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Preface 

It is generally believed that living and taking recreation near the sea is beneficial for 

human health. Especially the air we breathe in these marine environments has long 

been attributed health promoting properties. This is something my grandmother also 

told me when I was still a child. It is, however, not entirely clear where the idea of 

óhealthy coastal airô comes from. It seems that along with the development of human 

medicine and at a later stage with coastal tourism, it has evolved into a kind of "folk 

wisdom". Nonetheless, the ancient concept of thalassotherapy has regained scientific 

interest in recent years. Researchers are investigating the interconnections between 

the ocean and the health of human coastal populations. Still, to date, strong scientific 

evidence has remained absent to reveal whether and how coastal air could improve 

the health of coastal populations.  

 

In this PhD thesis, I have investigated one of the major aspects that distinguishes 

coastal air from inland air: sea spray aerosols (SSA). Both the biogenic composition of 

SSAs and the potential effects on human health have been dealt with. Before going 

into detail on the performed research, you will find a holistic summary of the historical 

context and current knowledge on the various aspects of this research topic. In the last 

section of this introduction Chapter 1, the rationale, objectives and outline of this PhD 

thesis are explained. 
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1 Historical context 

Marine environments have been important throughout the history of humankind. Both 

the image of a dangerous ocean that takes lives, as that of an ocean providing 

essential resources and opportunities have been common all over the world. In recent 

years, the ancient idea that coastal environments are health promoting has gained 

scientific interest. While the first written references of the curative uses of seawater 

and coastal air date back to the Ancient Greeks, there is evidence that ocean-therapy 

was used to treat health conditions in Ancient Egypt over 5000 years ago.1,2 The Greek 

philosopher and medical theorist Alcmaeon of Croton (ca. 470 B.C.) is considered the 

first to formally link human health to water quality. In his treatise óAirs, waters and 

placesô (ca. 400 B.C) Hippocrates built on this idea and linked the location one lives 

with the prevalence of diseases. As such the distance to the sea and the climate were 

seen as important driving factors for human health.3 Hippocrates also suggested the 

inhalation of steam from (boiling) salty water (i.e., seawater) as a curative method.4 

Back then, no one realized that the bursting bubbles of boiling water produce an 

aerosol. Even nowadays many people still confuse aerosolization (see section 3) with 

the volatilization or evaporation (i.e., gas phase) of chemical compounds. 

 

In the 18th and 19th century the ancient ocean-therapy concept was revived by various 

physicians. First in England (e.g., Dr. R. Russel; Figure S1.1) and later also on the 

European mainland due to prominent doctors such as L. Bagot, J. La Bonnardière and 

A. Delcroix.5ï7 In Belgium the work of Dr. L Verhaeghe (1843) óLes Bains de mer 

dôOstende, leurs effects physiologiques et th®rapeutiquesô was an important 

milestone.8 Among others, he raised the new question: ñwhat are the characteristics 

that make coastal air so beneficialò and stated that ñthis question was far from receiving 

its last answerò. Verhaeghe was right, up to the present day a fair number of 

researchers have examined the characteristics of coastal air in an attempt to address 

this question. A few years before, Roubardi (1833) suggested that the composition of 

coastal air changes when the sea is rough, due to the entrainment of water in a form 

of fog.9 We currently know this better as a sea spray aerosols (SSAs), i.e., a 

suspension of seawater drops small enough to reside for some time in the atmosphere. 

In 1865, Dr. J. La Bonnardi¯re introduced the term óthalassotherapyô.7 Derived from 

the Greek words thalassa (i.e., sea) and therapeia (i.e., treatment), it refers to the 
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therapeutic use of seawater, marine products and the seashore climate (e.g., coastal 

air).10 In the late 19th and early 20th century the reinvented thalassotherapy led to the 

establishment of health facilities and sanatoria along the European shores of the 

Atlantic Ocean (Figures 1.1A, S1.2, S1.3) and North Sea (Figure 1.1B). These 

sanatoria often had large terraces or balconies which allowed patients, who often 

suffered from tuberculosis or rheumatism,6 to be exposed to the sun and coastal air. 

 

 

Figure 1.1: (A) Outdoor facilities of the marine sanatorium in Roscoff, France, founded by Dr. 

Louis Bagot (1899).5 Picture geneanet.org. (B) Building and outdoor balcony of the institute 

Sint Vincentius à Paulo in Ostend, Belgium. It was founded by Dr. Armand Delcroix (1897) and 

served as a marine sanatorium.6 After world war II, the hospital (and sanatorium) was rebuild 

through the efforts of Dr. Edouard Delcroix. © beeldbankkusterfgoed.be.  
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At that time, scientists and doctors mainly focused on the inorganic content (e.g., salts) 

of coastal air. Consequently, one of the common (urban) legends was that the apparent 

coastal health promoting effect originated from a high airborne iodine exposure. It is 

true that coastal air has higher Iodine concentrations (±5-30 ng m-3).11 The ocean is 

after all the main source12 for both gaseous (67-80%) and particulate (20-33%) forms 

of iodine in the atmosphere.11 Iodine is an essential element for human physiology and 

has a prominent function in the hormone production of the thyroid gland.13 Iodine-

deficiency disorders, leading to mental impairment and adverse growth and 

development, result from an insufficient intake (<150 µg day-1 for adults).13 Based on 

the above and the findings of Smyth et al.,14 the inhalation of coastal air (i.e., maximum 

10-25 m³ day-1) can only account up to 0.5-1% of the recommended daily iodine intake. 

Smyth et al.14 did show that this airborne iodine exposure can increase up to about 

10% of the recommended daily intake when (continuously) inhaling the air above 

seaweed beds, which is rich in gaseous I2. The latter is, however, an unrealistic 

scenario. It can thus be concluded that the airborne iodine supplement in coastal 

regions cannot explain the suggested health effects. 

 

It was only from 1948 onwards, when Woodcock15 started his research on the human 

respiratory irritation during Florida red tides (Figure 1.2A), that research on organic 

(biogenic) compounds in sea spray aerosols (SSAs) was initiated. Red tides are the 

old and popular terminology for harmful algal blooms (HABs) that discolor seawater 

due to the high cell density of (red) pigmented dinoflagellates or diatoms.16 The 

frequent reoccurring HABs in Florida and the Gulf of Mexico are caused by Karenia 

brevis (Figure 1.2B), which produces brevetoxins (PbTxs).17 Similar to the above 

discussed method of Hippocrates, Woodcock boiled seawater containing toxic algae 

and exposed his face to the ñvaporsò. He discovered that he only experienced 

respiratory irritation if air bubbles were formed in the boiling water. As such he 

discovered that not the steam but the produced aerosol caused the irritation. Before 

Woodcock15 and Taylor18, who first pointed to K. brevis HABs as the main culprit in 

1917, the respiratory irritations were already associated with massive fish-mortality 

events (i.e., co-occurring harmful effects of these HABs).19 To date, about a dozen 

studies have investigated the aerosolization of algal toxins or so called phycotoxins.20ï

25 Contrary to most phycotoxins, an increasing number of marine compounds are being 

identified as having a positive pharmacological activity26,27 (see section 4). Airborne 
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exposure to SSAs, which has mainly been investigated for their harmful effects, may 

therefore also induce beneficial effects. This hypothesis, which is further discussed in 

section 2, could explain the results of recent epidemiological studies that indicate a 

coastal proximity health effect (see section 2) and support (if proven to be correct) the 

ancient thalassotherapy concept. 
  

 

Figure 1.2: (A) Red tide event caused by a HAB of (B) Karenia brevis which have red pigments 

and can produce brevetoxins (PbTxs). © Awesomeocean.com © Mote Marine Laboratory. 

 

2 Ocean and human health epidemiology and hypotheses 

World-wide, coastal regions are by far the most densely populated areas.28 In many 

cases, however, we are not aware of or do not understand how we impact marine 

environments and vice versa.29 Indeed, changes in marine ecosystems can have (as 

discussed below) direct and indirect impacts on human health. These anthropogenic 

activities and impacts include eutrophication, overfishing, mariculture, introduction of 

invasive species, chemical contamination (e.g., industrial chemicals, wide dispersive 

use chemicals and radioisotope discharges), coastal zone destruction (e.g., shipping, 

dredging, land reclamation), sewage discharge (e.g., spread of infectious diseases), 

as well as indirect consequences of atmospheric pollution (e.g., global warming and 

ocean acidification). The increasing awareness of this high interconnectivity, as 

displayed in Figure 1.3, resulted in a new inter-disciplinary research field that links the 

óocean and human health' (OHH).30 A key aspect that is addressed in this field is the 

vulnerability of marine ecosystems and the related negative consequences for 
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humankind. Research towards (threatened) marine ecosystem services that have 

positive effects on human health is also included. In fact, it is believed that 

(commercial) opportunities and benefits of a healthy ocean are a stronger convincing 

argument to protect marine systems than the risks related to an unhealthy ocean.31 
  

 

Figure 1.3: Summary of key processes in the marine environment with a negative public health 

relevance. Many of these processes are disturbed or influenced by anthropogenic activities. 

