainly Zn) profiles 
that could negatively affect human health (Lönnermark and 
Blomqvist 2006). This provides scientific evidence that the 
propulsion system is a key factor influencing smoke charac-
teristics. Moreover, understanding differences in chemical 
components of EV and ICEV fires is important because it 
can provide protective strategies or interventions to reduce 
exposure and to minimize the health effects of smoke emis-
sions from different vehicle fire events. It is well established 
that exposures to zinc oxide smoke (or Zn fume) can lead to 
local inflammation in the lungs as well as systemic inflam-
matory responses (Krabbe et al. 2023; Rohrs 1957; Szűcs-
Somlyó et al. 2023; Yang et al. 2021). While Zn-rich smoke 
emissions from ICEV fires can pose substantial health risks, 
more attention should also be given to the other metal oxides 
(NiO, MnO, and Li2O) emitted from EV fires because their 
mass fractions of PM reached up to 30%. This is significantly 
higher than metal mass fractions measured from various other 
types of combustion smoke emissions (e.g., wildfire smoke, 
burn pit smoke, coal power plant smoke) (Gilmour et al. 2004; 
Kim et al. 2021, 2018). There have been numerous studies that 
examined inhalation toxicity of NiO, MnO, and Li2O particles 
(Bergström 1977; Dunnick et al. 1988; Greenspan et al. 1986; 
Rebar et al. 1986). Similar to ZnO, their exposures may also 
increase potential risks to several major organs beyond the 
respiratory system through mechanisms involving oxidative 
stress, inflammation, and DNA damage.

Notably, not only were larger mass fractions of the metals 
detected, but we also found that EV fires generated consid-
erable amounts of fluoride (up to approximately 2% of PM 
mass) compared to ICEV fires. Fluoride particulate in the 
smoke emission is generally of concern because it can form 
hydrofluoric acid (HF) on contact with water. Regardless of 
the route of exposure (e.g., inhalation or dermal exposure), 
fluoride particulate could elicit adverse effects or exacerbate 
the effects from concomitant exposure (Lee and Jeong 2021). 
While there are no studies directly demonstrating inhalation 
exposures to fluoride particulate or HF from Li-ion battery 
fires or EV fires, a few studies reported adverse health effects 
from fluoride in factory workers at various industrial sites 
(Ando et al. 2001; Choubisa and Choubisa 2016; Song et al. 
2025). Note that the nitric acid digestion method was used to 
solubilize chemicals in the smoke PM samples in the present 
study, but it did not fully dissolve all components, resulting in 
unidentified substances accounting for approximately 13–35% 
of the PM samples that were likely to be carbonaceous and 
ionic species composed of nitrogen, oxygen, and hydrogen 
derivatives (Cho et al. 2009; Kim et al. 2022). Taken together, 
our findings indicate that the chemical profiles of the smoke 
PM emitted from vehicle fires were varied with respect to 
vehicle models but were impacted more by different power-
trains (electric motor vs. internal combustion engine). Regard-
less of the powertrain, adequate occupational safety and health 
measures should be in place to reduce exposures to the par-
ticulate portion of the smoke during all vehicle fire events.

EV and ICEVs fire smoke show distinct mutational 
signatures

Alongside investigating chemical differences of the smoke PM 
from EV and ICEV fires, we also sought to determine how dif-
ferences in organic materials present in the smoke PM contrib-
ute to different mutagenic effects. Mutation spectra of organics 
from the EV and ICEV fire smoke emissions are shown in 
Fig. 3 and Supplementary Table S4. In the present study, 

Fig. 3   Mutagenic potency 
of EOM from EV and ICEV 
fire smoke samples in the 
TA98 ± S9 and TA100 + S9 
Salmonella strains. EV6 and 
ICEV1 were the same vehicle 
model but with different propul-
sion systems. Data are presented 
as mean ± SEM. *p < 0.05 
compared with the ICEV1



