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Sea spray aerosol (SSA) is a complex mixture of natural substances that can be inhaled by coastal residents.
Previous studies have suggested that SSA may have positive effects on human health, but the molecular
mechanisms and the factors influencing these effects are poorly understood. In this study, we exposed human
bronchial epithelial cells (BEAS-2B) to natural SSA samples, collected monthly using quartz microfiber filters
mounted on tripods within 15 m of the waterline, with air drawn through pumps, throughout a one-year period
at the Ostend coast, Belgium, and measured cellular gene expression changes using RNA sequencing. To simulate
environmentally relevant exposure conditions, SSA extracts were applied at scaled doses equivalent to human
alveolar exposure levels (multiplicative factors M = 10, 20, 40, and 80). We found that SSA exposure influenced
the expression of genes involved in critical signaling pathways: mTOR, PI3K, Akt, and NF-kB were down-
regulated, while AMPK was upregulated. Downregulation of mTOR, PI3K, Akt, and NF-kB potentially indicates a
protective response against tumor-promoting and inflammatory signals, whereas upregulation of AMPK may
confer a beneficial effect on metabolic regulation. The number and direction of differentially expressed genes
(DEGs) varied depending on the SSA sampling time and correlated with the phytoplankton density and chemical
diversity of the SSA samples. Our results suggest that SSA contains bioactive compounds that may originate from
marine algae and modulate cellular processes related to human health. We provide novel insights into the
molecular effects of SSA exposure and highlight its potential as a source of natural therapeutics. To our
knowledge, this is the first study to expose human lung cells to natural SSA at environmentally relevant levels,
presenting a pioneering exploration of seasonal variations in exposure effects.

1. Introduction

The coastal environment, an important element of “blue spaces,” is
increasingly recognized not only for its psychological benefits but also
for its potential physiological impacts on human health (Bell et al., 2015;
Gascon et al., 2017; Wheeler et al., 2012). Beyond the well-documented
restorative effects on mental well-being (Gascon et al., 2015; White
et al., 2021), recent research suggests that aerosolized biogenic com-
pounds present in sea spray aerosols (SSAs) might play a significant role
in influencing human health (Moore, 2015). These compounds, which
include a variety of bioactive substances, are hypothesized to interact
with cellular signaling pathways such as mTOR, Akt, or PI3K (Asselman
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etal., 2019; Moore, 2015; van Acker et al., 2020). This interaction could
have both positive and negative health implications for individuals
residing in coastal areas. Such a perspective expands the traditional
understanding of the health benefits associated with coastal environ-
ments, moving beyond psychological effects to encompass a potential
biochemical impact.

The major transport route of marine biogenics is via SSA (Lang-Yona
etal., 2014), primarily generated by the bursting of bubbles take place in
the sea surface microlayer (SSML) (Keene et al., 2007). The SSML, a
unique interface between the air and ocean, is rich in various hydro-
phobic and amphiphilic substances, including biogenic compounds
(Aller et al., 2005). These compounds are often found in much higher
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concentrations in SSAs compared to bulk seawater (Van Acker et al.,
2021b), highlighting the significance of SSAs as a carrier for these
substances.

Among the diverse sources of marine biogenics, phytoplankton stand
out due to their substantial biomass (Bar-On and Milo, 2019) and the
wide array of bioactive compounds they release into the ocean. These
biogenic compounds, encompassing polysaccharides, lipids, amino
acids, and enzymes (Menaa et al., 2021), not only play a crucial role in
the marine ecosystem but also have the potential to impact human
health when aerosolized, either in positive or negative ways. Several
studies have reported the negative health effects of aerosolized marine
biogenic compounds during harmful algal blooms (HABs) (Backer et al.,
2005; Cheng et al., 2010; Fleming et al., 2009). The phycotoxins pro-
duced during HABs were confirmed to be aerosolized and exist in SSAs
of coastal regions (Fleming et al., 2005), and the relationship between
respiratory symptoms of people living in coastal regions after HAB
events has been quantified by an epidemiological study (Hoagland et al.,
2009). Notably, due to their hydrophobic nature, some phycotoxins
were reported to be enriched up to thousands of times in SSAs (Van
Acker et al., 2021b), intensifying their potential impact. Beyond HAB
events, a recent study has shown that a biogenic compound produced by
marine algae can be detected in coastal air, even at ambient algal con-
centrations (Van Acker et al., 2021a). This indicates the coastal residents
may be continuously exposed to marine biogenic compounds
throughout the year, suggesting a broader potential health impact of
SSAs on coastal populations.

Furthermore, certain marine algal compounds have demonstrated
anti-cancer or anti-inflammatory properties, which are studied for their
pharmaceutical and cosmeceutical applications (Alves et al., 2018; Dong
et al., 2020; Pereira, 2018). While characterization of SSA composition
has mainly focused on inorganic fractions (Bertram et al., 2018), some
biogenic compounds have already been identified (Ault et al., 2013;
Bertram et al., 2018; Cochran et al., 2017; DeMott et al., 2016; Miyazaki
et al., 2020). The biogenic compound dipalmitoylphosphatidylcholine
(DPPCQ), likely produced by marine algae, has been detected in SSA
samples (Van Acker et al., 2021a). Given DPPC is also the main con-
stituent of pulmonary surfactants and has been used as an inhalable
surfactant and inhalation enhancer (Hidalgo et al., 2015). As such, DPPC
in SSA may have implications for respiratory health. At the molecular
level, artificial SSA produced from media containing the phycotoxin
homoyessotoxin, as well as natural SSA samples, have been shown to
interact with the mTOR pathway at both gene and pathway levels
(Asselman et al., 2019).