Natural processes with a positive health relevance are not incorporated. (from Moore et al.).30 

 

Despite the fact that the idea of a health promoting coastal environment has always 

been around, there is little scientific evidence regarding specific effects or mechanisms 

to support this claim/believe. In the last decade epidemiological studies32ï36 have 

started to reveal a coastal proximity health effect. They showed that good health and 

happiness are more prevalent the closer one lives to the sea. An additional finding was 

that positive effects were greater amongst more economically deprived communities.33 

Several hypotheses have been proposed to explain the coastal proximity health effect. 

To date beneficial effects have been mainly attributed to psychological mechanisms, 

based on the premise that humans recognize harmful environments that induce 

stress.37 Natural environments (i.e., blue and green spaces) would therefore promote 

wellbeing as they conjure positive feelings, thus reducing stress-related 

inflammation.38 Depledge and Bird39 combined this psychological theory with 
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mechanisms that are linked to the coastal environments, such as increased relaxation, 

restoration, exposure to sunlight, social contact and physical exercise. Their so-called 

óBlue Gymô hypothesis would explain the improved health and wellbeing of coastal 

populations. The recent epidemiological study by Hooyberg et al.35 considered the 

proposed mechanisms of the Blue gym theory (i.e., mental health, physical activity 

levels, and social contact). Although they did found a significant improved health effect 

in Belgian coastal populations, none of the investigated mechanisms, including a lower 

air pollution (i.e., PM10 concentrations at 0-5 km from the shoreline), could provide an 

explanation.35 A number of studies, however, did demonstrate a significant increase of 

mental health34,40 and physical exercise for different coastal populations.41ï44 

 

Yet, all of these mechanisms are unlikely to explain long-term physiological benefits 

according to Rook45 and Moore46. These authors both proposed a new and interesting 

hypothesis to explain the coastal proximity health effect. Both their theories are not 

contradictory but rather complementary to previously proposed hypotheses which 

focused on physiological mechanisms (see Figure S1.4).39,47,48 Rook47 attributed the 

beneficial effects of marine environments to an improved immunoregulation, which is 

also referred to as the ñold friendsò theory. It states that a reduced exposure to 

microorganisms leads to poorer response to inflammations and may even lead to 

psychiatric disorders.47 The airborne exposure to diverse microbiota via SSAs48 would 

therefore stimulate the immune system and human health in general. Moore46, on the 

other hand, suggested through his óbiogenics hypothesisô that the regular airborne 

exposure to natural compounds and (fragments of) microbiota in natural aerosols (e.g., 

SSAs) is health promoting. Moore postulated that this is caused through the 

downregulation of the phosphatidylinositol-3 kinase/protein kinase B/mechanistic 

target of rapamycin (PI3K/Akt/mTOR) cell signaling pathway (hereafter referred to as 

the mTOR pathway), as many natural products (e.g., from bacteria, algae, and fungi) 

have been shown to inhibit the activities of these protein kinases.46. The proposed 

theory (see Figure 1.4) is based on the fact that the mTOR pathway controls many 

aspects of cellular physiology such as protein synthesis, cell growth, autophagy, 

apoptosis, innate immunity, neurodegeneration, longevity, cortisol concentration and 

iodine uptake,46 while enhanced activity of the pathway is related to multiple 

pathological conditions (e.g., cancers, type 2 diabetes, neurodegenerative diseases).49 

The mTOR pathway activity is regulated by the integration of various signals including 
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growth factors, insulin, nutrients, exercise, energy availability, vitamin D and cellular 

stressors such as hypoxia, osmotic stress, reactive oxygen species (ROS) and viral 

infection.46,49,50 Other mTOR-related interconnected pathways such as NF-əB (nuclear 

factor kappa-light-chain-enhancer of activated B cells) and PTEN (phosphatase and 

tensin homologue) are also included in the biogenics hypothesis.46 NF-əB induces 

among others the expression of various pro-inflammatory genes and will upon 

deregulation contribute to various inflammatory diseases,51 while PTEN is a tumour 

suppressor protein.46,52 
 

 

Figure 1.4: Diagram of the cell signaling systems involved in the biogenics hypothesis.46 

Particularly the phosphatidylinositol-3 kinase/protein kinase B/mechanistic target of rapamycin 

complex 1 (PI3K/Akt/mTORC1) cell signaling pathway, hereafter referred to as the mTOR 

pathway, is suggested to be a crucial target. This intracellular signaling pathway is strongly 

linked to the regulation of cell growth, autophagy, apoptosis and longevity.49 PIP3 ï 

phosphatidylinositol 3,4,5 trisphosphate; NF-əB ï nuclear factor kappa-light-chain-enhancer of 

activated B cells; PTEN ï phosphatase and tensin homologue; AMPK ï 5' adenosine 

monophosphate-activated protein kinase; p27 ï cyclin-dependent kinase inhibitor; ROS ï 

reactive oxygen species. Activation ŷ; inhibition ƌ. Figure from Moore.46
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3 Sea spray aerosols (SSAs) 

An aerosol is defined as a suspension of non-gaseous (i.e., liquid or solid) particles in 

an atmosphere. They can originate from both anthropogenic and/or natural emissions. 

Just like smoke, dust or pollen, a sea spray aerosol (SSA) is a primary aerosol, as it is 

directly emitted in the air from its (liquid or solid) source medium (i.e., seawater). 

Secondary aerosols, on the contrary, are formed by gaseous molecules which nucleate 

and aggregate to particles within the atmosphere.53 Many aerosols, however, have a 

hybrid character. An example of such a hybrid aerosol are (natural) pollen that adsorb 

exhaust particles and (soluble) gaseous pollutants (e.g., SO2, NO2, NO3 and NH3) on 

their (wet) surface.54,55 It was hypothesized that such polluted pollen have synergistic 

effects regarding respiratory allergies54 and explain the augmented hay fever in urban 

areas.56ï58 SSAs also contain a certain fraction of secondary origin, such as iodine 

(see section 1) originating from gaseous molecules (e.g., HOI, IO, I2, CH3I).11,12 SSAs 

disperse globally and constitute circa 90% of the marine aerosols, almost 50% of the 

total natural aerosol flux, and over 33% of the global aerosol flux (i.e., including 

anthropogenic productions).59 They act as cloud nucleation sites,60 influence 

atmospheric chemical reactions, and scatter and absorb short-wave and long-wave 

radiation, respectively.59 Research on the production and behaviour of SSAs, has 

mainly been conducted in a meteorological, climatological or biogeochemical context. 

Potential human health effects of airborne SSA exposure remain almost unexplored. 

 

3.1 Effective SSA production 

SSAs are primarily produced by bubble bursting processes occurring after the breaking 

of waves. This occurs continuously in the shallower depths of the surf zone (i.e., near 

shore), and in open seas when the wind reaches speeds above 3 to 5 m s-1.53,61 The 

wind speed and the fetch (i.e., the distance over which the wind blows over the sea) 

are two environmental variables that are positively related to wave height, and thus to 

wave breaking and the production of SSAs.62 Breaking waves entrap air and create 

underwater bubbles that range from less than 100 µm to about 10 mm in size.63 When 

the air bubbles reach the surface they create foam or so-called whitecap. The fractional 

whitecap coverage of seas is often used as a proxy for SSA production.53,64 Air bubbles 

that burst at the seawater surface eject aerosol drops into the atmosphere by means 

of two consecutive mechanisms.65,66 Fine film drops, of 0.01 to >10 µm, are first 
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created out of the bursting bubble film. The largest (bursting) bubbles can produce up 

to several hundreds of film drops. The seawater that subsequently fills the bubble 

cavity may overshoot and detach from the water surface. As such, a few somewhat 

larger jet drops of 1 to >100 µm can thus be ejected in the atmosphere.61 Above a wind 

speed threshold of 7 to 11 m s-1 an additional SSA production mechanism starts to take 

place.53 Large spume drops of 20 to 1000 µm67 are then directly torn from the crests 

of breaking waves.68 Spume drops are, however, often too large to have a relevant 

atmospheric residence time.59 The different SSA production mechanisms are 

illustrated in Figure 1.5. 