26635Environmental Science and Pollution Research (2025) 32:26629–26639	

mutagenic potency is a measure of how many mutant colo-
nies (revertants) of Salmonella bacteria are produced per µg 
of EOM in the EV and ICEV fire smoke PM. These mutagenic 
potency measures have previously been shown to positively 
correlate with PAHs, nitroarenes (nitro-PAHs), and aromatic 
amines in smoke PM samples from various sources (DeMarini 
and Linak 2022; Kim et al. 2021, 2018). Aromatic amines and 
nitroarenes induce frameshift mutations through the addition 
or deletion of one or more DNA bases and this process can 
be detected by the TA98 strain, specifically while TA98 with 
S9 activation can acetylate aromatic amines into acetylated 
aromatic amines which can bind to DNA (typically guanine) 
forming DNA adducts, in the absence of S9, this strain is sen-
sitive to the mutagenicity of nitroarenes (direct-acting muta-
gens). It is reported that nitroarenes are derived mostly from 
the combustion of carbonaceous materials and are associated 
with lung cancer risk (Tokiwa and Sera 2000; Zhang et al. 
2021). Among organic chemicals, PAHs play a predominant 
role in base substitution mutations where one nucleotide (e.g., 
guanine) is replaced by another (e.g., thymine) resulting in a 
single amino acid change in the protein (mutation). This is 
processed by the error-prone DNA polymerase (pKM101) and 
can be detected by the TA100 strain in the presence of S9 
(DeMarini and Linak 2022). This mutation (a guanine to thy-
mine base substitution) has been found to be associated with 
the TP53 and KRAS genes in lung cancer patients exposed to 
PAH-rich coal smoke (DeMarini et al. 2001). Although com-
paring mutation spectra of a mutagen (e.g., nitroarenes) in 
TA98 to those of the agent in other systems (e.g., mammalian 
cell, rodent, and human systems) have not been proven, numer-
ous studies have demonstrated the same primary class of base 
substitution induced by a variety of mutagens (e.g., PAHs) 
across species, from bacteria to humans (DeMarini 2000; 
Dogliotti et al. 1998), suggesting that our findings could pro-
vide insights to understand mutation spectra between TA100 
and the TP53 gene in human tumors.

In this study, the EV6 smoke sample showed the highest 
mutagenic response in strain TA98 with a metabolic activa-
tion, while more direct mutations in the form of frameshift 
mutations were observed from the EV2, the EV4, the EV5, 
and EV6 samples. All of these responses on an equal EOM 
mass basis were significantly higher than the mutagenic 
potency of the ICEV1 smoke sample, indicating that aro-
matic amines and nitroarenes played a greater role in the 
mutagenicity of the EV smoke samples (except EV3). Three 
EV smoke samples (EV2, EV5, and EV6) also had the high-
est mutagenicity in the strain TA100 + S9, indicating a domi-
nant role of PAHs in these samples. Note that the present 
study was limited to measuring total organic carbon which 
does not specify organic species (e.g., PAHs) in the smoke 
samples. While this is an analytical limitation of this study, 
it is well documented that much of the mutagenicity and 
carcinogenicity of PM from various combustion emissions 

(e.g., diesel exhaust, cigarette smoke, charcoal smoke) is 
mostly associated with organic extracts (primarily PAHs, 
aromatic amines and nitroarenes). These organic compounds 
have been associated with a variety of health effects like 
neurological disorders, cardiovascular issues, and cancer 
susceptibility (Boström et al. 2002; DeMarini and Linak 
2022; Mallah et al. 2021; Olasehinde and Olaniran 2022). 
Overall, most of the smoke samples from EV fires in this 
study, specifically EV6, appeared to contain more organic 
components associated with both direct- and indirect-acting 
mutagens, compared to the ICEV fire smoke.

In addition to the mutagenic potency expressed as muta-
genicity per mass of EOM, we calculated the mutagenicity 
score (MS) of each smoke sample to understand the relative 
mutagenic effects (Fig. 4). The highest MS was obtained 
from the EV6 smoke sample, followed by the EV5, the EV2, 
the EV4, and the EV1 samples. All five of these EV smoke 
samples generated a higher MS than the ICEV1 sample. 
Consistent with the relatively lower level of mutagenicity 
in all strains, TA98 ± S9 and TA100 + S9 (Fig. 3), the EV3 
smoke sample had the lowest calculated MS. Although we 
did not directly measure PAHs and PAH derivatives from 
EV and ICEV fire smoke, we previously demonstrated a 
strong correlation between mutagenic potency and PAH 
emissions from the burning of anthropogenic materials (Kim 
et al. 2021). A few studies have also shown that notable 
amounts of PAHs are found in combustion byproducts from 
Li-ion battery fires (Bordes et al. 2024; Held et al. 2022). 
Because EV6 and ICEV1 share the same vehicle platform 
but use different propulsion systems, our findings from the 
mutagenicity assay support the notion that vehicle fires 
involving Li-ion batteries can produce more mutagenic 
organic compounds (e.g., PAH derivatives) than ICEV fire 
smoke, potentially leading to more genotoxic and ultimately 
carcinogenic effects in humans.