The studies mentioned above lead us to this expanded biogenics
hypothesis: marine algae can release bioactive compounds that get
enriched in the SSA; to which coastal residents are continuously
exposed. From the exposure side, the detection of marine toxins and
other biogenic compounds in SSA (Cheng et al., 2010; Fleming et al.,
2009; Van Acker et al., 2021a, 2021b) provides direct evidence that
these substances can become airborne and potentially inhaled by people
living near the coast. Daily respiratory exposure to SSA may inhibit
signaling pathways such as mTOR, Akt or PI3K and thereby positively
influence human health. Studies that exposed human cell lines to coastal
air (Asselman et al., 2019) or aerosolized marine toxins (van Acker et al.,
2020) have supported this hypothesis from the effect side. Each piece of
the knowledge puzzle is supported by one or more studies, yet no single
study has verified the entire story at an environmentally relevant dose,
particularly with regards to the seasonal variation in the production and
composition of the SSAs, given the well-recognized variations of
phytoplankton composition across seasons.

In this study, we exposed human bronchial epithelial cells (BEAS-2B)
to nine natural SSA samples collected at the Belgian coast throughout a
one-year campaign. The SSA samples were collected during conditions
with strong winds capable of generating white-cap waves, with the wind
blowing from the sea to the coast, ensuring the aerosols were primarily
composed of SSA. Additionally, we included ambient coastal aerosol
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samples (AMB, collected during conditions of little wind, ensuring no
locally generated SSA was present in the sample), city aerosol samples
(CTY), positive controls (POS, mTOR inhibitor PP242), and negative
controls (NEG) in the exposure experiments, with each serving as a
treatment group. The RNA expressions of each BEAS-2B cell line sample
were quantified, compared across treatments, and fitted against envi-
ronmental factors and the chemical diversity found within the SSA to
support the biogenics hypothesis at the molecular level using environ-
mentally realistic conditions.

2. Results

Across all treatment groups, we quantified the expressions of 58,233
genes and 199,234 transcripts. Hierarchical clustering (Fig. 1a) dis-
played no obvious outliers, suggesting consistent sample quality. A
distinct clustering pattern emerged when we applied a cut-off at a height
of 40,000 on the dendrogram. This division led to three major clusters
(as indicated in SI.11): Cluster 1 comprising samples exposed to SSA
during temperate conditions (air temperature 8.39°C — 16.12°C),
Cluster 2 with control samples and those exposed to SSA in cold weather,
and Cluster 3 containing samples from hot weather SSA exposures.
Intriguingly, SSA collected in cold weather exhibited significantly lower
Na™ content compared to other conditions. A correlation with phyto-
plankton density (see Discussions for details), was noted.

2.1. Differential gene expression in response to treatments

Out of the all genes and transcripts analyzed, 19,768 protein-coding
genes and 79,757 transcripts were further examined. Genome DEGs
reflect changes at the gene level, while transcriptome DEGs capture
specific transcript variants. Analyzing both provides a comprehensive
view of cellular responses. Comparing the expression levels of these
genes between the NEG group and all the other treatment groups, the
SSA group has (one of) the highest number of DEGs across all treatment
groups: 91 genome DEGs and 425 transcriptome DEGs at a False Dis-
covery Rate (FDR) <= 0.05, and 32 genome DEGs and 327 tran-
scriptome DEGs at FDR <= 0.01, with a > 2-fold change. Notably, most
DEGs were downregulated, except for the positive control group, which
showed a higher count of upregulated DEGs. Although the numbers of
transcriptome DEGs are generally higher than genome DEGs, the pat-
terns of DEG numbers for each treatment group are comparable. To find
as many DEGs as possible that respond to SSA exposure, an FDR <= 0.05
threshold was adopted. Fig. 1b & c illustrate the DEG counts and dis-
tributions (volcano plots) for each group. Disregarding the gene type of
genome or transcriptome, the AMB, CTY, and SSA treatment groups
showed similar patterns in volcano plots, but the dots in the similar
position do not necessarily mean the same gene. There are 44 genome
DEGs and 106 transcriptome DEGs in the SSA exposure group which are
unique; 8 genome DEGs and 61 transcriptome DEGs are shared by the
SSA group and POS group. To be noted, there are 27 genome DEGs and
206 transcriptome DEGs shared by the SSA group and the AMB group,
which count for 29.7 % and 61.2 % of the SSA group’s DEG number. This
indicates the ambient coast air may also contain some bioactive com-
pounds as in SSA. There are also some DEGs shared by the SSA group and
CTY group, which may be the effects of exposure to city air and were
addressed in the Discussions. The numbers of shared and unique DEGs
across all treatments were visualized in Fig. 1d.