 

It should be noted that there are a few other (minor) processes that also lead to 

underwater air bubbles and thus produce SSAs. Vents and seeps release gases (e.g., 

H2S, CH4, H2) and thus create bubbles that rise from the sea floor. Next, there are also 

some anthropogenic disturbances that create underwater bubbles such as shipping 

traffic and dredging. The most important additional process forming underwater 

bubbles is the impact of rain on the sea surface.68,69 The impact of rain and breaking 

waves can, apart from forming air bubbles, also bounce back and form a sort of splash-

up.70 The majority of these so-called splash drops are, just like spume drops, often too 

large to have a significant atmospheric residence time.59 

 

Immediately after their production, SSAs shrink through evaporation until they reach a 

vapor pressure that is in equilibrium with the partial pressure of water vapour in the 

surrounding air. The latter is alternatively expressed as the relative humidity (RH). 

SSAs therefore shrink or grow (continuously), when the RH decreases or increases. 

The size (distribution) of SSAs is commonly assessed at a RH of 80%. As 

demonstrated in Figure 1.6, at this RH the radius of (liquid) SSA drops (r) is just about 

twice as large as that of dry (solid) SSA particles (r0). The RH in the marine boundary 

layer (i.e., atmosphere that is directly influenced by the ocean) generally ranges 

between 70 and 90%,61 and SSAs stay in an aqueous state. When the RH, however, 

decreases below ±45% the dissolved salts (in the SSAs) form crystals and the 

remaining water is lost via evaporation. The subsequent dry aerosols have a solid state 

and are therefore often referred to as sea salt aerosols. In Figure 1.6, a summarizing 

representation of these dehydration (i.e., shrinking) and hydration (i.e., growing) 

processes is given. It is clear that these processes have important implications on the 

size and thus the atmospheric residence time of SSAs (as discussed below).



 

 

 

 

 

 

Figure 1.5: Conceptual illustration of the SSA production processes of film, jet and spume drops. Modified from Richter and Veron.67 
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Figure 1.6: SSA particle radius (r) over the dry (solid) particle radius (r0) as a function of the 

relative humidity (RH). Note that the dehydration of (liquid) drops follow a different path as 

compared to the hydration of dry (solid) particles. Modified from Saltzman.61 

  

Film drops are by far the most abundantly produced SSA type. Due to their small size, 

however, they have a volume production flux which is a couple orders of magnitude 

lower than that of jet drops.67 At high wind speeds, spume drops can exceed the 

volume production flux of the other SSA types.67 Due to their limited production and 

short atmospheric retention time, spume drops have a small contribution and are often 

ignored.61 The fraction of the SSA production that has a sufficient retention time and 

contributes appreciably to marine aerosols is denoted as the effective SSA production 

flux.62 Processes keeping SSAs suspended in the air must compete against 

gravitational settling. Retention times are thus mainly dependent on the SSA size and 

the (upward) motions in the atmosphere (e.g., turbulent eddies, advection due to 

convection). The smallest SSAs (<0.1 µm) are mainly lost due to coagulation (see 

Figure 1.7). Via a strong diffusion by Brownian motion they collide with other SSAs and 

grow.61 The middle sized SSAs (0.1-1 µm) have the longest atmospheric retention time 

and are referred to as óaccumulation mode aerosolsô. They have a slower diffusion and 

coagulation, and are still small enough to largely overcome gravitational settling. For 

this size range, hygroscopic growth in clouds and subsequent rainout are the principal 

removal process.61 The largest SSAs (>1 µm) are mainly lost via dry deposition by 

gravitational settling or inertial impaction (see Figure 1.7). Wet deposition, however, 

also occurs for coarse/large SSAs through impaction by rain drops or other types of 

precipitation.61,71,72 Due to the variable atmospheric retention time from seconds to 

weeks, SSA transport ranges from very local to global distances.61,62 
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Figure 1.7: Marine aerosol number as a function of the particle size. The dominant removal 

processes are added per size range. Modified from Saltzman.61 

  

3.2 SSA composition and enrichment processes 

Although sea spray aerosols (SSAs) are, after evaporation, sometimes referred to as 

sea salt aerosols, they are far more complex than merely aerosolized water with a high 

salinity. The major dissolved components of seawater (i.e., Cl-, Na+, SO4
2-, Mg2+) were 

always assumed to be found at (approximately) the same concentrations in freshly 

emitted SSAs.62,73 In recent years, however, studies showed that this is not always the 

case.73ï75 In Chapter 5 of this thesis, we discuss this matter in further detail and provide 

additional (environmental) evidence from our own research. Environmental 

sampling76ï82 and experiments with SSA generators73,83ï85 have also shown that SSAs 

introduce particulate matter, bacteria, viruses, algae, fatty acids, carbohydrates, sterols 

and proteins into the atmosphere. These aerosolized microorganisms86 and organic 

compounds73,83,87 are often found at (much) higher concentrations than in the 

originating subsurface water (SSW). Such so-called enrichment processes (relative to 

the SSW) can also occur in the sea surface microlayer (SSML).73,86,87 The SSML is a 

thin film (20-400 µm) found at the air-water interface of the ocean surface which is 

chemically distinct from the SSW.88,89 Magnitudes of enrichment are usually expressed 

as an enrichment factor (EF). Such EFi can be quantified for both phases of i (SSML 

and SSA), relative to the SSW, and generally use Na+ as an normalization factor (see 

eq. 1.1). Na+ is a widely used proxy to quantify SSA densities and is considered to 



 

______ 
---16-- 

have a negligible enrichment.62 As discussed below, surprisingly little is known about 

the enriched aerosolization of (bioactive) organic compounds and their consequent 

human health effects upon inhalation.61 
 

%&  
  ϳ

  ϳ
    (eq. 1.1) 

 

3.3 Artificial SSA production 

To examine SSA production and transfer processes for diverse compounds, and to 

test and optimize sampling procedures, repeatable and controllable SSA generators 

are required. Several systems are used as such, ranging from pressurised atomizers 

(Figure 1.8A), (underwater) aeration systems using sintered filters or materials 

(Figure 1.8B), and wave flumes or plunging water jet systems (Figure 1.8C).90  

 

 

Figure 1.8: Different types of aerosol generators based on (A) pressurised atomizers,91 

(B) aeration systems using sintered materials,92 and (C) plunging water jet systems such as 

the marine aerosol reference tank (MART).90,93 The figures are adapted from TSI®,94 Keene et 

al.,92 and Callaghan et al.93, respectively. 
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The latter breaking wave simulation systems (Figure 1.8C) have shown to produce the 

most diverse (i.e., bubbles ranging from 0.1 to 10 mm) and representative air bubble 

plume. 95,96 As such these breaking wave simulation systems are best suited to mimic 

SSA production and water-air transport processes for dissolved chemicals and 

particulate fractions. A relatively small plunging water jet system was introduced by 

Stokes et al.90 They designed the so-called marine aerosol reference tank (MART), 

which in essence is a 210 L (air-closed) aquarium equipped with a system that 

produces an intermittent plunging water sheet (Figure 1.8C). 

  

4 Marine bioactive compounds 

A bioactive compound is a substance that has a positive or negative effect on a living 

organism, tissue or cell.97 One could ask why the marine environment is so rich in 

bioactive compounds? Marine organisms often live in complex and hostile habitats 

under extreme conditions. The biosynthesis of unique secondary metabolites with a 

specific bioactivity therefore helps them to function and survive.27,98 These bioactive 

compounds have direct positive effects (e.g., antitumor, antiproliferative, 

photoprotective, antioxidant, anticoagulant, anti-inflammatory) on the organism itself 

or negative effects (e.g., antibiotic, antiviral, antifungal, antifouling, cytotoxic, 

neurotoxic) on parasites, competitors or predators which threaten them.27,99,100 The 

unique character and reason why many of these marine compounds cannot be found 

in terrestrial organisms, can be attributed to the fact that the marine environment hosts 

a much higher biodiversity (based on phylogeny). About half of the 36 described animal 

phyla for example can only be found in the marine environment, while only one phylum 

(i.e., Onychophora) is unique to the terrestrial environment.26,101 One of the important 

messages of this section is: by protecting marine ecosystems, we preserve the source 

of undiscovered natural compounds, all of which may have a pharmacological, 

nutritional, agricultural and/or industrial use. 

