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Abstract: In 2018, 3.8 million premature deaths were attributed to exposure to biomass burning

nanoparticles from wood combustion. The objective of this study was to investigate and compare

the toxic effect of wood-combustion-related biomass burning nanoparticles from three different

combustion stages (i.e., ßaming, smoldering, and pyrolysis) on alveolar lung cells, by studying cell

proliferation, and structural and behavioral parameters. A549 lung epithelial cells were treated

with 31, 62, 125, 250, and 500µg/mL of water-soluble particulate pollutants from wood burning,

and measured by means of real-time cell analysis, cell imaging, and phase imaging microscopy.

At low concentrations (31 and 62 µg/mL), all three types of wood burning samples exhibited no

toxicity. At 125 µg/mL, they caused decreased cell proliferation compared to the control. Exposure

to higher concentrations (250 and 500µg/mL) killed the cells. Cell physical parameters (area, optical

volume, eccentricity, perimeter, and optical thickness) and behavioral parameters (migration, motility,

and motility speed) did not change in response to exposure to wood burning materials up to a

concentration of 125 µg/mL. Exposure to higher concentrations (250 and 500 µg/mL) changed cell

perimeter, optical thickness for smoldering and ßaming particles, and led to decreased migration,

motility, and motility speed of cells. In conclusion, all three of the combustion water-soluble organic

pollutants were identiÞed as equally toxic by real-time cell analysis (RTCA) results. The parameters

describing cell structure suggest that pyrolysis particles were slightly less toxic than others.

Keywords: wood biomass burning particles; in vitro cytotoxicity; RTCA; Holomonitor; A549

1. Introduction

The World Health Organization (2018) estimates that 3.8 million premature deaths per
year are due to exposure to environmental pollution, especially particulate matter (PM) [ 1].
These nanoparticles (NPs) arise from household air pollution, industrial and trafÞc sources,
and wildÞres. In fact, around 3 billion people still cook or heat their houses using solid
fuels due to economic conditions, and wood is the main fuel used for domestic biomass
combustion [ 2]. While wood is often considered as a renewable fuel, its combustion
produces primary nanoparticles more efÞciently than oil or natural gas burning systems [ 3].
As of 2005, domestic biomass combustion was responsible for more than 45% of PM2.5
over Europe [4]. Such particulate pollution causes not only lung-related diseases, such as
pneumonia, chronic obstructive pulmonary disease, stroke, lung cancer, and cardiovascular
diseases, but also negatively affects cognitive functioning among the elderly [ 5,6].

Under the changing climate and land use change, the frequency of wildÞres gradually
increased worldwide. Large Þres are frequently reported in countries such as Canada and
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the USA, Australia, Brazil, and Indonesia [ 7Ð9]. These Þres can exert impacts ranging from
regional to global on climate and air quality, in contrast to household pollution. Global
exposure to wood-related aromatic compounds is inevitable. These compounds have a
short lifetime in the atmosphere (several hours up to a few days) and they are ubiquitously
present in fog and precipitation [ 10,11]. In addition, two different subfractions (water-
soluble vs. organic-soluble) of wood fuel pyrolysis brown carbon (BrC) were tested and
shown to be toxic to epithelial lung cells [ 12Ð14].

Wood burning can be described by three identiÞed combustion stages: ßaming, smol-
dering, and pyrolysis. Flaming is deÞned by the burning of wood with ßames or com-
plete combustion, while smoldering is the slow and incomplete burning of wood, with
low-temperatures, and is ßameless. Pyrolysis is an intricate process that is not yet fully
understood, but it is the genesis for both ßaming and smoldering conditions [ 15Ð20].

In vitro studies have been performed with lung cell lines, demonstrating that wood-
burning biomass NP is toxic, due to the presence of phenolic compounds, organic peroxides,
and polycyclic aromatic hydrocarbons (PAH). PAH are considered as human carcinogens,
with well-documented mechanisms of action that involve the production of reactive oxygen
species (ROS) [21,22]. In addition, in vivo studies were performed to establish which
burning condition produces the most toxic outcome, but the results were inconclusive,
with different studies highlighting different combustion conditions [ 14,18,19].