2.2. Genes in mTOR pathway in response to SSA exposure

The mTOR pathway has been reported to be regulated by SSA
exposure. To verify this, we compared the expression of these genes
across all samples. In the heatmap of the mTOR signal pathway (Fig. 2a),
there are two clusters of samples that showed a clear difference in gene
expression, which were either in the “temperate” or “hot” weather
group. This cluster is composed of 64 samples, among which 48 were in
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Fig. 1. Differential gene expression in response to treatments. (a) Hierarchical clustering of gene expression in samples exposed to SSA under varying environmental
conditions. The clustering of gene expression was performed using genome-wide expression profiles and employed the centroid linkage method. Clusters are
demarcated by a 40,000 height threshold (red line), with sample leaves colored by treatment: positive or negative control (POS/NEG), ambient air (AMB), city air
(CTY), and SSA. Below the dendrogram, metadata corresponding to SSA collection parameters (Na™ concentration, air temperature, and phytoplankton density) are
represented by colors. These colors were assigned based on k-means clustering of the respective metadata values: Na* concentration (9 clusters, orange gradient), air
temperature (5 clusters, red-blue diverging palette), and phytoplankton density (5 clusters, green gradient). White represents missing values for metadata. (b) Counts
of genome and transcriptome DEGs categorized by downregulation (blue) and upregulation (red) across treatments. DEGs are identified using thresholds of FDR <
0.05 and |log2FC| > 1 (right panels) or stricter thresholds of FDR < 0.01 and |log2FC| > 1 (left panels). (¢) Volcano plots illustrating the log2 fold change against the
negative log10 FDR for DEGs in genome (up) and transcriptome (down) analyses. Genes meeting both thresholds of FDR < 0.05 and |log2FC| > 1 are highlighted in
red, genes meeting only the FDR threshold are shown in blue, and genes meeting only the 10g2FC threshold are shown in green. Genes not meeting either threshold
are depicted in gray. Dashed lines indicate the significance thresholds. (d) Venn diagrams representing the overlap and uniqueness of differentially expressed genes
(left) and transcripts (right) across four treatment groups. Each section is quantified to illustrate the number of shared and distinct DEGs. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

the SSA treatment group, 8 were in the AMB group, and another 8 were
in the CTY group. This cluster’s phytoplankton densities were signifi-
cantly higher than the other cluster (ANOVA, p = 0.0289). Samples
exposed to different concentrations of the same SSA/coast air extract
were in one cluster (SSA091, SSA110, SSA134, AMB119), indicating a
lack of dose-dependent variation in terms of DEG number was observed.
To further elucidate the impact of SSA on mTOR pathway gene
expression, samples treated with above-mentioned extracts were
compared with NEG group. The resultant upregulation and down-
regulation of mTOR genes are depicted in a KEGG pathway plot
(Fig. 2b), based on log2 fold changes. Our findings reveal that both
complexes within the mTOR pathway are modulated following SSA
exposure.

2.3. Seasonal variations of SSA composition and exposure effects

As shown in Fig. 1a & SI.11, there are distinct compositional dif-
ferences between samples collected in colder (Cluster 3 in SI.11) and

warmer months (Cluster 2 in SI.11), as indicated by blue and red color
bands representing air temperatures within the orange rectangle of
SI.11. This variation correlates with the seasonal trends in phyto-
plankton abundance (see SI.4) and air temperature. We can make a
reasonable deduction, higher phytoplankton biomass during warmer
periods led to increased concentrations of bioactive chemicals in SSA,
and therefore had different expressions compared to the SSA samples
collected in colder periods. To further elucidate the impact of seasonal
variations on SSA exposure effects, DEGs were calculated again
grouping by the SSA sampling date. The number of DEGs varied
significantly, with differences up to four magnitudes between samples
taken on different dates (Fig. 3a). Notably, there is a strong correlation
between the number of DEGs and the phytoplankton density at the time
of SSA collection (Fig. 3b). This relationship is particularly pronounced
in transcriptome genes, where phytoplankton density accounts for
approximately 69 % of the variance in DEG numbers across all samples
(p < 0.01). Nevertheless, this warrants further investigation to deter-
mine effective causality between phytoplankton biogenics in SSA and
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Fig. 2. mTOR pathway response to SSA exposure and environmental conditions. (a) Heatmap illustrating gene expression levels across samples, categorized by
phytoplankton density, air temperature, sodium concentration, and treatment type. The clustering of gene expression was performed using mTOR-related gene
expression profiles and employed the complete linkage method. Metadata annotations below the heatmap were grouped using k-means clustering for binning of
sodium concentration (5 clusters), air temperature (3 clusters), and phytoplankton density (4 clusters). Color gradients represent expression levels (blue: down-
regulated, red: upregulated). (b) KEGG pathway plot indicating specific mTOR pathway genes modulated by SSA exposure, showing both complexes affected, with
changes annotated by log2 fold expression differences from controls. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

a : o

cotour : £ ssa NEG cTyY AMB
antemy N 1000 - E E? E
—phyC .
‘
‘
: 2 0.049
~ 2 ‘ 3 75 r 0.0014 1
£ / 3 90005 y
4 N E4 [
8 ' g
o '
- 2
£ : g 2
g ' Z soo{ —L— v
L \ > i
= . - r— =
< ‘ b °
¢ =2
‘ e
' <
:
‘ - 250
' .
M .
i !
M .
b4 ]
. : o B3
—r—y ' 3 o R
H \ N o
\ o
e geneType W\ 5 1000
2| B \ - 2
£ - . T : 3
21 . ~—ip “
(L) . »
M H
o N
. » . 750 '
SSA Sampling Date
H
500 v
»
b w
geneType
- ge-ome ' 250
- tranacriphome &2V . l
£
b3 B [ T ]
: —
&

SSA NEG CTY AMB
Treatment group

Relative Phytoplankton Density

Fig. 3. Seasonal variations of SSA composition and exposure effects. (a) Temporal changes in differential gene expression (DEG) numbers over SSA sampling dates,
showing distinct shifts along with relative phytoplankton density (PhyC) and air temperature (airTemp) between April 2019 and April 2020. (b) Relationship be-
tween DEG numbers and relative phytoplankton density, indicating a strong correlation with both genomic and transcriptomic responses. (¢) Feature counts (the
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significantly higher diversity in chemical composition than negative control (NEG), ambient air (AMB), and city air (CTY)groups.
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potential human health impact.