 

4.1 Marine pharmacology 

It is obvious that we first focused on terrestrial environments to find natural compounds 

with a pharmacological potential. Indeed, the early cases of bioactive compounds 

isolated from organisms are morphine from Papaver somniferum (1803)102 and the first 

antibiotic from Penicillium chrysogenum (1929).103 Natural drug discovery in marine 
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environments only slowly accelerated from the 1970ôs.104 From the few ten thousand 

marine compounds that are currently described,26 21 compounds (or derivatives) have 

already made it to marketed drugs (Table S1.1) and at least 23 are currently being 

tested in clinical trials (i.e., latest development stage).105,106 Besides having a 

pharmacological potential, new marine compounds also revolutionize our 

understanding on the biochemistry of some diseases. A large portion of the current 

marine drugs are used for cancer treatments (Figure 1.9 and Table S1.1). This can be 

attributed to the relative larger funding sources for cancer research as compared to 

other less occurring pathologies.107 
 

 

Figure 1.9: Marketed pharmaceuticals that originate from marine life. From Jaspars et al.108 

 

During the past two decades, genome sequencing technologies have developed very 

rapidly and have revolutionized the strategies to discover natural bioactive 

compounds.26,109 The classic top-down approach uses bioassays to screen for the 

activity of a specific biomass (extract), after which the pure bioactive compound is 

enriched and tracked by means of several rounds of fractionation and purification.109 

While this activity-guided approach (Figure 1.10A) simultaneously reveals the 

bioactivity of the new discovered compound, it misses out compounds which (1) are 

not targeted in these bioassays, (2) are transcriptionally silent or (3) remain 

undetectable (i.e., low concentrations).109 The newer bottom-up genome mining 

approach (Figure 1.10B) is based on experimental evidence that the (microbial) genes 

encoding for the biosynthesis of a natural compound are typically clustered in a 
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genome as a biosynthetic gene cluster (BGC).110 After BGC identification, using 

powerful bioinformatics tools, the clusters are activated using various synthetic biology 

tools to produce the natural compound. Although many new natural compounds have 

been discovered using genome mining approaches, the identification of the molecular 

targets and biological functions of these compounds is most challenging.109 

  

 

Figure 1.10: Strategies to discover natural compounds: (A) classic top-down activity-guided 

approach and (B) newer bottom-up genome mining approach. From Yan et al.109 

 

The marine biotechnology sector is rapidly expanding as the projected value (>$6.4 

billion by 2025)105 of products and processes derived from marine compounds or 

marine genetic resources is enormous. Since the óNagoya protocol on access to 

genetic resources and the fair and equitable sharing of benefits arising from their 

utilizationô (2014) exclusive private access to marine genetic resources in territorial 

waters is forbidden.111 Nonetheless, by 2018 over 13,000 genetic sequences extracted 

from 862 marine species had been patented by companies and institutes to ensure 

exclusive access to potential economic opportunities.105,112 As many unique marine 

species live in areas beyond national jurisdiction, the exploitation of their genetic 

resources are not protected. Especially species associated with deep-sea 

hydrothermal vents, which have unique adaptations to survive, are of particular 

interest.112 Since its General Assembly resolution 72/249 of December 2017, however, 

the United Nations (UN) have been working on an international legally binding 

instrument under the UN Convention on the Law of the Sea.113 This new treaty on the 

conservation and sustainable use of marine biodiversity in areas beyond national 

jurisdiction has a particular focus on the utilization of marine genetic resources.105,114 
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4.2 Humanôs natural exposure 

It is clear that throughout history humans (living in coastal areas) have been exposed 

- via natural routes - to a large number of marine bioactive compounds. The most 

straightforward active exposure route is of course via the consumption of seafood. 

Indeed, seafood contains - among others - essential amino acids, photosynthetic 

pigments, vitamins, and minerals.27 One of the most popular examples of health 

promoting marine compounds are n-3 fatty acids in fish. Although many health benefits 

of n-3 fatty acids have been reported in literature (e.g., cognitive development, mental 

illnesses),115 there are also some controversies about their efficacy and benefits for 

certain pathologies (e.g., cardiovascular diseases, diabetes).115ï117 

 

Seafood can on the contrary also be contaminated with harmful chemicals (e.g., Hg, 

dioxins and polychlorinated biphenyls).118 Contamination with natural compounds is 

predominantly caused by phycotoxins. About 100 HAB-species are classified as toxin 

producing algae.119 These phycotoxins have very diverse structures and bio-activities, 

and can be extremely potent.120 In 2000, Van Dolah121 reported an global incidence of 

>60,000 intoxications year-1 and an average mortality of 1.5% over all phycotoxin 

seafood poisoning syndromes (see Table 1.1). The reported global occurrence of 

(toxic) HABs has also increased in the last decades.122,123 The increase of HABs are 

most often linked to several anthropogenic activities such as fisheries, aquaculture, 

shipping and eutrophication. Indeed, fisheries have depleted the fish stocks of many 

carnivorous fish124 resulting in increasing populations of small planktivorous fish and 

thus a decrease in the phytoplankton grazing pressure (by zooplankton).125 Second, 

some HAB species have been dispersed over the world as alien species through 

shellfish seeding operations and the ballast water of ships.122,123,126 A third important 

factor linked to an increased frequency of HABs is coastal eutrophication.123,127,128 The 

increased concentrations of the two most limiting nutrients, i.e., nitrogen and 

phosphorus, by the use of fertilizers does not only enhance the general primary 

productivity, it can also shifts nutrient ratios relative to silicon. Non-siliceous 

phytoplankton species can therefore be favored in such conditions and induce 

(harmful) blooms.123 Until this yearôs paper of Hallegraef et al.,129 climate change was 

also assumed to enhance many factors (e.g., seawater temperatures, surface 

stratification, dissolved CO2 and pH) which could favor the productivity of certain algal 

(harmful) species and increase HABs worldwide.125,130 Hallegraef et al.,129 however, 



Chapter 1: Introduction 

______ 
21--- 

concluded that there is no global trend in the occurrence of HABs that can be discerned 

from that of the increased observational efforts. In addition, methodologies to detect 

HABs and their phycotoxins in different marine matrices (e.g., seawater,131 algae,132 

seafood131,133,134) have improved substantially over the last decades. There are not 

only much more reference materials available for phycotoxins, the tremendous 

improvements in analytical techniques like liquid chromatography-mass spectrometry 

(LC-MS) induce among others a faster analysis with lower operating costs and a higher 

sensitivity, specificity, accuracy, and precision.135 

 

As discussed above, human exposure to marine compounds can also occur via the 

inhalation of SSAs, i.e., a more continuous and passive exposure route for coastal 

populations. Research on the aerosolization of marine bioactive compounds is limited 

and has mainly been focused on the phycotoxins that induce respiratory syndromes, 

i.e., brevetoxins (PbTxs)20,21 and ovatoxins (OVTXs).22 These respiratory syndromes 

include among others coughing, wheezing, irritation, airflow reduction and chest 

tightness.136ï138 The latter algal toxin or phycotoxin is produced by the micro-algal 

species Ostreopsis ovata and has been suspected to be the causal agent for a 

respiratory syndrome during HABs in the Mediterranean Sea.139 Airborne exposure to 

these two aerosolized phycotoxins induce respiratory distress (i.e., nose/throat 

irritation, coughing, wheezing, chest tightness, shortness of breath), especially in 

vulnerable groups (i.e., people with underlying respiratory conditions).21 Many other 

toxin-producing algae are, however, non-severe blooming species,140 and the 

phycotoxin content (i.e., proxy for production) in HAB-species is certainly not lower for 

PbTxs (14-30 pg cell-1)137 as compared to other major phycotoxins like okadaic acid 

(OA; 6.7-15.8 pg cell-1),141 dinophysistoxin-1 (DTX-1; 0.12-0.39 pg cell-1),141 or 

yessotoxin (YTX; 2.9-33.6 pg cell-1).142,143 The air concentrations of these aerosolized 

phycotoxins (and other marine chemicals) are therefore expected to (much) lower than 

the PbTx (1.3-180 ng m-3)23,24,144 and OVTX (2.4 ng m-3)22 concentrations measured 

during HABs. Many marine compounds - including some phycotoxins145 - are also 

linked to positive therapeutic effects. Mooreôs biogenics hypothesis described above is 

therefore not that strange. 
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Table 1.1: Overview of the different phycotoxin seafood poisoning syndromes, together with their main causal toxins, producers and clinical 

manifestations. Based on Botana,146 De Rijcke,147 Minns148 with additional information.145,149,150 More physico-chemical information on the 

individual phycotoxins can be found in found in Table 1.2. 

Phycotoxin seafood 
syndrome 

Main toxin(s) Main producer(s) Clinical manifestations 

Diarrhetic shellfish  
poisoning (DSP) 

Okadaic acid (OA), Pectenotoxin 
(PTX), Dinophysistoxin (DTX) 

Dinophysis spp.,  
Prorocentrum spp. 

Acute gastroenteritis 

Amnesic shellfish  
poisoning (ASP) 

Domoic acid (DA)  
Pseudo-nitzschia spp.,  
Nitzschia spp.  

Gastroenteritis, neurological damage, 
anterograde memory disorder, death 

Neurotoxic shellfish  
poisoning (NSP) 

Brevetoxin (PbTx) Karenia spp. 
Circumoral paresthesias, ataxia, 
gastroenteritis, death 

Paralytic shellfish  
poisoning (PSP) 

Saxitoxin (STX),  
Gonyautoxin (GTX) 

Alexandrium spp., Pyrodinium spp., 
Gymnodinium spp.,  

Paresthesias of face and extremities, 
paralysis, respiratory failure, death   

Hepatotoxic shellfish  
poisoning (HSP) 

Microcystin (MC), Nodularin (NOD),  
Cylindrospermopsin (CYN) 

Microcystis spp., Anabaena spp., 
Cylindrospermopsis spp. 