Fig. 4   Mutagenicity score (MS) of each smoke sample from EV and 
ICEV fires. A higher score indicates intensified mutagenicity. Total 
mutagenicity scores (TMS) of the EV6, the EV5, the EV2, the EV4, 
the EV1, the ICEV1, and the EV3 smoke samples are 2.70, 2.27, 
2.21, 1.78, 1.23, 0.94, and 0.00, respectively. EV6 and ICEV1 were 
the same vehicle model but with different propulsion systems
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While the EV fire smoke samples were found to be more 
mutagenic than the ICEV fire smoke, it is also important to 
compare their mutagenicity with other types of combustion 
emissions published in the literature (DeMarini and Linak 
2022) (Fig. 5). Interestingly, the EV3 smoke sample, which 
is the least mutagenic sample in this study, was still more 
mutagenic than smoke emissions from the combustion of 
residential woods, natural gas and biodiesel on an equal 
EOM mass basis. Since combustible materials of ICEVs 
include plastics, engine fluids, and the fuel system, the 
mutagenic potency of the ICEV1 fire smoke was found to 
be similar to that of smoke from the kerosene fires and also 
fell between the mutagenic potencies of the crude oil and 
the plastic burns. Although most mutagenic potencies of the 
EV fire smoke samples (EV1, EV5, EV2, and EV4) in the 
present study were lower than that of smoke from the plastic 
and petroleum diesel fires, the EV6 smoke sample elicited 
a much higher mutagenic response. Considering this wide 
range of results, further studies are needed to elucidate the 
relative impact of battery type (e.g., chemistry and energy 
capacity), battery construction, and battery enclosure design 
on PM-associated mutagenicity. Nevertheless, the potential 
mutagenicity of vehicle fire smoke, regardless of the pow-
ertrain, should not be underestimated. Our sample size was 
small, so additional mutagenetic evaluations of vehicle fire 
smoke would help validate these findings.

While some of the mutagenic potentials were likely due 
to the PAH composition of the smoke, many PAHs are also 
generally anticipated to be human carcinogens which can 

cause DNA mutations upon prolonged exposure; however 
they can also cause respiratory problems even after a short 
period of exposure. Previously, we found that PAH levels 
of combustion smoke PM were positively correlated with 
inflammatory responses in the lungs (Kim et al. 2021, 2018). 
Importantly, we also demonstrated that PM-associated 
heavy metals were key drivers for severe lung toxicity out-
comes when they accounted for a substantial fraction of PM 
mass (e.g., > 20%) (Kim et al. 2022). Note that a limitation 
exists as adverse effects of EV fire smoke PM on the lungs 
were not assessed explicitly in the present study. Despite 
this limitation, the chemical analysis results with the large 
mass fractions of the metals (> 10%) in the smoke samples 
suggest that the EV fire smoke, even smoke from the EV3 
fire that had the lowest mutagenic potency, could have a 
greater potential to cause inflammation in the lungs than 
the ICEV smoke sample. Taken together, when compared 
with previous studies which mainly focused on analyzing 
chemical components of EV fire smoke emissions (Arvid-
son and Westlund 2023; Chiu et al. 2025; Hynynen et al. 
2023; Kang et al. 2025; Sturm et al. 2022; Zhao et al. 2024), 
our study has several innovative aspects, both technically 
and scientifically, including simulation of full-scale EV 
and ICEV fires and evaluation of mutagenicity following 
exposure to the smoke PM, particularly in comparison to 
combustion byproducts from various sources, all aimed at 
understanding the potential genetic impact of EV fire smoke 
exposure which is essential for creating safety guidelines 
and regulations.

Fig. 5   Comparison of muta-
genic potency of EOM in the 
TA98 + S9 Salmonella strain 
from a variety of combustion 
emissions. Data for the combus-
tion smoke emissions except 
for the EV and ICEV fires are 
obtained from the published 
literature (DeMarini and Linak 
2022). EV6 and ICEV1 were 
the same vehicle model but with 
different propulsion systems



26637Environmental Science and Pollution Research (2025) 32:26629–26639	

Conclusions

We demonstrated that the smoke PM collected from full-
scale EV fire tests contained large amounts of metals (mostly 
Ni, Mn, Co, and Li) accounting for up to 28% of the mass, 
but much lower mass fractions (4–9%) of metals (mostly 
Zn) were measured in the ICEV fire smoke PM. Moreover, 
most of the EV fire smoke PM tested here produced greater 
mutagenic potencies than the ICEV fire smoke sample. Our 
findings suggest that exposure to EV fire smoke emissions 
(associated with metals, fluoride particulate, PAHs, and other 
organic compounds) may pose a wide range of short- and 
long-term health risks, but these health consequences could 
vary depending on vehicle models and battery design. More 
research is needed to understand how battery design, chemis-
try, housing, and other materials impact the mutagenic poten-
tial of vehicle fire smoke. Notably, the organic composition 
contributing to this increased mutagenic potential from EV 
fires is not fully understood, which may require more care-
ful consideration of potential health risks associated with 
long-term exposures. There are likely organic compounds 
other than PAHs that contributed to the mutagenicity of the 
EV fire smoke PM. Moreover, our mutagenic assays did not 
evaluate the mutagenic potential from inorganic elements. 
The higher quantities of metals in the EV fire effluent would 
likely increase the mutagenic potential of the smoke even 
more. Because of the chemical complexity, it is important 
to understand the proper level of personal protective equip-
ment (PPE) worn for both EV and ICEV fires. Selected PPE 
that offers protection from metals or fluoride compounds can 
reduce exposure to high levels of the unique hazards emit-
ted from EV fires, though there are other hazards present 
in both EV and ICEV fires that are not characterized here. 
Further research is needed to understand tactics and appro-
priate PPE to protect first responders from all vehicle fire 
hazards, particularly since some chemicals, when in contact 
with water, could form reactive and hazardous compounds 
(e.g., hydrofluoric acid). Collectively, our results address the 
timely issue of potential health effects from EV fire emissions 
and can inform air quality managers, health and fire service 
professionals about the appropriate measures to mitigate risks 
and provide public safety education in the event of EV fires.