The chemical diversity within aerosol samples was quantified and
analyzed to understand the variation in SSA exposure effects. Using
ANOVA and post-hoc comparisons, we found that the SSA group samples
exhibited significantly higher feature counts, indicating greater chemi-
cal diversity, compared to control groups (Fig. 3c; ANOVA, p < 0.01;
Tukey HSD results in SI.6). Further, linear regression analysis supports
this observation, with a t-value of 2.571 and a p-value of 0.0213,
highlighting the distinctive chemical composition of SSA group.

3. Discussions
3.1. Bioactive chemicals in SSA may be released by phytoplankton

Strong correlations between DEG numbers and the phytoplankton
densities of the sampling area were observed in our results (Fig. 3b),
suggesting the bioactive components in SSA which caused gene differ-
ential expressions might originate from the phytoplankton. It is note-
worthy that the phytoplankton densities in April of 2019 and 2020
showed differences in terms of trend and values, likely due to annual
environmental variations in the sampling area that affect biological di-
versity, as demonstrated in Fig. 3a. The DEG number trends seem to
follow the phytoplankton density trends but with a lag phase around 4
days (SI.7 & SI.8, lag = 4 days, decrease of phytoplankton aligned to
DEG number change). A similar pattern is reported in a one-year study
(Van Acker et al., 2021a) on SSA chemical composition, it observed a 6-
day lag phase between phospholipid (DPPC) concentration in SSA and
the decreasing of phytoplankton abundance. This may be explained by
the phytoplankton cell lysis a few days after the death, and it takes
another few days to be enriched and transported to the coast air. If this
holds true, the concentrations of bioactive chemicals in SSA may not be
directly linked to the abundance of phytoplankton, but rather to the
quantity of deceased phytoplankton from a few days prior. However,
since the sampling dates of SSA are approximately one month apart
rather than one week, we are not able to use modeling to confirm this
hypothesis.

According to several systematic reviews on algal-derived anti-in-
flammatory or anti-cancer compounds, the bioactive chemical(s)
responsible for the exposure effects may belong to the groups of phy-
tosterols, polysaccharides, and polyphenols (Alves et al., 2018; Esposito
et al., 2022; Tan et al., 2021). These groups provide us with directions
for future exploration of beneficial bioactive substances in SSA, poten-
tially leading to the discovery of substances or drugs that contribute to
the improved health of individuals living in the “blue spaces”. The
chemical diversity of SSA samples significantly decreased in May and
June 2019 (see S1.9), coinciding with the spring blooming of 2019. We
hypothesize that the decreased species evenness during the bloom led to
a reduction in chemical diversity of the released bioactive chemicals,
despite the (delayed) overall rise in the concentration of bioactive
chemical(s) in both the water column and SSAs due to the increased
biomass.

Although existing studies (May et al., 2018b; Pierce et al., 2003;
Zhang and Du, 2017) have demonstrated that higher concentrations of
toxins are present in SSA when HABs occur, and DEG numbers after SSA
exposure are correlated with the abundances of phytoplankton in
seawater in this study, it is currently insufficiently demonstrated that the
bioactive substances responsible for DEG number variations originate
from phytoplankton. Studies (Santander et al., 2022; Sloth Nielsen et al.,
2018) have indicated that air temperature and sea surface temperature
are important factors influencing the enrichment factors of hydrophobic
components in SSML or SSA. Therefore, the observed interannual vari-
ations of DE may also be attributed to the temperature-induced changes
in the enrichment factor of bioactive substances in SSA (Fig. 3a &
Fig. 3b). Moreover, other marine organisms like bacteria and
zooplankton, exhibiting similar temperature-correlated trends, cannot
be discounted as alternative bioactive substance sources. Because they
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all track the same interannual variation trend, it is not possible to verify
through the collection of natural samples and exposure experiments
conducted in this study. Consequently, controlled Marine Aerosol
Reference Tank (MART) experiments, varying marine organisms, are
necessary to pinpoint the specific sources of these bioactive substances.