Kidney/liver damage, ear/eye irritation, 
gastroenteritis, flu-like symptoms, death 

Ciguatera fish  
poisoning (CFP) 

Ciguatoxin (CTX),  
Maitotoxin (MTX) 

Gambierdiscus spp. 
Gastroenteritis followed by neurologic 
symptoms 

Spiroimine shellfish  
poisoning (SSP) 

Spirolide (SPX), Gymnodimine 
(GYM), Pinnatoxin (PnTX) 

Alexandrium spp., Karenia spp., 
Vulcanodinium spp. 

Fast neurological symptoms, respiratory 
failure, death 

Azaspiracid  
poisoning  

Azaspiracid (AZA) 
Azadinium spp.,  
Protoperidinium spp. 

Gastroenteritis 

Palytoxin  
poisoning  

Palytoxin (PLTX),  
Ovatoxin (OVTX) 

Ostreopsis spp.  
Gastroenteritis, spasms, cardiac  
alterations, respiratory failure, death 

Yessotoxin  
poisoning 

Yessotoxin (YTX),  
Homoyessotoxin (hYTX) 

Protoceratium spp., Lingulodinium 
spp., Gonyaulax spp. 

Unclear 
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Table 1.2: Overview of the main North Sea phycotoxins that were used and/or investigated in this PhD research. 

Phycotoxin Reported status in the North Sea Mw (Da) log Kow Chemical structure 

Okadaic acid  
(OA) 

DSP toxins (i.e., OA and DTXs) are the 
dominant phycotoxins in the North Sea.151ς

153 Their concentrations in phytoplankton 
samples reach up to 0.8 µg kg-1 and in 
shellfish up to 60 µg kg-1 (wet weight) 151 

805.0 3.4 

 

Dinophysistoxin-1 
(DTX-1) 

819.0 3.8 

Yessotoxin  
(YTX) YTXs concentrations in phytoplankton 

samples reach up to 0.3 µg kg-1 and in 
shellfish up to 170 µg kg-1 (wet weight). 151 

1143.4 3.4 

 

Homoyessotoxin 
(hYTX) 

1157.4 3.7 

Azaspiracid-1 
(AZA-1) 

Particulate concentrations range from a 
few pg to 1.4 ng AZA per L of seawater in 
the northern areas of the North Sea.154 

842.1 3.7 

 

Brevetoxin-2 
(PbTx-2) 

The occurrence of PbTxs or their producer 
(Karenia brevis) have never been reported 
in the North Sea. 

895.1 3.7 

 

Domoic acid 
(DA)  

DA is strongly excreted in the water (± 80%) 
by Pseudo-nitzschia sp. Concentrations 
ǇŜŀƪ ƛƴ {ǇǊƛƴƎ όҖнсо ǇƎ Ƴ[-1) and are lower 
but still high (>100 pg mL-1) in Autumn.155 

311.3 -1.3 
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5 Thesis rationale, objectives and outline 

Despite the common believe that coastal air induces beneficial health effects, the 

composition of SSAs has mainly been investigated from a meteorological or biogeo-

chemical perspective and not in a health context. Research on the aerosolization and 

airborne-mediated effects of marine bioactive compounds has been scarce and mainly 

focused on the two known harmful cases of phycotoxins inducing respiratory 

syndromes (i.e., brevetoxins (PbTxs) and ovatoxins (OVTXs)). The need to investigate 

such harmful effects seems to have suppressed the interest to examine potential 

beneficial effects of coastal environments, which apparently are taken for granted. 

 

The main objective of this PhD thesis was to perform an exploratory assessment of 

the airborne exposure to and potential health effects of marine compounds in SSAs. 

As illustrated above in the conceptual dose response curve, of this chapterôs abstract 

art, we intended to include both the harmful and beneficial sides of airborne exposure 

to SSAs. Human health effects can be induced via numerous modes of action. Here 

we started to investigate potential beneficial effects of SSAs in the light of the above 

mentioned biogenics hypothesis (see section 2 and Figure 1.4). Conversely, to 

investigate harmful effects we performed research on the only group of marine 

compounds known to induce respiratory syndromes: phycotoxins. There are only two 

phycotoxins (PbTxs, OVTXs) that have been detected and quantified in SSAs. Other 

globally occurring phycotoxins, which are also frequently found in the North Sea, have 

never been examined on their aerosolization capacity or their potential airborne health 

effects. This is a crucial knowledge gap in the context of the OHH research field, 

certainly because some phycotoxins have also been linked to beneficial health effects. 

 

It is clear that this exploratory PhD research could only be performed using an 

interdisciplinary approach. Setting up collaborations with other laboratories and 

institutes, to perform state-of-the-art chemical analysis, coastal sampling campaigns, 

and in vitro studies, was thus one of the crucial first steps. Indeed, we opted to assess 

potential health effects using in vitro studies with lung cells as a model for the human 

respiratory system. To investigate aerosolization processes and exposure scenarios, 

on the other hand, we constructed a SSA generator. Using both these effect and 

exposure model systems, in combination with some existing and newly developed 

methodologies, we addressed the following first set of research questions: 
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- Q1: Can low doses of phycotoxins induce negative health effects via SSAs? 

(Chapter 2) 
 

- Q2: Can phycotoxins induce positive health effects via the mTOR pathway, as 

suggested by the biogenics hypothesis? (Chapter 2) 
 

- Q3: Are these phycotoxins easily aerosolized via sea spray and which factors 

affect these water-air transfer processes? (Chapter 3) 
 

- Q4: What are the phycotoxin air concentrations occurring at the Belgium coast, 

and do they pose a potential risk or benefit to human health? (Chapter 3) 

 

The above questions can provide valuable answers demonstrating the basic principles 

of the biogenics hypothesis. It is important to underline that the performed research 

may provide supporting evidence, but will ï at this stage ï not prove/disprove this 

hypothesis. In the second stage of this PhD research we aimed to improve the 

environmental realism of this kind of OHH research. To this end, our first approach was 

to use natural SSA sample extracts in our in vitro effect studies. By measuring the 

differential gene expression in the exposed lung cells we analyzed an endpoint giving 

a general overview of the induced effects. Secondly, we analyzed a one-year series of 

natural SSA samples and targeted compounds with well-known effects on the 

respiratory system. As such, we aimed to answer this next set of research questions: 

 

- Q5: Which effects, after respiratory exposure, can marine compounds in SSAs 

have at the molecular level? (Chapter 4) 
 

- Q6: How do these effects of natural SSAs, at a molecular level, relate to the 

effects induced by specific phycotoxins? (Chapter 4) 
 

- Q7: Which marine bioactive compounds are present in SSAs at concentrations 

that can influence human health? (Chapter 5) 
 

- Q8: Are the coastal air concentrations of these compounds related to the 

ecological and/or meteorological state of the marine environment? (Chapter 5) 

 

In the final part of this thesis (Chapter 6) the main findings and conclusions of this PhD 

research are reviewed and important knowledge gaps are identified. Next the current 

and future human health risks and benefits of SSA exposure are assessed. Finally, 

perspectives and recommendations for future research are formulated. These 

perspectives are not only important from a scientific point of view, they will also help to 

further unravel the (main) question of this research area: Do marine compounds in 

coastal air affect or improve human health via inhalation of SSAs?



 

 

 



 

 

 

 

 

Chapter 2 
 

Potential health effects of phycotoxin 
exposure via sea spray aerosols 
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Van Acker, E.; De Rijcke, M.; Asselman, J.; Beck, I. M.; Huysman, S.; Vanhaecke, L.; De 

Schamphelaere, K.; Janssen, C. Aerosolizable Marine Phycotoxins and Human Health 

Effects: In Vitro Support for the Biogenics Hypothesis. Marine Drugs 2020, 18, 1ï13.
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Abstract 

Airborne exposure to marine phycotoxins is of increasing concern. Inhalation of sea 

spray aerosols (SSAs) during harmful algal blooms (HABs) of Karenia brevis and 

Ostreopsis ovata blooms induces respiratory distress among others. The biogenics 

hypothesis, however, suggests that regular airborne exposure to natural products is 

health promoting via a downregulation of the mechanistic target of rapamycin (mTOR) 

pathway. Until now, little scientific evidence supported this hypothesis. The current 

explorative in vitro study investigated both health-affecting and potential health-

promoting mechanisms of airborne phycotoxin exposure, by analyzing cell viability 

effects via cytotoxicity assays and effects on the mTOR pathway via western blotting. 