Forest Þres are unexpected, and smoke can be transported over large distances. Hence,
it is almost impossible not to be exposed to smoke particles and gaseous species. It is critical
to understand what the most toxic mechanisms of action of biomass burning particles
are, in order to prevent their adverse health effects. Three different but complementary
methods were used to determine the cytotoxicity of particles. All three methods are
without labelling, and are conducted in real-time. First, real-time cell analysis (RTCA)
allows for the monitoring of cell proliferation and viability. It analyzes cell viability
using electrical impedance. Second, the quantitative phase microscope Holomonitor
produces 3D reconstructive images of cells, and measures the structural and behavioral
parameters of cells, such as their area and migration. Third, the multi-mode brightÞeld
microscope Cytation 3 provides images of cells, allowing the visualization of cell division
and death [23Ð25]. All three, ßaming, smoldering and pyrolysis stages, can occur during
wood Þres. In this study, we focused on their effects on cell proliferation, which is an
important feature of the maintenance of epithelia, and on the effects on the cell structure
and cell behavior of epithelial lung cells.

2. Materials and Methods
2.1. Cell Culture

Human carcinoma A549 cells (ATCC) were grown in DulbeccoÕs ModiÞed EagleÕs
Medium with low glucose (1 g/L), supplemented with 10% fetal calf serum (DMEM 10%
FCS, PAA Laboratories, Etobicoke, ON, Canada) and streptomycinÐpenicillin solution
(100 units/mL; Sigma Aldrich, Saint-Quentin Fallavier, France). After trypsinization by
0.05% trypsin (Sigma Aldrich, Saint-Quentin Fallavier, France), cell concentration was
measured using an automated cell counter (Sceptor Millipore, Danvers, MA, USA). Cells
were used from passage 3 to 7.

2.2. Water-Soluble Particulate Pollutants from Biomass Burning

Wood pellets (Hallingdal Trepellets; water content 6.55 wt.%; length 2~3 cm, diameter
0.2Ð0.3 cm) were used for the production of water-soluble particulate pollutants from
biomass burning. For pyrolysis, the wood pellets were pyrolyzed at 535 ! C without any
air; for smoldering, 1.6 LPM oxygen-poor air (O 2 < ~5.0 Vol.%) was supplied to sustain
smoldering of wood pellets maintained at 535 ! C; for ßaming 1.6 LPM high-purity air
(O2 ~21.0 Vol.%) was supplied to sustain ßaming combustion of wood pellets that were
ignited at above 530 ! C. The particulate emissions from speciÞc burning conditions were
collected as tar emulsions using a water-cooled trap. Then, the water-soluble fraction
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of the respective tar emulsions was extracted with MilliQ water (18 M ! , sterilized by
185 nm UVA irradiation) and Þltered using 0.45 µm and 0.2 µm syringe Þlters in sequence
(polytetraßuoroethylene [PTFE] membrane, Pall Corporation) to remove impurities and
PM. Subsequently, the Þltered solutions were further centrifuged to remove any suspended
colloidal particles (2500 rps for 4 min at " 2 ! C). Finally, the extracts were freeze-dried to
obtain the water-soluble tar material in a semisolid, viscous form. The dry water-soluble
extracts were termed FWS, SWS, and PWS, corresponding to the water-soluble extracts
from ßaming combustion, smoldering burning, and pyrolysis-related smoke particles,
respectively. The chemical composition of processed wood tar extracts was extensively
characterized by Pardo et al. [12]. All three water-soluble particulate pollutants from
biomass burning were tested at the concentrations of 31, 62, 125, 250 and 500µg/mL.

2.3. Measurements of Cytotoxicity
2.3.1. Real-Time Cell Analysis

The real-time cell analysis (RTCA) (Agilent, Santa Clara, CA, USA) system measures
cell index, taking cell number, cell size, and adhesion force into consideration. In the case
of cytotoxicity, a decrease in cell index can result from a decreased cell number (cell death),
a decrease in cell adhesion, or a decrease in cell surface. During cell proliferation, cell index
mainly represents cell number, since cell size is homogenous in non-differentiating cells,
and adhesion is a constant for a given cell line. In order to measure the cytotoxic response
of A549 cells in real-time, 2500 cells/well were seeded on gold microelectrodes embedded
at the bottom of 96-well microplates (E-plates; Roche Diagnostics, Basel, Switzerland).
The gold microelectrodes emit a ßow of electrons when cells are present in the wells and
attached to the microelectrodes, an impedance of electron ßow is created and translated
into cell index. The impedance was recorded at 15 min intervals for time sequences of
72 h under control conditions, 24 h incubation with particle addition, and 24 h particle
wash-out incubation. The wash-out period allows for measurement of the capacity of cells
to recover after particle-exposure treatment. The RTCA system was placed in a standard
37 ! C cell culture incubator with 5% CO 2. The EC50 of all compounds was calculated using
the RTCA system.