ESM 1   (DOCX 214 KB)Supplementary Information  The online ver-
sion contains supplementary material available at https://​doi.​org/​10.​
1007/​s11356-​025-​37210-9.

Acknowledgements  We thank Drs. Stephen Gavett and Michael Hays 
for their careful review of this manuscript. The research described in 
this manuscript has been reviewed by the Center for Public Health and 
Environmental Assessment, U.S. Environmental Protection Agency 
(EPA), and approved for publication. Approval does not signify that 
contents necessarily reflect the views and policies of the agency, nor 
does the mention of trade names or commercial products constitute 
endorsement or recommendation for use. The findings and conclusions 

in this paper are those of the authors and do not necessarily repre-
sent the official position of the National Institute for Occupational 
Safety and Health (NIOSH), Centers for Disease Control and Preven-
tion (CDC). Mention of any company or product does not constitute 
endorsement by NIOSH, CDC.

Author contributions  Yong Ho Kim: conceptualization, investiga-
tion, supervision, methodology, formal analysis, visualization, writ-
ing—original draft, writing—review and editing. Adam Nored: meth-
odology. Gavin P. Horn: resources, methodology, writing—review and 
editing. Richard M. Kesler: resources, methodology, writing—review 
and editing. Adam Barowy: resources, methodology. Alex Schraiber: 
resources, methodology. Benjamin Gaudet: resources, methodology. 
Alexander C. Mayer: resources, methodology, writing—review and 
editing. Micah Niemeier-Walsh: resources, methodology. Kenneth W. 
Fent: resources, methodology, writing—review and editing. Kasey 
Kovalcik: formal analysis. Joseph Patrick Pancras: methodology, for-
mal analysis. M. Ian Gilmour: supervision, writing—review and edit-
ing. All authors read and approved the final manuscript.

Funding  The authors declare that no funds, grants, or other support 
were received during the preparation of this manuscript.

Data availability  The data sets used and/or analyzed during the current 
study are available from the corresponding author on request.

Declarations 

Ethics approval  This study does not involve any ethical issues.

Consent to participate  All authors contributed to the writing of this 
article.

Consent for publication  All authors agreed to publish this article.

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and repro-
duction in any medium or format, as long as you give appropriate credit 
to the original author(s) and the source, provide a link to the Creative 
Commons licence, and indicate if you modified the licensed material. 
You do not have permission under this licence to share adapted material 
derived from this article or parts of it. The images or other third party 
material in this article are included in the article’s Creative Commons 
licence, unless indicated otherwise in a credit line to the material. If 
material is not included in the article’s Creative Commons licence and 
your intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this licence, visit http://​creat​iveco​
mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/.

References

Ando M, Tadano M, Yamamoto S, Tamura K, Asanuma S, Watanabe 
T, Kondo T, Sakurai S, Ji R, Liang C, Chen X, Hong Z, Cao S 
(2001) Health effects of fluoride pollution caused by coal burning. 
Sci Total Environ 271:107–116. https://​doi.​org/​10.​1016/​S0048-​
9697(00)​00836-6

Arvidson M, Westlund Ö (2023) Water spray fire suppression tests com-
paring gasoline-fuelled and battery electric vehicles. Fire Technol 
59:3391–3414. https://​doi.​org/​10.​1007/​s10694-​023-​01473-w

https://doi.org/10.1007/s11356-025-37210-9
https://doi.org/10.1007/s11356-025-37210-9
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/S0048-9697(00)00836-6
https://doi.org/10.1016/S0048-9697(00)00836-6
https://doi.org/10.1007/s10694-023-01473-w