To that end, A549 and BEAS-2B lung cells were exposed to increasing concentrations 

(ng Lī1 - mg Lī1) of (1) pure phycotoxins and (2) the extract of a laboratory-generated 

SSA containing homoyessotoxin (hYTX). Unlike the other phycotoxins, the examined 

yessotoxins (YTXs) initiated mechanisms which did not lead to direct cell mortality. The 

observed partial effects of YTXs on the cell viability can be attributed to the inhibition 

of cell growth and induction of apoptosis, both protective cell mechanisms that are 

linked to a downregulated activity of the mTOR pathway. Indeed, we showed that YTXs 

can downregulate the mTOR pathway and could therefore, in the light of the biogenics 

hypothesis, induce positive instead of negative health effects. Conversely, we found 

that okadaic acid (OA) and brevetoxin-2 (PbTx-2) initiated mechanisms leading to the 

direct mortality of the exposed lung cells. While PbTx-2 is known to induce a respiratory 

syndrome via SSAs, the producing algal species (K. brevis) is only dominant in the 

Gulf of Mexico. OA on the contrary is the primary marine phycotoxin in the North Sea 

and could potentially also induce negative effects upon airborne exposure to a 

sufficiently high dose. To perform a first risk or benefit assessment for OA and YTXs, 

reliable information on their potential airborne exposure is needed. When this study 

was performed, however, no information on the aerosolization or potential coastal air 

concentrations was available for these phycotoxins. 
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1 Introduction 

Toxin-producing marine HAB species have received considerable attention since the 

1970s. Algal toxins or phycotoxins, are best known for the seafood poisoning they may 

cause.121 HAB events in the Gulf of Mexico and the Mediterranean Sea have, however, 

also caused respiratory distress and other human health conditions. In these cases, 

elevated concentrations of brevetoxins156 and ovatoxins22 were present in sea spray 

aerosols (SSAs). Such harmful exposures to aerosolized phycotoxins are rather rare 

events, requiring a combination of favorable weather conditions for SSA production 

and a severe toxin-producing HAB. Many toxin-producing algae, however, are non-

severe blooming species140 and most HABs are ephemeral phenomena. Air concen-

trations of aerosolized phycotoxins are therefore generally low. It has been suggested 

that these background concentrations could induce positive instead of negative human 

health effects.46 Recent research interest into the positive bioactivity of some 

phycotoxins, like yessotoxin (YTX), also point to their potential therapeutic use.145,157 

 

Throughout humankindôs history, exposure to seawater and coastal air has been linked 

to positive health effects.8,158 Fairly recently, epidemiological studies have started to 

reveal a coastal proximity health effect.32ï36 As discussed above in Chapter 1 

section 2, several hypotheses have been raised to explain why coastal residents are ï 

on average ï healthier. Mooreôs biogenics hypothesis46 is one of the central ideas 

which is investigated throughout this thesis. He suggested that the observed coastal 

health effects are caused by the regular exposure to natural compounds in SSAs, 

which downregulate the activity of the phosphatidylinositol-3 kinase/protein kinase 

B/mechanistic target of rapamycin (PI3K/Akt/mTOR) cell signaling pathway; hereafter 

referred to as the mTOR pathway. This is based on the fact that the augmented activity 

of this kinase pathway is related to multiple pathological conditions (e.g., cancers, type 

2 diabetes, neurodegenerative diseases)49 while inhibition or downregulation of this 

pathway has been associated with anti-cancer therapies and positive health effects.49 

 

In this chapter, using explorative in vitro experiments, we aimed to investigate the 

potential health effects of airborne exposure to marine phycotoxins. Adverse effects 

were evaluated through the assessment of cell viability effects using cytotoxicity 

assays. The potential downregulation of the mTOR pathway was evaluated via western 
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blotting methods. Furthermore, given the importance of the mTOR pathway in both 

normal and cancer cells, we used both normal (BEAS-2B) and adenocarcinoma (A549) 

human lung cells in our study. We first studied the effects of pure phycotoxins, and 

subsequently the effects of homoyessotoxin (hYTX) in a more realistic SSA matrix. 

 

2 Materials and methods 

2.1 Chemicals and extracts 

Yessotoxin (YTX) and homoyessotoxin (hYTX) were purchased as certified reference 

material (CRM) from the National Research Council Canada. All other toxins were 

analytical-grade products and dissolved, depending on their lipophilic properties, in 50 

or 100% methanol or ethanol. Okadaic acid (OA) was purchased from LC Laboratories, 

domoic acid (DA) at Sigma-Aldrich (Saint Louis, MO, USA), brevetoxin-2 (PbTx-2) from 

MARBIONC, and Torkinib (PP242) ï a known mTOR kinase inhibitor ï from MedChem 

Express. The structural formulas of the phycotoxins are available in Table 1.2. These 

phycotoxins were selected based on: (1) potential presence in the North Sea (PbTx-2 

was added as a well-studied reference compound), (2) tendency for aerosolization 

(less relevant for hydrophilic toxins such as DA), and (3) purchasability of chemical 

standards and algal strains producing the phycotoxins. 

 

An laboratory-generated SSA extract, containing hYTX, was generated using a marine 

aerosol reference tank (MART). This MART was constructed as described by Stokes 

et al.90 The MART tank was filled with artificial seawater (i.e., L1-medium; Annex III 

section 1) and inoculated with the dinoflagellate Protoceratium reticulatum (SCCAP K-

1474) at a density of 106 cells Lī1. The used methods to culture these algae are 

described in detail in Annex III section 1. A prior chemical analysis, following the exact 

procedures described by Orellana et al.,132 showed that this algal strain primarily 

produced hYTX. As hYTX is structurally similar to YTX, i.e., one functional group 

contains an additional methylene bridge (-CH2-) (see Table 1.2), its amphiphilic 

properties and tendency towards sea spay aerosolization are most likely similar. The 

SSAs generated in the MART were sampled in triplicate on Whatman® QM-A quartz 

microfiber filters (Ø 47 mm; see Chapter 3 section 2.3 for more details), enclosed in 

stainless steel in-line filter holders (Pall Corporation), over which an airflow of 

9 ± 1 L min-1 was applied during 16 h using vacuum pumps (LABOPORT®). These 
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SSA filter samples were extracted and analyzed for their Na+ and phycotoxin (i.e., 

hYTX) contents following the dedicated methods described in Chapter 3 (sections 2.3-

2.5). The filter extracts were subsequently stored at -20°C until they were used as a 

treatment for our in vitro experiments. This laboratory-generated SSA treatment, which 

is further referred to as the lab SSA (extract), thus contained a known hYTX 

concentration and a mixture of other aerosolizable compounds (with unknown 

concentrations). Therefore it represents a more realistic exposure scenario as 

compared to dosing pure phycotoxins. 

 

The Na+ analysis in the lab SSA samples determined the SSA density (i.e., the 

collected SSA per volume of air), and provided information on the amount of collected 

SSA that was dosed to the lung cells. As such, the highest concentration treatment of 

the lab SSA (extract) contained 2.8 µg Na+ wellī1. This information is also used below 

in Chapter 4, where this lab SSA extract was also used. 

 

2.2 Lung cell culturing 

To assess the potential effects of airborne exposure to marine phycotoxins, two 

epithelial lung cell lines were used in a series of in vitro experiments: The 

adenocarcinoma alveolar basal A549 cell line and the normal bronchial BEAS-2B cell 

line. As inhibition or downregulation of the mTOR pathway has been associated with 

anti-cancer therapies and positive health effects, we indeed opted to use both a normal 

(BEAS-2B) and adenocarcinoma (A549) human lung cell line in our study. As such, 

these cell lines served as models for (both normal and malignant) exposed lung tissues 

and, more generally, the lower respiratory tract. The choice to use cell lines originating 

from the lower respiratory tract is discussed in Annex II section 4. These historical cell 

lines were originally set up in collaboration with the laboratory of experimental cancer 

research at Ghent University. Culture methods and conditions were identical for both 

cell lines, and only differed in the splitting ratio (see below). The cells were grown in 

Dulbecco's modified eagle medium (DMEM), including phenol red, 10% heat-

inactivated fetal bovine serum (FBS), 100 U mLī1 penicillin, and 100 µg mLī1 

streptomycin, at 5% CO2, 37 °C, and >95% relative humidity. Confluent cultures were 

sub-cultured, using 0.5% TrypsinïEDTA, and split twice a week in a ratio of 1:6 (BEAS-

2B) or 1:8 (A549), or used in the experiments as explained below. Throughout our 

research, the passage number of the lung cell cultures never exceeded a value of 50.  
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2.3 MTT cell viability assays 

To assess the effects of phycotoxins on the viability of cultured lung cells, MTT 

concentrationïresponse assays were conducted. Upon trypsinization, cells were re-

suspended in DMEM (i.e., medium) with the additives as described above, but without 

phenol red and only 5% of FBS. The cell suspension was diluted and seeded in 96-

well plates at 3000 cells well-1 in 75 µL of medium. 10 h after incubation, adhered cells 

were exposed to phycotoxins (i.e., YTX, hYTX, OA, PbTx, DA), added as single 

substances in 25 µL of medium. Six replicates were used per concentration treatment. 