Data are presented as delta cell indices, calculated by the difference between Þnal
and initial cell index, for the time of treatment and wash-out periods. In particle-exposure
experiments, the initial time was established as the moment of particle addition, while the
Þnal time was set at particle wash-out. For the wash-out, the initial time was Þxed at the
moment in which the culture with particles was replaced by the control culture medium,
while the Þnal time was 24 h afterward. Cells were also monitored for 20 h in a 96-well
plate in the Cytation 3 microscope.

2.3.2. Quantitative Phase Imaging

Quantitative phase imaging was performed using the Holomonitor M4 digital holo-
graphic cytometer (DHC) from Phase Holographic Imaging (PHI, Lund, Sweden). The
microscope was placed in a standard 37 ! C cell culture incubator with 5% CO 2. The micro-
scope measured eight parameters obtained from 3D reconstructed images, every 10 min
for 10 h: area, perimeter length, optical thickness, optical volume, eccentricity, migration,
motility, and motility speed.

2.4. Statistical Analysis

The Þgures presented here depict three experiments performed independently. Data
are presented as mean values± SEM for RTCA and Holomonitor (each value represents
the average of eight wells). Statistical analysis was performed with Stat View 4.5 software
(Abacus Corporation, Baltimore, MD, USA) for Windows; the data were analyzed using
one-way ANOVA followed by FisherÕs protected least signiÞcance difference (PLSD), post
hoc test. Differences were considered to be signiÞcant at a probability level of p# 0.05.
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3. Results
3.1. Effects of Water-Soluble Particulate Pollutants from Biomass Burning on A549 Cell Index

A549 cells were exposed to increasing concentrations of three types of water-soluble
particulate pollutants from biomass burning, in order to determine their toxicity. The
particle types used were FWS, SWS and PWS, at concentrations of 31, 62, 125, 250, and
500µg/mL.

Figure 1 shows the evolution of the cell index provided by RTCA for A549 cells in
response to increasing concentrations of SWS, PWS, and FWS particles. All three particle
types showed similar results, in which cell exposure to the two smallest concentrations,
31 and 62µg/mL, were not signiÞcantly different from the control, while exposure to
125µg/mL decreased the cell index compared to the control ( p < 0.001), and exposures of
250 and 500µg/mL decreased the cell index of cells to 0 (Figure 1).

Figure 1. DoseÐresponse curves of A549 cell proliferation in response to stimulations by increasing concentrations of
water-soluble particulate pollutants from biomass burning obtained for various burning conditions: ( A): smoldering (SWS);
(B): pyrolysis (PWS); and (C): ßaming (FWS). Color code: dark blue: control, pink: 31 µg/mL; light blue: 62 µg/mL; purple:
125µg/mL; green: 250 µg/mL; and red: 500 µg/mL. Black arrows indicate time of treatment addition; orange arrows
indicate time of wash-out.

Figure 2 represents the EC50 for each type of water-soluble particulate pollutant from
varied biomass burning conditions. They were calculated from the mean of delta cell
indices obtained from the treatment time for three independent experiments. The resulting
EC50 are 188.3± 43.3µg/mL for FWS; 188.7 ± 24.3µg/mL for SWS; and 202 ± 20.9µg/mL
for PWS. Statistical signiÞcance was not found between the toxicities of the three particle
types.

The two lowest concentrations of all three types of water-soluble particulate pollutants
from biomass burning did not signiÞcantly alter the cell index compared to the control
(Figure 2A). The concentration of 125 µg/mL froze the cell index, inducing a static condition
for cells. Exposure to higher concentrations of 250 and 500µg/mL resulted in a highly
negative delta cell index (Figure 2A).
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Figure 2. Delta cell index of A549 cells. (A): Delta cell index for the time of treatment with increasing
concentrations of three types of water-soluble particulate pollutants from biomass burning: ßaming
(FWS), smoldering (SWS), and pyrolysis (PWS). (B): Delta cell index for the time of wash-out after
removal of water-soluble particulate pollutants from biomass burning. Means of three independent
experiments are presented. SigniÞcant differences atp # 0.05 between the particles and the control
are represented by F for FWS, S for SWS, and P for PWS.