3.2. Implications of SSA exposure on key biological pathways

Our findings from the spring 2019 SSA exposure (April to July)
revealed distinct molecular responses compared to control groups
(Fig. 2a & Fig. 3a). Notably, there was a significant inhibition of the
mTOR pathway (as shown in Fig. 2b), PI3K, Akt, and NF-kB (detailed in
the SI.5), alongside a marked activation of the AMPK signaling pathway
(SL.5). These molecular changes mirror aspects of bioactive substances
produced by algae, which have been reported to either inhibit PI3k/Akt/
mTOR/NF-KB (Kim et al., 2015; Walter et al., 2022; Zhao et al., 2020) or
activate AMPK (Eo et al., 2015). These five signaling pathways are often
associated with cancer, diabetes, and obesity (Moore, 2015), and there
are currently many inhibitors targeting these specifics signaling path-
ways available as drugs or still in clinical trials (Peng et al., 2022). The
mTOR, PI3K, and Akt pathways are heavily implicated in cancer
development and progression, and their inhibition is often associated
with reduced cell proliferation and increased apoptosis (Esposito et al.,
2022; Peng et al., 2022). NF-kB is a key regulator of inflammation, and
its downregulation suggests that SSA exposure may have anti-
inflammatory properties (Kim et al., 2015). AMPK is a central regu-
lator of energy homeostasis that modulates numerous metabolic path-
ways. Activation of AMPK can enhance insulin sensitivity and is a target
for diabetes and obesity treatments (Crunkhorn, 2021; Eo et al., 2015;
Esposito et al., 2022; Liu et al., 2021; Peng et al., 2022). In summary, the
gene-level responses to the SSA exposure demonstrated potential posi-
tive effects on cancer prevention, anti-inflammatory, and metabolic
benefits.

3.3. Limitations

We observed effects between AMB group and NEG control, which
share the same trend as SSA group, i.e. the presence of wind or not
during sampling period does not affect the effects of exposure, this result
is not what we expected but can be explained. The smaller SSA particles
(majorly developed from film drops) contain a much higher proportion
of organic carbon, which contains the bioactive parts of SSA, while the
bigger ones mainly contain sea salts (Bertram et al., 2018). Smaller SSA
particles also have lower settling velocities, making them more prone to
suspension in the air. Literature reports indicate that they sampled SSA
particles generated more than 72 h earlier at a distance of 700 km from
the nearest seawater source (May et al., 2018a). Analysis of backward
trajectories (see SI.10) shows that, except for one SSA sampling date
(2019-04-01), all sampling dates involved air masses passing over
seawater regions. These trajectory results support the hypothesis that
AMB samples may also contain the bioactive components of SSA. This
suggests that even in windless conditions, we might collect film drops
produced a day or even earlier before sampling. Therefore, the consis-
tent results between the AMB and SSA group in our study are plausible.
In future research, it is necessary to incorporate trajectory tracking of
the sampling period and location into the model for comprehensive
consideration, rather than relying solely on the in-situ wind speed or the
content of Na™ to determine the aerosol sampling concentration.

While our study found a significant correlation between the number
of differentially expressed genes (DEGs) and phytoplankton densities in
the sampling area, we acknowledge that this correlation alone does not
provide strong enough evidence to conclusively support the impact of
bioactive chemicals in sea spray aerosols (SSA) released by phyto-
plankton. The chemical composition of SSA is complex and not fully
characterized in our study, making it a “black box” that limits our ability
to pinpoint specific bioactive compounds responsible for the observed
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biological effects. Additionally, other environmental factors not
accounted for could contribute to DEG variability. Without direct
chemical analyses linking specific phytoplankton-derived compounds in
SSA to gene expression changes, the evidence remains correlational
rather than causal. Future studies should focus on isolating and identi-
fying the bioactive components within SSA and assessing their direct
effects on gene expression to strengthen the understanding of how
phytoplankton activity may influence human health through aerosol
exposure.

We are aware that methanol can influence cellular metabolism, and
solvent extraction may impact results by enhancing or diminishing the
bioactivity of chemical substances (Erukainure et al., 2016). Although
our blank control group underwent the same extraction method on
unsampled QMA filters, comparing the RNA expression levels between
the treatment groups and the blank control group allows us to remove
the effects caused by methanol itself. However, the blank control group
cannot eliminate the interactive effects between methanol and other
bioactive components, as well as the extraction bias caused by the po-
larity of the solvent. Since we don’t know which bioactive chemical(s)
substance is responsible for the observed effects, further research is
required for clarification. In our research, we focused only on methanol
extracted compounds because they are most likely to be enriched during
the formation of SSA (Cravigan et al., 2020; Van Acker et al., 2021b) and
are more likely to be captured by human respiratory system (Van Acker
et al., 2021a).

While our results provide insights into the molecular mechanisms
underlying the exposure effects of SSA, it is also important to note that
the effects on gene level do not necessarily translate to effects on cell
level or above. The transition from in-vitro to in-vivo is a complex
process that requires additional studies to determine whether the
observed gene-level responses translate into meaningful physiological
effects.

Cell viability assays were not conducted at the end of the treatment
because the primary focus was the transcriptional profiling of SSA rather
than assessing cytotoxicity or cell health per se. While cell viability can
be a valuable parameter in certain experimental contexts, RNA integrity
was prioritized here as a more direct and relevant measure of experi-
mental validity. All RNA samples exhibited high-quality RIN scores with
no degradation, indicating that the cells were in a suitable state for
transcriptomic analysis. The experimental design incorporated appro-
priate controls and biological replicates to address potential variability.
Additionally, previous studies on individual compounds present in SSA
included comprehensive analyses of cell viability for each compound.
Pervious study (van Acker et al., 2020) reported effect concentrations
(ECy0) ranging from approximately 1 pg/L up to 100 pg/L or even more
than 1000 pg/L, depending on the compound. Furthermore, prior
exposure data for some of these compounds showed their concentrations
in the range of picograms per cubic meter of air (Van Acker et al.,
2021b), which are much lower than any reported effect data. Taken
together, these findings suggest that limited effects on cell viability were
expected. RNA integrity was used as a measure to ensure high-quality
extractions with minimal impact on cell viability. Nevertheless, poten-
tial mixture effects affecting cell viability cannot be entirely excluded.
Therefore, no conclusions regarding the potential impact on cell
viability are made, as this was not tested.