Negative, positive, and solvent control treatments were included in each experiment. 

For the negative control treatments, nothing was added to the 25 µL of medium, and 

for the positive control treatments, 3% SDS was added. The solvent control contained 

the same methanol or ethanol concentration as that used in the highest phycotoxin 

concentration treatments (maximum 2.9% ethanol). After a 43 h exposure period, the 

cell morphology and confluence were visually assessed and photographed using an 

inverted microscope (100× magnification). Then 40 µL Dulbecco's phosphate-buffered 

saline (D-PBS; see Annex II section 1) containing 5 mg mLī1 of 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added to each well. Next plates were 

wrapped in aluminum foil and incubated for another 2.5 h. Finally, 100 µL of 10% 

SDS/0.01 M HCl solution was added in each well and the plates were analyzed, after 

an overnight incubation at 20 °C, using a spectrophotometer (Multiskan Ascent, 

Thermo Labsystems) at 570 nm and a reference wavelength of 650 nm. 

 

2.4 SDS-PAGE and western blotting 

SDS-PAGE and western blotting were used to assess the mTOR pathway activity of 

exposed lung cells, allowing us to study the potential positive health effects of 

phycotoxins as suggested by the biogenics hypothesis. Since the phosphorylation of 

mTOR has been shown to be a less reliable marker,52,159 we opted to evaluate two 

downstream phosphorylation targets of mTORC1 (i.e., S6RP, 4E-BP1) instead of the 

protein itself.52,159 Next to the two downstream targets of mTORC1, an important 

upstream kinase in the mTOR pathway (i.e., Akt) was also analyzed via SDS-PAGE 

and western blotting. The cell exposure setup to analyze the mTOR pathway activity 

was largely comparable to that used for the MTT viability assays. Cells were seeded 

in 6-well plates, using 3 mL of DMEM (i.e., medium) with the additives as described 
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above, at a density of 320,000 and 425,000 cells wellī1 for the A549 and BEAS-2B cell 

lines, respectively. 10 h after incubation, phycotoxins (i.e., OA, PbTx, YTX, hYTX, and 

hYTX in the lab SSA extract) were first diluted in methanol to 50× the desired 

concentration and consequently added in a volume of 60 µL well-1 (i.e., in 3 mL of 

medium). The test concentrations ranged from 10-6 µg L-1 up to (approximately) the 

EC10 values reported for the cell viability assays (see Table S2.1). Three replicates 

were used per phycotoxin treatment. Negative (i.e., 2% methanol) and positive (i.e., 

0.3 µM Torkinib/PP242) control treatments were included in every experiment. The 

solvent control was identical to the negative control (i.e., one and the same treatment), 

as all treatments contained the same methanol concentration (i.e., 2%). 

 

After a 43 h exposure period, protein cell extracts were prepared and analyzed with 

SDS-PAGE and western blotting procedures, as discussed in SI (Annex II section 1). 

SDS-PAGE was performed with 12% acrylamide precast gels (Bio-Rad, Hercules, CA, 

USA) and blotting with PVDF membranes (Bio-Rad, Hercules, CA, USA). Western 

blotting was first performed with phospho-specific antibodies directed against 

phospho-4E-BP1 (Ser65), phospho-S6RP (Ser240/244), and phospho-Akt (Ser473). 

After analysis with a Chemidoc Imaging CCD-camera (Bio-Rad), antibodies were 

stripped from the membranes and the procedure was repeated with non-phospho-

specific antibodies directed against 4E-BP1, S6RP, and Akt. All primary antibodies 

were rabbit antibodies used at a 1/1000 dilution. The secondary antirabbit 

immunoglobuline G (IgG), HRP-linked antibody was used at a 1/3000 dilution. All 

antibodies were purchased from Cell Signaling Technologies. 

 

2.5 Data processing, regression and statistics 

The raw data of the MTT assays consisted of absorbance measurements. Using the 

RStudio software, cell viability dose response curve (DRC) models were fitted to these 

data. The exact procedure of how the raw absorbance data were transformed to cell 

viability values and how the final DRC models were made is explained in SI (Annex II 

section 2). Consequently, the effect concentrations for a 10% (EC10) and 50% (EC50) 

decrease in cell viability were derived from the DRC models. 

 

The raw data of the western blot analyses were image-derived chemiluminescent 

response values. We were specifically interested in the down or upregulation in the 

phosphorylation of the three targeted proteins. To that end, the ratio of the phospho-
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specific and non-phospho-specific signals was divided by the ratio of these 

measurements of the corresponding negative control (on the same blot) and 

subtracted with 1. In this way, for all treatments and examined proteins, a down (<0%) 

or upregulation (>0%) in phosphorylation, as compared to the negative control (=0%), 

was determined. Data within each treatment were checked for normality with a 

ShapiroïWilk test (p>0.05). Subsequently, one-sample t-tests were performed to 

check for significant differences (p<0.05) with the negative control (=0%). 

 

3 Results 

3.1 Cell viability effects 

Two different cell lines were used in this study: adenocarcinoma alveolar (i.e., A549) 

and normal bronchial (i.e., BEAS-2B) cells. The dose response curves (DRCs) for both 

cell lines and for the different phycotoxins are plotted in Figure S2.1 (supportive 

information). From these results, it is clear that the two cell lines are comparable in 

sensitivity towards these phycotoxins. Therefore, we focused on the results of the A549 

cell line. All the data and results for the BEAS-2B cells are available in SI (Annex II). 

 

Figure 2.1 gives a representative overview of the main cell viability results of the MTT 

assays performed with the A549 cell line and the five different phycotoxins. To illustrate 

the goodness of fit of the DRCs, the same graph containing all data points is available 

in SI (Figure S2.2). All toxins, except domoic acid (DA), exerted a negative effect on 

cell viability. The lowest cell viability effect concentrations were found for YTX and 

hYTX. Contradictory to the other examined toxins, these two YTXs only induced a 

partial cell viability decrease at the highest test concentrations. OA and PbTx-2 induced 

complete mortality, but their effects started at higher test concentrations as compared 

to the YTXs. A results summary of all MTT assays for both cell lines, containing the 

derived EC10 and EC50 values and DRC parameter estimates, is given in Table S2.1. 

 

To test the effect of the use of different starting cell densities, part of the MTT assays 

testing YTX were performed at 8000 cells wellī1. This was performed using only the 

A549 cells, as from previous experimental results, we would not expect a different 

outcome for the BEAS-2B cells. A comparison between these two starting cell densities 
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(i.e., 3000 vs. 8000 cells wellī1) is made in Figure S2.3. Again, it is clear that the 

difference in effects due to a different starting density (3000 vs. 8000 cells wellī1) is 

smaller than the variability between successive experiments. 

 

 

Figure 2.1: Log-logistic dose response models for four phycotoxins derived from the results of 

MTT cell viability assays performed on A549 cells over an exposure period of 43 h. The 

different phycotoxins are okadaic acid (OA), brevetoxin-2 (PbTx-2), yessotoxin (YTX), and 

homoyessotoxin (hYTX). The light-colored bands are 95% confidence bands. The start cell 

density was 3000 cells wellī1 for all experiments. Parameter estimates (i.e., estimate ± SE) for 

all dose response models are available in Table S2.1 under experiment 3-A549 and 9-A549. 

Note that the DRC models were fitted using all test concentrations, including lower 

concentrations than the range shown here. To illustrate the goodness of fit of the DRCs, the 

same graph containing all raw data points is available in the supportive information (SI; 

Figure S2.2). The results for domoic acid (DA) are not shown on this graph as there were no 

effects observed at the highest possible test concentration. 

 

Following every 43 h exposure period, the cell morphology and density were visually 

assessed and photographed at 100× magnification. In Figure 2.2, the effect of YTX on 

A549 cells is shown for different concentrations. In the negative control, a regular 

confluent cell culture is observed while in the high concentration treatment (i.e., 400 

µg YTX Lī1), a much lower cell density and a high frequency of abnormal cell 
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morphology is visible. In the mid-concentration range (i.e., 0.5 µg Lī1), somewhat 

intermediate results are observed, with a slightly lower cell density and a relatively 

lower amount of normal-shaped cells. These results are complementary with the 

western blot results (see discussion). 