Figure 2B shows the effect of wash-out on the cell index for cells previously treated
with FWS, SWS, and PWS particles from biomass burning. For the two lowest concen-
trations, i.e., 31 and 62µg/mL, the cells did not exhibit any difference from the control
(Figure 2B). At a concentration of 125 µg/mL, an improvement in the cell index was ob-
served for all three types of particles, showing that the cells were able to proliferate after
the removal of particles, although at a much lower rate than the control, with the exception
of PWS, which did not exhibit any statistical difference compared to the control, mainly
due to a higher standard error (Figure 2B). Since the effect of the wash-out is calculated
as the difference between 24h after the removal of particles and the time of removal for
particles, dead cells have a delta cell index equal to 0, as observed for cells exposed to 250
and 500µg/mL.

Photomicrographs taken with Cytation enable a more detailed observation of the effect
of biomass burning particles. Figure 3 represents the initial (Figure 3A,C,E,G) and Þnal
time (Figure 3B,D,F,H) of treatment with the particles at different concentrations (control,
FSW, SWS, and PWS at 125, 250, and 500µg/mL). As particle concentration of 125 µg/mL
did not cause any changes in the delta cell index, leading to a static condition in the cells
(Figure 2A), Figure 3D shows that, after 20h of treatment, some cells were still dividing
(red arrows), but not all the dividing cells survived (yellow arrows). The full movies for
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250µg/mL are available as Supplementary Data as S1 (SWS), S2 (FWS), S3 (PWS) and S4
(Control).

Figure 3. Photomicrographs of cells treated with SWS water-soluble particle pollutants from biomass
burning. ( A,B): Control; (C,D): 125µg/mL; ( E,F): 250µg/mL; and ( G,H): 500µg/mL. ( A,C,E,G):
photomicrography at the beginning of the time-lapse. ( B,D,F,H): photomicrography after 19 h 45 min
of treatment. Yellow arrows point to dying cells. Red arrows mark cells during division. Cells treated
with FWS and PWS exhibited similar results. The full movies for 250 µg/mL are available in the
Supplementary Data.
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All three types of water-soluble particulate pollutants from biomass burning caused
a strongly negative cell index at 250 and 500 µg/mL exposures (Figure 2A). However,
cells treated with all three particles at 250 µg/mL started cell division, and died during
the division process (Figure 3E,F), while cells treated with particles at a concentration of
500µg/mL shrank and remained Þxed during the rest of the experiment (Figure 3G,H).

3.2. Effects of Water-Soluble Particulate Pollutants from Biomass Burning on A549 Behavioral and
Structural Parameters

Cells were monitored with a Holomonitor, a quantitative phase contrast microscopy
for non-invasive analysis of cellular events by long-term digital phase imaging, allowing for
the quantiÞcation of behavioral and structural parameters. The analyses were performed
for 10 h, and results are presented as the mean of the last two hours.

The area and optical volume of cells were not affected by any of the three types of
particles in any of the tested concentrations (Figure 4A,D). SWS and FWS caused a decrease
in the perimeter of cells at 500 µg/mL, while PWS had no effect (Figure 4B). The optical
thickness of cells increased after treatment with FWS and SWS at 500µg/mL, but did not
change after treatment with PWS (Figure 4C).

Figure 4. Effects of three types of water-soluble particulate pollutants from biomass burning on ( A): area, (B): perimeter
length, (C): optical thickness, and (D): optical volume of A549 cells. SigniÞcant differences at p # 0.05 between the particles
and the control are represented by F for FWS and S for SWS.