Another limit of our study is the time interval for our SSA sample
collection, which is approximately one month in between each sampling
date. This is insufficient to track the rapid changes in planktonic com-
munities, especially during spring and summer algal blooming. If future
studies can collect samples on a weekly basis during the spring algal
bloom period and a few (e.g. four) days after, they may draw more
compelling conclusions.

4. Conclusions

The research presented in this article is, to the best of our knowledge,
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the first study to expose human lung epithelial (BEAS-2B) cells to natural
SSAs at environmentally relevant concentrations and investigate their
molecular-level health effects. In this research we have the following
findings: 1. Under normal environmental conditions, exposure to natural
SSA can influence the RNA expression of BEAS-2B cells, including the
inhibition of the PI3k/Akt/mTOR/NF-kB signaling pathway and the
activation of the AMPK signaling pathway. 2. The bioactive components
of SSA responsible for the effects may be influenced by algal activity,
with the most pronounced effects observed during spring algal blooms.
3. Air samples collected during no wind conditions may also contain
these bioactive components, potentially originating from previously
generated SSA or from distant sources.

5. Methods
5.1. Aerosol sampling and chemical extractions

The sea spray aerosol sampling campaign was conducted from 1st
April 2019 until 14th April 2020 on the beach of Ostend, Belgium
(51.239°N, 2.931°E). The aerosol sampling method followed Van Acker
etal. (2021a) except the collected air volume of each aerosol sample was
fixed to approximately 2000 L instead of collecting for a fixed period.
Briefly, for each aerosol sample, an acid-washed (1 % HNO3) QM-A
quartz microfiber filter (Whatman, @ 47 mm, air retention 99.95 %
for 0.3 um particle) was placed in a cleaned stainless-steel in-line filter
holder (Pall Corporation) and connected to a constant airflow sample
pump (Leland Legacy, SKC Inc.). During the sampling, the filter holders
were placed on a tripod within 15 m of the waterline and the tripod was
moved frequently to maintain the same distance to waterline. (following
the tide). The height of filter holders was around 1.6 m and the front
openings of the filter holders were facing the direction from which the
wind was blowing. The pumps were set at an airflow rate of 10 ~ 12 L
min ! until 2000 L of air containing SSA was sampled on the filters. In-
situ average and gust wind speeds were measured using a wind meter
before and after the sampling. The sampling days were chosen based on
the weather conditions. We only took SSA samples when there was no
precipitation and the wind was blowing from the sea. According to
literature, SSA production occurs at speeds above 4 m/s (Gantt et al.,
2011; Lewis and Schwartz, 2004; O’Dowd and De Leeuw, 2007). In this
campaign, 12 SSA samples were collected, three of them were collected
at wind speeds lower than 3 m/s when the wind was blowing form
inland. These samples were considered as ambient coastal aerosol
samples (AMB). For each sampling day, an extra filter was taken through
the exact same procedure as the aerosol sample filters except it was not
connected to the pump and was used as a blank control. In addition to
the SSA and AMB aerosol samples, three city aerosol samples (CTY) were
taken with the same sampling system in Ghent University Campus
Coupure, Ghent Belgium (51.053°N, 3.707°E) on the roof of a 12 m
heigh building. This city’s location is around 40 km away from the
coastline. The detailed time and environmental information are listed in
the SI.1.

The filter samples were first cut into two pieces with scissors rinsed
with 1 % HNOgs: 1/4 and 3/4 separately. (I) The 1/4 parts were used for
Inductively Coupled Plasma — Optical Emission Spectroscopy (ICP-OES,
Thermo Scientific iCAP 7000 series) analysis to measure the concen-
trations of Na™ and Mg™" in the SSA samples and Na™* was used as a proxy
quantifier of the SSA content in a sample (Lewis and Schwartz, 2004)
and Na™/Mg™ ratio was used to confirm the source of SSA. The filter
parts were placed in falcon tubes with 5 mL 1 % HNOs, vortexed, and
sonicated to elute Na™ and Mg™ from the filter. The elution step was
repeated three times, resulting in a 15 ml extract solution for each
sample. Extracts were then filtered over 0.45 um (Supor filter, Cytiva) to
remove filter debris generated during elution and stored at 4 °C until
analysis. (II) The 3/4 parts were extracted for the exposure experiment:
The extraction method used was based on the dedicated extraction
protocols of Ullah et al. (2015) and optimized by Van Acker et al.
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(2021b). Methanol was used as eluent, and the elution step was repeated
twice (10 mL and 3 mL), resulting in a 13 mL extract for each sample.
Afterward, extracts were filtered by 0.2 pm polytetrafluoroethylene
(PTFE) syringe filters (Phenex) and dried under a gentle N, stream at
40 °C until around 1 mL extracts were obtained and reconstituted in
1.628 mL methanol. The filter extracts were subsequently stored at
—20 °C until they were used as treatments in the vitro experiment.