26638	 Environmental Science and Pollution Research (2025) 32:26629–26639

Bergström R (1977) Acute pulmonary toxicity of manganese diox-
ide Scandinavian. Journal of Work, Environment & Health:1–41 
https://​doi.​org/​10.​5271/​sjweh.​2798

Berjoza D, Jurgena I Influence of batteries weight on electric automobile 
performance. In: Engineering for rural development, Jelgava, Latvia, 
2017. pp 1388 - 1394. https://​doi.​org/​10.​22616/​ERDev​2017.​16.​N316

Bordes A, Papin A, Marlair G, Claude T, El-Masri A, Durussel T, 
Bertrand J-P, Truchot B, Lecocq A (2024) Assessment of run-off 
waters resulting from lithium-ion battery fire-fighting operations. 
Batteries 10:118

Boström C-E, Gerde P, Hanberg A, Jernström B, Johansson C, 
Kyrklund T, Rannug A, Törnqvist M, Victorin K, Westerholm R 
(2002) Cancer risk assessment, indicators, and guidelines for poly-
cyclic aromatic hydrocarbons in the ambient air. Environ Health 
Perspect 110:451–488. https://​doi.​org/​10.​1289/​ehp.​110-​12411​97

Chiu Y-M, Weng C-Y, Chen Y-J (2025) Study of indoor parking lot plan-
ning for electric vehicles through fire dynamics simulation. Sci Prog 
108:00368504251331877. https://​doi.​org/​10.​1177/​00368​50425​13318​
77

Cho SH, Tong H, McGee JK, Baldauf RW, Krantz QT, Gilmour MI (2009) 
Comparative toxicity of size-fractionated airborne particulate matter 
collected at different distances from an urban highway. Environ Health 
Perspect 117:1682–1689. https://​doi.​org/​10.​1289/​ehp.​09007​30

Choubisa SL, Choubisa D (2016) Status of industrial fluoride pol-
lution and its diverse adverse health effects in man and domes-
tic animals in India. Environ Sci Pollut Res Int 23:7244–7254. 
https://​doi.​org/​10.​1007/​s11356-​016-​6319-8

Claxton LD, Umbuzeiro GdA, DeMarini DM (2010) The Salmo-
nella mutagenicity assay: the stethoscope of genetic toxicology 
for the 21st century. Environ Health Perspect 118:1515–1522. 
https://​doi.​org/​10.​1289/​ehp.​10023​36

da Cruz MGA, Budnyak TM, Rodrigues BVM, Budnyk S, Slabon A 
(2021) Biocoatings and additives as promising candidates for 
ultralow friction systems. Green Chem Lett Rev 14:358–381. 
https://​doi.​org/​10.​1080/​17518​253.​2021.​19212​86

Dehghani P, DiDomizio M, Sauer N, Barowy A (2025) Heat exposure 
from electric vehicle fires: experimental results and analysis. Fire 
Saf J 158:104535. https://​doi.​org/​10.​1016/j.​fires​af.​2025.​104535

DeMarini DM (2000) Influence of DNA repair on mutation spectra 
in Salmonella. Mutation Research/fundamental and Molecular 
Mechanisms of Mutagenesis 450:5–17. https://​doi.​org/​10.​1016/​
S0027-​5107(00)​00013-0

DeMarini DM, Linak WP (2022) Mutagenicity and carcinogenic-
ity of combustion emissions are impacted more by combustor 
technology than by fuel composition: a brief review. Environ 
Mol Mutagen 63:135–150. https://​doi.​org/​10.​1002/​em.​22475

DeMarini DM, Landi S, Tian D, Hanley NM, Li X, Hu F, Roop BC, 
Mass MJ, Keohavong P, Gao W, Olivier M, Hainaut P, Mumford 
JL (2001) Lung tumor KRAS and TP53 mutations in nonsmok-
ers reflect exposure to PAH-rich coal combustion emissions. 
Cancer Res 61:6679–6681

Dogliotti E, Hainaut P, Hernandez T, D’Errico M, Demarini DM 
Mutation spectra resulting from carcinogenic exposure: from 
model systems to cancer-related genes. In: Schwab M, Rabes 
HM, Munk K, Hofschneider HP (eds) Genes and Environment 
in Cancer, Berlin, Heidelberg, 1998// 1998. Springer Berlin 
Heidelberg, pp 97–124

Dunnick JK, Benson JM, Hobbs CH, Hahn FF, Cheng YS, Eidson AF 
(1988) Comparative toxicity of nickel oxide, nickel sulfate hexa-
hydrate, and nickel subsulfide after 12 days of inhalation exposure 
to F344/N rats and B6C3F1 mice. Toxicology 50:145–156. https://​
doi.​org/​10.​1016/​0300-​483X(88)​90087-X