The eccentricity of the cells was not affected by any of the three types of particles in
any of the tested concentrations (Figure 5A). FWS, SWS, and PWS caused a decrease in the
migration and motility speed of cells at 250 and 500 µg/mL, further validating the results
obtained with Cytation (Figure 5B,D). The cellsÕ motility decreased when treated with
FWS, SWS, and PWS particles at 500µg/mL, but only with FWS and PWS at 250 µg/mL
(Figure 5C).
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Figure 5. Effects of three types of water-soluble particulate pollutants from biomass burning on: ( A): eccentricity, (B): migra-
tion, (C): motility, and ( D): motility speed of A549 cells. SigniÞcant differences at p # 0.05 between the particles and the
control are represented by F for FWS, S for SWS, and P for PWS.

4. Discussion

Water-soluble organics constitute the major and most environmentally relevant frac-
tion of biomass burning smoke particles. However, the health effect and toxicity mech-
anisms of these water-soluble carbonaceous pollutants are not fully constrained, due to
their inherent complexity, which arises from the varying burning conditions and parti-
cle compositions. The present study investigated the cytophysics-based toxicity of the
water-soluble fraction of biomass burning particles emitted from almost all combustion
processes, including FWS, SWS, and PWS. The main Þnding of the present study is that
water-soluble particulate pollutants from biomass burning are toxic at high concentrations
(higher than 125 µg/mL). Cell division, or mitosis, is a complex succession of sophisticated
rearrangements of all cell components, and is critical for epithelium renewal. Mitosis is
rather easily perturbed in response to cell environmental changes. For these reasons, it
is a reliable parameter for testing the toxicity of chemical compounds. There is no major
difference between the three types of biomass burning particulates, SWS, PWS and FWS,
since their EC50 for the inhibition of cell proliferation was similar. The effects of biomass
burning particles can be tested by analyzing the structural effect they exert on cells, such
as area, perimeter, and optical thickness. Only cell perimeter and optical thickness were
affected by the water-soluble fraction of smoke particles, at the highest concentrations
tested (500µg/mL) for smoldering and ßaming, but not for pyrolysis. Another approach
for analyzing the toxicity of chemicals is to study their effects on cell behavior, such as
migration, motility, and motility speed. These three behavioral parameters decreased at
250µg/mL for the three particle subtypes that were tested. As expected, the materials
altered the cell behavior at concentrations lower than those required to produce cell struc-
ture modiÞcations (250 vs. 500µg/mL). Surprisingly, cell division was more sensitive than
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behavioral changes, as a concentration of 125µg/mL was sufÞcient to signiÞcantly alter
cell division. This is most likely related to the fact that cell division is highly complex and
Þnely regulated and, therefore, more sensitive to chemicals.

Previous studies have indicated that exposure to biomass burning particles in indoor
air and from wildÞres may impact human health [ 26,27]. Regarding in vitro toxicity, studies
with A549 cells have demonstrated that PWS biomass burning particles were toxic to cells at
200µg/mL [ 12]. Biomass burning particles generate ROS and induce DNA damage [12,28].
In the present study, all three types of particles caused cell death at 250 and 500µg/mL,
and stopped cell proliferation at 125 µg/mL (Figures 1 and 2A). To investigate whether
the toxic effects induced by the particles continued even after their removal from the
cells, the culture medium in which the particles were maintained was replaced by a clean
culture medium, allowing for the investigation of the recovery of the cell properties by
real-time cell analysis, a procedure never previously reported in the literature. Cells treated
with 125 µg/mL had partially recovered; however, their speed of cell proliferation was
signiÞcantly lower compared to the control (Figure 2B). This observation suggests that
exposure caused permanent cell damage. Cells treated with 250 and 500µg/mL did not
restart proliferation for all three types of particles from biomass burning.

Pardo et al. [12], while working with similar materials from the SWS phase, described
the toxicity of these NPs by the reduction in the cellular antioxidant activity, characterized
by a decreased Nrf2 factor, and an inßammatory response, characterized by an increase
in IL-1 ! , TNF-" , and IL-8. The decrease in the Nrf2 factor and the increase in IL-1! and
TNF-" are corroborated by de Oliveira Alves et al. [ 27] and Mondal et al. [ 29]. Additionally,
de Oliveira Alves et al. [ 27] stated that biomass burning caused cell death by autophagy,
apoptosis, and necrosis. Ko et al. [30] observed that the suppression of Nrf2 in A549
cells inhibited cell migration and invasion, and shrunk cell size due to decreased focal
adhesions via inhibition of the RhoAÐROCK1 pathway. In this study, the results show
that water-soluble particle pollutants from biomass burning did not alter the area, optical
volume, or eccentricity (how elongated the cells are) of cells for any of the three combustion
types, a result that can also be observed by time-lapse microscopy (Figure 3). However, the
particles did alter the cell structure by increasing their optical thickness and decreasing their
perimeter (for FWS and SWS) (Figure 4). PWS did not change any of the cellsÕ structural
parameters. Related to the behavioral parameters, all three extract types decreased the
migration and motility speed of cells at 250 µg/mL (Figure 5), in agreement with the
decreased expression of Nrf2 [12] and its effect on cell migration [ 30].