5.2. Cell culture and exposure experiment

In the in vitro experiment, a human bronchial epithelial cell line
(BEAS-2B) obtained from the Laboratory of Experimental Cancer
Research at Ghent University was utilized. The use of this cell line was
conducted in compliance with ethical standards, having received
approval from the ethical commission under the reference number EC/
2019/1856. Additionally, the cell line is registered with the Federal
Agency for Medicines and Health Products of Belgium (FAGG) biobank
with the identification number BB200014. Cells were cultured in Dul-
becco’s modified eagle medium (DMEM), supplemented with 10 % fetal
bovine serum (FBS), 100 units mL™! penicillin, and 100 pg mL~!
streptomycin. Cell cultures were grown in a humidified incubator at
37 °C, 5 % CO2, and > 95 % relative humidity. Confluent cultures were
sub-cultured, using 0.5 % Trypsin—EDTA, and split two times per week
in a 1:6 ratio. Passage numbers of the cell culture were limited to less
than 50. Confluent cell cultures were trypsinized and seeded in six-well
plates at a density of 320,000 cells well ! with 3 mL fresh DMEM, fol-
lowed by 10 h incubation at the same conditions as mentioned above.

The cells were exposed to one of the treatments listed in Table 1. and
then incubated for another 48 h prior to RNA extraction, the time length
of exposure was the maximum duration without splitting the cells. To
simulate environmentally relevant exposure conditions in our in vitro
experiments, we calculated the doses of aerosol treatments by propor-
tionally scaling the concentration of aerosol extracts based on the ratio
of the total human alveolar surface area to the alveolar surface area
exposed in our cell culture model under different environmental expo-
sure conditions including inhalation volume and increased aero-
solization. This method was also used by Asselman et al. (2019). The
doses of exposure treatments were calculated based on the human
Alveolar surface as Formula (1) using the principle in toxicology of
geometric progression with a constant factor of 2.

Table 1
Summary of treatment groups and sample information.
Exposure type Concentration Num. of Num. of Num. of
levels aerosol treatments  cellline
samples/ samples
chemicals
Sea spray aerosol ~ x10 x20 x40 x80 9 36 144
(SSA)
Ambient coast x10 x80 3 6 24
aerosol (AMB)
City aerosol x10 x80 3 6 24
(CTY)
Negative control x1 1 1 4
(NEG)
Positive control x1 1 1 12
(POS)
Total 17 50 208

Note: Concentration levels refer to the calculated exposure doses, expressed as
multiplicative factors (M = 10, 20, 40, or 80), which simulate environmentally
relevant exposure conditions in vitro. These factors were derived by propor-
tionally scaling aerosol extract concentrations based on the ratio of total human
alveolar surface area to the alveolar surface area exposed in the cell culture
model. The dose calculation is detailed in the methods section under “Formula
(1)”. For the positive control (POS), the concentration represents the use of 0.1
uM mTOR kinase inhibitor PP242. All treatments were performed in four rep-
licates unless specified otherwise.

Environment International 195 (2025) 109255

o (TXDF)/A, o
Te/Ah

Calculation of dilution factors used for aerosol extracts.

M: the multiplicative factor by which the environmental condition is
multiplied to achieve the desired exposure dose, in this research we have M =
10, 20, 40, or 80. T,: the total duration for which the cells were exposed to
the aerosol extracts. Tg: the duration for which the aerosol sample was
collected. A,: the calculated alveolar surface area exposed, in this research
A, = 9.6 cm®. Ay the total human alveolar surface area which is 4 x 10°
cm?. DF: the dilution factor, in this research we used 289, 145, 72, or 36 for
different M.

A known mTOR kinase inhibitor Torkinib or PP242 (MedChemEx-
press) was used as the positive control (POS) at concentration of 0.1 pM.
The negative control (NEG) also contained 2 % methanol to exclude a
solvent effect as all other treatments were extracted, diluted, or dis-
solved in methanol.

In the in vitro experiment, we exposed BEAS-2B cells to (1) SSA
samples (SSA) (2) ambient coast aerosol samples (AMB, where there was
no wind during the sampling), (3) city aerosol samples (CTY), (4) pos-
itive controls (POS), and (5) negative controls (NEG). For each aerosol/
control sample, several different concentrations were used for exposure,
resulting in 50 treatments (aerosol sample — concentration combina-
tion) with 17 different aerosol samples or chemicals. Every treatment
consists of four replicas (with two exceptions noted in the remarks). The
number of cell line samples in this research is 208. A summary of
treatment groups and sample information is listed in Table 1. A detailed
cell line sample list is attached in the SI.2.

5.3. RNA extraction and sequencing

RNA was extracted using the Qiagen RNEasy kit following the
manufacturer’s instructions including DNAse digestion. Quality and
concentration of the input total RNA was checked with *Quant-it ribo-
green RNA assay’ (Life Technologies, Grand Island, NY, USA) and the
RNA 6000 nano chip (Agilent Technologies, Santa Clara, CA, USA),
respectively. The RIN values were 9.01 + 0.85 (average + standard
deviation). Subsequently, 48 ng of RNA was used to perform an Illumina
sequencing library preparation using the QuantSeq 3' mRNA-Seq Library
Prep FWD Kit (Lexogen, Vienna, Austria) including Unique Molecular
Identifiers (UMI) according to the manufacturer’s protocol using 14
enrichment PCR cycles. Libraries were quantified by qPCR, according to
[llumina’s protocol *Sequencing Library qPCR Quantification protocol
guide’. A High sensitivity DNA chip (Agilent Technologies, Santa Clara,
CA, US) was used to control the library’s size distribution and quality.
Based on Illumine sequencing guidelines, the libraries are first normal-
ized to the same concentration, then equal volumes are pooled to yield a
pool of the same concentration of each of the original normalized li-
braries. Libraries were then sequenced on an Illumina Hiseq sequencer
together with 2 % PhiX Sequencing Control library, generating 50 bp
single-end reads.