Ferguson S, Johnson J, Gonzales D, Hobbs C, Allen C, Williams S 
(2015) Analysis of ZDDP content and thermal decomposition 
in motor oils using NAA and NMR. Phys Procedia 66:439–444. 
https://​doi.​org/​10.​1016/j.​phpro.​2015.​05.​055

Ghosh A, Payton A, Gallant SC, Rogers KL Jr, Mascenik T, Hickman E, 
Love CA, Schichlein KD, Smyth TR, Kim YH, Rager JE, Gilmour 
MI, Randell SH, Jaspers I (2024) Burn pit smoke condensate-medi-
ated toxicity in human airway epithelial cells. Chem Res Toxicol 
37:791–803. https://​doi.​org/​10.​1021/​acs.​chemr​estox.​4c000​64

Gilmour MI, O’Connor S, Dick CAJ, Miller CA, Linak WP (2004) 
Differential pulmonary inflammation and in vitro cytotoxicity of 
size-fractionated fly ash particles from pulverized coal combus-
tion. J Air Waste Manag Assoc 54:286–295. https://​doi.​org/​10.​
1080/​10473​289.​2004.​10470​906

Greenspan BJ, Allen MD, Rebar AH, Boecker BB (1986) Inhalation 
toxicity of lithium combustion aerosols in rats. J Toxicol Environ 
Health 18:627–637. https://​doi.​org/​10.​1080/​15287​39860​95308​99

Held M, Tuchschmid M, Zennegg M, Figi R, Schreiner C, Mellert LD, 
Welte U, Kompatscher M, Hermann M, Nachef L (2022) Thermal 
runaway and fire of electric vehicle lithium-ion battery and con-
tamination of infrastructure facility. Renew Sustain Energy Rev 
165:112474. https://​doi.​org/​10.​1016/j.​rser.​2022.​112474

Hynynen J, Willstrand O, Blomqvist P, Andersson P (2023) Analysis of 
combustion gases from large-scale electric vehicle fire tests. Fire 
Saf J 139:103829. https://​doi.​org/​10.​1016/j.​fires​af.​2023.​103829

Kang S, Kwon M, Choi JY, Choi S (2025) Full-scale fire testing to 
assess the risk of battery electric vehicle fires in underground car 
parks. Fire Technol. https://​doi.​org/​10.​1007/​s10694-​024-​01694-7

Kesler RM, Sauer N, Barowy A, Probert C, Neumann DL, Mayer AC, 
Niemeier-Walsh M, Fent KW, Stapleton HM, Horn GP (2025) 
Evaluation of combustion products in air from electric and internal 
combustion engine vehicles during full-scale fire experiments. Fire 
Saf J 158:104558. https://​doi.​org/​10.​1016/j.​fires​af.​2025.​104558

Kim YH, Warren SH, Krantz QT, King C, Jaskot R, Preston WT, 
George BJ, Hays MD, Landis MS, Higuchi M, DeMarini DM, 
Gilmour MI (2018) Mutagenicity and lung toxicity of smoldering 
vs. flaming emissions from various biomass fuels: implications 
for health effects from wildland fires. Environ Health Perspect 
126:017011. https://​doi.​org/​10.​1289/​EHP22​00

Kim YH, Warren SH, Kooter I, Williams WC, George IJ, Vance SA, 
Hays MD, Higuchi MA, Gavett SH, DeMarini DM, Jaspers I, 
Gilmour MI (2021) Chemistry, lung toxicity and mutagenicity 
of burn pit smoke-related particulate matter. Part Fibre Toxicol 
18:45. https://​doi.​org/​10.​1186/​s12989-​021-​00435-w

Kim YH, Vance SA, Aurell J, Holder AL, Pancras JP, Gullett B, Gavett 
SH, McNesby KL, Gilmour MI (2022) Chemistry and lung toxic-
ity of particulate matter emitted from firearms. Sci Rep 12:20722. 
https://​doi.​org/​10.​1038/​s41598-​022-​24856-5

Krabbe J, Hansen C, Otte N, Kraus T (2023) Short-term exposure to 
zinc- and copper-containing welding fumes: effects on pulmonary 
function in humans. J Trace Elem Med Biol 78:127169. https://​
doi.​org/​10.​1016/j.​jtemb.​2023.​127169

Lee YJ, Jeong IB (2021) Chemical pneumonitis by prolonged hydrogen 
fluoride inhalation. Respir Med Case Rep 32:101338. https://​doi.​
org/​10.​1016/j.​rmcr.​2020.​101338

Li X, Yue W, Fu Z, Huang H, Wang C, Liu J (2019) Tribological behav-
iors of w/mo films under lubrication of zinc dithiophosphates—
understanding their roles in tribochemical reactions. Tribol Trans 
62:164–175. https://​doi.​org/​10.​1080/​10402​004.​2018.​15028​54