Differences in toxicity due to combustion conditions have rarely been investigated in
the literature. Moreover, the few studies that investigated the effects of the combustion
process are controversial, as Hargrove et al. (2019) stated that SWS particles induce more
respiratory effects than FWS particles, while Kim et al. [ 17] stated the opposite, with both
citing the emission factor as a determinant factor in the toxicity of biomass burning particles.
In our study, SWS, and FWS particles exhibited the same overall toxicity. PWS, however,
was less toxic than FWS and SWS and did not induce changes in the structural parameters,
while inducing changes in two (migration and motility speed) out of three behavioral
parameters (Figures 4 and 5).

The present study is also an opportunity to compare three different methods for
cell analysis: RTCA, phase imaging microscopy, and time-lapse microscopy. The three
methods provide real-time monitoring of the cells without labelling. Each process has its
own advantages and drawbacks. RTCA is based on impedance measurements, which are
affected by the surface of electrodes covered by the cells and the adhesion strength of the
speciÞc cell line. Cell size is rather constant and homogeneous during cell proliferation.
Adhesion strength is a characteristic of the cell line. Under normal conditions, it is not
expected to change; however, the possibility that adhesion may be altered by various
chemicals cannot be excluded. For this reason, the results obtained from RTCA were cross-
checked using phase imaging microscopy (Holomonitor), which measures numerous cell
parameters, such as cell volume and mobility, which are normally difÞcult to measure. The
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results showed that cell surface did not change in response to particles, and the decrease in
cell index cannot be explained by a reduction in cell size, which strengthens the conclusion
that these results from a decrease in cell proliferation. Interestingly, time-lapse microscopy
showed that cells were still capable of division in response to the 250 µg/mL treatment,
but this invariably ended with cell death (Figure 3).

All tests were performed in A549 cells, a commonly used tumorigenic cell line. Pardo
et al. [13] compared the toxicity of wood tar materials in both A549 and BEAS-2B cells,
Þnding that BEAS-2B were slightly less responsive to the toxic effects of biomass burning
than A549. Other studies, however, stated that BEAS-2B is more responsive to toxicity than
A549 [31,32]. Pardo et al. [13] justify the use of A549 cells by stating that BEAS-2B cells are
immortalized by integrated SV40 virus and present a low sensitivity, suggesting that the
choice of BEAS-2B over A549 is disputable.

5. Conclusions

Materials extracted from biomass burning particles from three combustion processes
did not exhibit differences in toxicity with respect to the cell index of A549 cells, exerting
toxic effects on cells at 125, 250, and 500µg/mL. All three types of water-soluble particulate
pollutants from biomass burning caused a decrease in the migration, motility, and motility
speed at 250 and 500µg/mL, with the exception of PWS, which did not cause a decrease
in motility for 250 µg/mL, as measured by a Holomonitor for 10 h. Overall, the particles
from FWS and SWS were the only ones that affected cell structure by increasing the cell
optical thickness (FWS and SWS 500µg/mL, Figure 4) and decreasing the perimeter length
(FWS and SWS 500µg/mL). Furthermore, the different real-time and label-free methods,
used here to study the toxicity of these particles, shared an essential complementarity to
properly assert toxicity studies of atmospheric pollutants. Our results demonstrate that a
short but intense exposure to water-soluble particulate pollutants from biomass burning
may exert long-term, persistent, deleterious effects.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/atmos12081023/s1, Video S1: Effect of SWS at 250µg/mL on A549 cells; Video S2: Effect
of FWS at 250µg/mL on A549 cells; Video S3: Effect of PWS at 250µg/mL on A549 cells; Video S4:
A549 cells without treatment (Control).
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