5.4. Laser-assisted ambient ionization mass spectrometry (LA-REIMS)
analyses

LA-REIMS was used for the chemical analysis of our aerosol samples.
This untargeted approach was chosen given the undefined nature of
potential compounds of interest, providing a comprehensive finger-
printing of the samples, which may be useful in future studies. Initial
analyses were performed by ProDigest BV (Belgium) using established
methodology (Van Meulebroek et al., 2020). The LA-REIMS platform
utilized a MID infrared laser system (OpoletteTM HE2940, OPOTEK,
LLC, USA) that consisted of a Q-switched Nd:YAG laser pumping an
Optical Parametric Oscillator (OPO). The transmission of the laser en-
ergy into the sample was achieved through free space optics, which
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included a series of metallic-coated mirrors and a Plano-convex lens. The
process of laser ablation, performed for 3 s per sample, is initiated based
on the laser-emitted infrared wavelength regime that excites the most
intense vibrational band of the water molecules contained by the sam-
ple. This leads to matrix-assisted desorption and ionization of intact
biomolecules. The produced aerosol is then transferred to the REIMS
platform. Mass analysis was conducted using a Xevo G2-XS Quadrupole
Time-of-Flight (QToF) mass spectrometer, operated in negative ioniza-
tion mode with an m/z scan range of 50-1200 Da, obtaining relative
intensities for each sample. An external standard (leucine-enkephalin,
0.25 ng/uL) was used for lock mass correction and signal intensity drift
correction. For the purpose of distinguishing true signals from noise, a
noise value was established using the mean relative intensities of blank
samples augmented by 0.001. Features were then distinguished based on
signal-to-noise (S/N) ratios, employing thresholds of both 3 and 10,
thereby representing the chemical diversity of each sample.

5.5. Data analyses

Poly-A and Illumina Truseq RNA adapters are trimmed according to
the manufacturer (Lexogen, QuantSeq 3'mRNA-Seq Data Analysis)
using bbduck.sh in BBMap package version 35.85 (Bushnell et al.,
2017). We used STAR version 2.7.9a (Dobin et al., 2013) to align the
sequences, using the human Genome Reference Consortium build 38
(GRCh38) (Cunningham et al., 2015) as alignment reference genome.
We used the same parameters as the manufacturer suggested, except we
did not specify the SAM attributes (outSAMattributes), so the output
BAM files have the default attributes (NH HI AS nM). We used StringTie
version 2.1.6 (Pertea et al., 2015) for the assembly of the aligned read
sequences. In this process, we supplied only the reference genome,
specifically the gene annotation file (Homo_sapiens.GRCh38.89.gtf)
obtained from Ensembl (Martin et al., 2023), along with the designated
file paths for input and output. All other parameters were left at their
default settings. RPKM counts are extracted using the getFPKM.py pro-
vided by StringTie.

We use R version 4.1.2 (R Core Team, 2014) as the general software
platform for statistical analyses and visualizations. The ggplot2 version
3.3.5 (Wickham, 2009) was used as the main tool for generating figures.
Differential gene expression analysis between treatment groups (SSA,
AMB, CTY, POS) and negative control (NEG) was performed using
DESeq function in package DESeq2 version 1.32.0 (Love et al., 2014)
with build-in batch effect calibration and default parameters. Normal-
ized counts were generated using counts function in package DESeq2,
median absolute deviation (MAD) was then used to rank normalized
counts, ensuring robust statistical comparison. The False Discovery Rate
(FDR) and Log2 Fold Change (Log2FC) were used to screen for DEGs,
thresholds were determined according to the applications and were
mentioned in related figures. Filters for protein-coding genes were
generated based on the same reference genome GRCh38 as for align-
ments. The Euclidean distances between each sample’s gene expression
were calculated and subsequently clustered using the centroid algorithm
for unsupervised hierarchical clustering. We used the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) (Ogata et al., 1999) database for
annotating the gene functions and signaling pathways. Enrichment an-
alyses were performed by clusterProfiler version 4.0.5 (Yu et al., 2012)
with P-value cutoff at 0.01. The data for plotting the dendrogram was
computed with hierarchical cluster analysis using R’s built-in hclust
function with centroid algorithm. Analysis of variance (ANOVA) was
conducted on phytoplankton densities and chemical diversity with the
aov function. Homogeneity of variance was checked with the vif function
from the car package (version 3.1-2) and normality was assessed with
Shapiro-Wilk tests using shapiro.test function. For chemical diversity,
post-hoc comparisons between different treatments were made using the
TukeyHSD function. A generalized linear model was fitted using glm
function to determine the sources of variation in the number of DEGs.
Aerosol backward trajectories were calculated using the SplitR package
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in R with the HYSPLIT split model to identify potential sources of aerosol
particles impacting the sampling site.
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