Lönnermark A, Blomqvist P (2006) Emissions from an automobile 
fire. Chemosphere 62:1043–1056. https://​doi.​org/​10.​1016/j.​chemo​
sphere.​2005.​05.​002

Mallah MA, Mallah MA, Liu Y, Xi H, Wang W, Feng F, Zhang Q 
(2021) Relationship between polycyclic aromatic hydrocarbons 
and cardiovascular diseases: a systematic review. Front Public 
Health. https://​doi.​org/​10.​3389/​fpubh.​2021.​763706

Olasehinde TA, Olaniran AO (2022) Neurotoxicity of polycyclic aro-
matic hydrocarbons: a systematic mapping and review of neuro-
pathological mechanisms. Toxics 10:417

https://doi.org/10.5271/sjweh.2798
https://doi.org/10.22616/ERDev2017.16.N316
https://doi.org/10.1289/ehp.110-1241197
https://doi.org/10.1177/00368504251331877
https://doi.org/10.1177/00368504251331877
https://doi.org/10.1289/ehp.0900730
https://doi.org/10.1007/s11356-016-6319-8
https://doi.org/10.1289/ehp.1002336
https://doi.org/10.1080/17518253.2021.1921286
https://doi.org/10.1016/j.firesaf.2025.104535
https://doi.org/10.1016/S0027-5107(00)00013-0
https://doi.org/10.1016/S0027-5107(00)00013-0
https://doi.org/10.1002/em.22475
https://doi.org/10.1016/0300-483X(88)90087-X
https://doi.org/10.1016/0300-483X(88)90087-X
https://doi.org/10.1016/j.phpro.2015.05.055
https://doi.org/10.1021/acs.chemrestox.4c00064
https://doi.org/10.1080/10473289.2004.10470906
https://doi.org/10.1080/10473289.2004.10470906
https://doi.org/10.1080/15287398609530899
https://doi.org/10.1016/j.rser.2022.112474
https://doi.org/10.1016/j.firesaf.2023.103829
https://doi.org/10.1007/s10694-024-01694-7
https://doi.org/10.1016/j.firesaf.2025.104558
https://doi.org/10.1289/EHP2200
https://doi.org/10.1186/s12989-021-00435-w
https://doi.org/10.1038/s41598-022-24856-5
https://doi.org/10.1016/j.jtemb.2023.127169
https://doi.org/10.1016/j.jtemb.2023.127169
https://doi.org/10.1016/j.rmcr.2020.101338
https://doi.org/10.1016/j.rmcr.2020.101338
https://doi.org/10.1080/10402004.2018.1502854
https://doi.org/10.1016/j.chemosphere.2005.05.002
https://doi.org/10.1016/j.chemosphere.2005.05.002
https://doi.org/10.3389/fpubh.2021.763706


26639Environmental Science and Pollution Research (2025) 32:26629–26639	

Rebar AH, Greenspan BJ, Allen MD (1986) Acute inhalation toxico-
pathology of lithium combustion aerosols in rats. Fundam Appl 
Toxicol 7:58–67. https://​doi.​org/​10.​1016/​0272-​0590(86)​90197-1

Rohrs LC (1957) Metal-fume fever from inhaling zinc oxide. AMA 
Arch Intern Med 100:44–49. https://​doi.​org/​10.​1001/​archi​nte.​
1957.​00260​07005​8005

Song C, Marano M, Lee R, Lee C, Ndubisi M, Elbahrawy M, Folarin 
A (2025) 954 hydrofluoric acid fumes associated with electric 
vehicle lithium ion battery fires. J Burn Care Res 46:S365–S365. 
https://​doi.​org/​10.​1093/​jbcr/​iraf0​19.​485

Sturm P, Fößleitner P, Fruhwirt D, Galler R, Wenighofer R, Heindl SF, 
Krausbar S, Heger O (2022) Fire tests with lithium-ion battery 
electric vehicles in road tunnels. Fire Saf J 134:103695. https://​
doi.​org/​10.​1016/j.​fires​af.​2022.​103695

Szűcs-Somlyó É, Lehel J, Májlinger K, Lőrincz M, Kővágó C (2023) 
Metal-oxide inhalation induced fever - immuntoxicological 
aspects of welding fumes. Food Chem Toxicol 175:113722. 
https://​doi.​org/​10.​1016/j.​fct.​2023.​113722

Tokiwa H, Sera N (2000) Contribution of nitrated polycyclic aromatic 
hydrocarbons in diesel particles to human lung cancer induction. 
Polycycl Aromat Compd 21:231–245. https://​doi.​org/​10.​1080/​
10406​63000​80285​36

Yang Y, Yu Y, Zhou R, Yang Y, Bu Y (2021) The effect of combined 
exposure of zinc and nickel on the development of zebrafish. J 
Appl Toxicol 41:1765–1778. https://​doi.​org/​10.​1002/​jat.​4159

Zalosh R, Gandhi P, Barowy A (2021) Lithium-ion energy storage 
battery explosion incidents. J Loss Prev Process Ind 72:104560. 
https://​doi.​org/​10.​1016/j.​jlp.​2021.​104560

Zhang T, Joubert P, Ansari-Pour N, Zhao W, Hoang PH, Lokanga R, 
Moye AL, Rosenbaum J, Gonzalez-Perez A, Martínez-Jiménez F, 
Castro A, Muscarella LA, Hofman P, Consonni D, Pesatori AC, 
Kebede M, Li M, Gould Rothberg BE, Peneva I, Schabath MB, 
Poeta ML, Costantini M, Hirsch D, Heselmeyer-Haddad K, Hutch-
inson A, Olanich M, Lawrence SM, Lenz P, Duggan M, Bhawsar 
PMS, Sang J, Kim J, Mendoza L, Saini N, Klimczak LJ, Islam 
SMA, Otlu B, Khandekar A, Cole N, Stewart DR, Choi J, Brown 
KM, Caporaso NE, Wilson SH, Pommier Y, Lan Q, Rothman N, 
Almeida JS, Carter H, Ried T, Kim CF, Lopez-Bigas N, Garcia-
Closas M, Shi J, Bossé Y, Zhu B, Gordenin DA, Alexandrov LB, 
Chanock SJ, Wedge DC, Landi MT (2021) Genomic and evolu-
tionary classification of lung cancer in never smokers. Nat Genet 
53:1348–1359. https://​doi.​org/​10.​1038/​s41588-​021-​00920-0

Zhao C, Hu W, Meng D, Mi W, Wang X, Wang J (2024) Full-scale 
experimental study of the characteristics of electric vehicle fires 
process and response measures. Case Stud Therm Eng 53:103889. 
https://​doi.​org/​10.​1016/j.​csite.​2023.​103889

Ziȩba-Palus J, Kościelniak P (2000) An analysis of the similarity of 
motor oils on the basis of their elemental composition. Foren-
sic Sci Int 112:81–90. https://​doi.​org/​10.​1016/​S0379-​0738(00)​
00172-9

Authors and Affiliations

Yong Ho Kim1   · Adam Nored1 · Gavin P. Horn2 · Richard M. Kesler2 · Adam Barowy2 · Alex Schraiber3 · 
Benjamin Gaudet3 · Alexander C. Mayer4 · Micah Niemeier‑Walsh4 · Kenneth W. Fent4 · Kasey Kovalcik1 · 
Joseph Patrick Pancras1 · M. Ian Gilmour1

 *	 Yong Ho Kim 
	 kim.yongho@epa.gov

1	 Center for Public Health and Environmental Assessment, 
United States Environmental Protection Agency, 
Research Triangle Park, NC, USA

2	 Fire Safety Research Institute, UL Research Institutes, 
Columbia, MD, USA

3	 UL Solutions, Northbrook, IL, USA
4	 National Institute for Occupational Safety and Health, 

Cincinnati, OH, USA

https://doi.org/10.1016/0272-0590(86)90197-1
https://doi.org/10.1001/archinte.1957.00260070058005
https://doi.org/10.1001/archinte.1957.00260070058005
https://doi.org/10.1093/jbcr/iraf019.485
https://doi.org/10.1016/j.firesaf.2022.103695
https://doi.org/10.1016/j.firesaf.2022.103695
https://doi.org/10.1016/j.fct.2023.113722
https://doi.org/10.1080/10406630008028536
https://doi.org/10.1080/10406630008028536
https://doi.org/10.1002/jat.4159
https://doi.org/10.1016/j.jlp.2021.104560
https://doi.org/10.1038/s41588-021-00920-0
https://doi.org/10.1016/j.csite.2023.103889
https://doi.org/10.1016/S0379-0738(00)00172-9
https://doi.org/10.1016/S0379-0738(00)00172-9
http://orcid.org/0000-0001-7527-0134

	Chemical components of electric vehicle and internal combustion engine vehicle fire smoke and their mutagenic effects
	Abstract
	Graphical Abstract

	Introduction
	Methods
	Full-scale EV and ICEV fire testing
	Smoke PM sampling and extraction
	Smoke PM analysis
	Mutagenicity assay
	Mutagenicity score calculation
	Statistical analysis

	Results and discussion
	EV fire smoke differs from ICEV fire smoke
	EV and ICEVs fire smoke show distinct mutational signatures

	Conclusions
	Acknowledgements 
	References