 

 

Figure 2.2: Microscopic images (100× magnification) of A549 cells after a 43 h treatment with 

pure YTX. The three different images represent three different concentration treatments: (A) 

negative control without YTX, (B) 0.5 µg YTX Lī1, and (C) 400 µg YTX Lī1. These visual 

observations are in line with the cell viability results. In the negative treatment (A), a nearly 

confluent cell culture can be seen. In the mid (B) and high (C) concentration treatments, cell 

cultures become less confluent and an increasing number of cells lose their normal cell 

morphology and deform into round cells. In the high concentration treatment (C), a few cells 

with a more or less normal cell morphology, as indicated with the arrows, are still present. 

 

3.2 Effects on mTOR pathway activity 

In exploratory western blotting experiments, only YTX exhibited an inhibitory effect on 

the phosphorylation of S6 ribosomal protein (S6RP), i.e., a downstream 

phosphorylation target of mTORC1. Therefore, all further experiments were conducted 

with YTX and analogues of YTX, like hYTX (see chemical structures in Table 1.2), 

using wide concentration ranges. 

 

In the first main experiment, the effects of YTX on both the A549 and BEAS-2B cell 

lines were examined. The differential phosphorylation for the examined markers of the 

mTOR pathway (i.e., protein kinase B (Akt), S6RP, eukaryotic translation initiation 

factor 4E-binding protein 1 (4E-BP1)) is shown in Figure 2.3. For each of the two cell 

lines, a representative example of one of the blots is shown as a cropped non-edited 

version in Figure S2.4. In this experiment (Figure 2.3), significant effects were 

observed at the highest concentration (i.e., 1 µg Lī1) for all the examined markers. The 

downstream targets (i.e., S6RP, 4E-BP-1) showed a significant decrease in 
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phosphorylation for both cell lines (i.e., A549 and BEAS-2B) while the phosphorylation 

of Akt only showed a significant increase for the BEAS-2B cells. An explanation for 

these variable Akt results is given below. Overall, the results are largely comparable 

for both cell lines and show an inhibitory effect of YTX on the mTOR pathway. This 

effect (at 1 µg YTXLī1) is even more expressed than the inhibitory effects of the positive 

control treatment, a known mTOR inhibitor (i.e., Torkinib/PP242 at 0.3 µM). 

 

In a subsequent experiment, (pure) hYTX and hYTX in the lab SSA extract (produced 

as described above) were dosed to lung cells (Figure 2.4). Due to the limited size of 

the lab SSA extract, the maximum feasible concentration was limited to 0.5 µg 

hYTX Lī1 and only A549 cells were incorporated in this experiment. A representative 

example of one of the blots is shown, as a cropped non-edited version, in Figure S2.5. 

The results demonstrate a significant decrease in phosphorylation for one of the target 

proteins (i.e., S6RP) for the highest concentration of hYTX. Due to the reduced hYTX 

concentration (i.e., 0.5 vs. 1 µg Lī1) and the complex mixture of the lab SSA treatment, 

the results of this experiments are less pronounced. They, however, still support the 

previous experiments (see discussion). 
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Figure 2.3: Results of the western blotting experiment examining the effects of YTX on mTOR 

pathway activity, for both the A549 and BEAS-2B cell line. The change (%) in phosphorylation 

for the three examined proteins (i.e., S6RP, 4E-BP1, Akt) was obtained by normalizing the 

ratio of the phospho-specific and non-phospho-specific responses against the ratio of these 

measurements of the corresponding negative control treatment. Error bars present the 

standard error (n = 3). The positive control treatment, (i.e., 0.3 µM of Torkinib/PP242; a known 

mTOR inhibitor) is indicated as Pos on the x-axis. Significant changes in phosphorylation are 

indicated with asterisk symbols (*p<0.05, **p<0.01). The results for the 4E-BP1 marker are 

only shown for the lowest and highest concentration treatments. This is due to distortions on 

the lower part of the middle blotting lanes (i.e., mid-range concentrations; see Figure S2.4). 
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Figure 2.4: Results of the western blotting experiment examining the effects of pure 

homoyessotoxin (hYTX) and the lab SSA extract (containing hYTX) on the mTOR pathway 

activity. Only the A549 cell line was used throughout this experiment. The % change in 

phosphorylation for the examined proteins (i.e., S6RP, 4E-BP1) was obtained by normalizing 

the ratio of the phospho-specific and non-phospho-specific responses against the ratio of these 

measurements of the corresponding negative control treatment. Error bars present the 

standard error (n = 3). The positive control treatment, containing 0.3 µM of the mTOR inhibitor 

Torkinib/PP242, is indicated as Pos on the x-axis. Significant changes in phosphorylation are 

indicated with asterisk symbols (*p<0.05). 

 

4 Discussion 

4.1 Cell viability effects 

Our results (Figure 2.1 and Table S2.1) indicate the importance of investigating the 

effects of marine phycotoxins besides the ones (e.g., brevetoxins, ovatoxins) that are 

currently known to cause adverse health effects in coastal environments.21,22 PbTx-2 

was the only phycotoxin examined in our study, for which elevated environmental air 

concentrations and respiratory distress have been reported during toxic HABs (and 
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SSA exposure).21 Our cell viability experiments, however, show remarkably lower 

effect concentrations (i.e., higher toxicity or inhibitory potency) for OA and the two 

examined YTXs than for PbTx-2. This may indicate a higher pulmonary sensitivity 

towards these toxins. 

 

Few comparable in vitro experiments have been performed so far. To the best of our 

knowledge, there were no PbTx(-2) effect data for lung cells available in the literature. 

One of the few records concerning the cell viability effects of PbTx-2 was found for a 

leukemic T cell line (Jurkat cells). Although Walsh et al.160 did not report exact effect 

concentrations, their 48 h EC50 value was between 500 and 1000 µg Lī1. Wang et al.161 

exposed the A549 cell line (3000 cells wellī1) to OA and reported, using MTT cell 

viability assays, a 48 h EC50 value of 34 µg Lī1. Based on the cell morphology, they 

proposed apoptosis as the main cause for the negative cell viability effect. Botana et 

al.162 performed sulforhodamine B cell cytotoxicity assays on A549 cells and reported 

48 h EC50 values for YTX and hYTX of 3.2 and 0.62 µg Lī1, respectively. Depending 

on the exposure period they used in their experiments, the observed effects of YTXs 

were attributed to apoptosis or autophagy mechanisms.162 In general, the scarce 

published data corroborate our experimental results. 

 

YTXs are, in terms of exposure via ingestion (food), considered as the least potent 

group of phycotoxins. No human intoxications have been reported so far.145 YTXs are, 

however, very toxic (LD50 of 100ï500 ɛg kgī1) in mice following intraperitoneal 

injection.163 The exposure route for these toxins therefore seems of crucial importance 

in determining toxicity. In our study, YTXs demonstrated very low effect concentrations 

on lung cells in terms of cell viability. In addition, the shape of their DRCs (Figure 2.1) 

differed from the other examined phycotoxins since no complete mortality was 

obtained at the highest test concentrations. Instead, cell viability (on average) levelled 

off at around 30%. These findings were also visually confirmed using microscopy 

(Figure 2.2), as viable cells were still observed at 400 µg YTX Lī1. A decreasing viability 

trend could, however, still be observed in the high concentration range for YTX and 

hYTX (Figure S2.2). If more concentrated YTX standards were available and higher 

test concentrations were feasible, complete mortality would probably be observed in a 

higher concentration range. It is, however, clear from the shape of the DRCs that the 

effect of YTXs we currently encountered in the 0.05 to 100 µg Lī1 concentration range 
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cannot be attributed to an adverse outcome pathway leading to direct cell mortality. It 

should be noted that for YTX and hYTX a small stimulation effect was sometimes 

visible at an even lower concentration of 0.01 µg L-1 (see Figure S2.2). This may 

indicate that the cell viability was not yet affected at this low concentration, but that the 

mitochondrial activity was stimulated due to a higher energy demand for homeostasis 

or detoxifying mechanisms. Although the mode of action of YTX is not completely 

understood, YTX has been shown to modify second messenger levels (cAMP), protein 

levels, and T-lymphocytes, and activate different types of induced cell death.145 Based 

on in vitro studies with human lymphocytes, Botana et al.162 suggested a different mode 

of action for YTX in tumor cells compared to that in normal cells and therefore highlights 

its potential as an anticancer drug. They point out that tumor cells undergo apoptosis, 

paraptosis, and autophagy-induced cell death while in normal cells, only cell 

proliferation is arrested. Based on this information, one could expect a different cell 

viability effect in carcinoma A549 cells and normal BEAS-2B cells. This is, however, 

not confirmed by our cell viability results, which showed little to no difference between 

the effect on the carcinoma A549 and normal BEAS-2B cell lines. The western blot 

experiments (discussed below), however, corroborate the findings of Botana et al.162 

as the inhibitory effects on the mTOR pathway were less pronounced for the normal 

BEAS-2B cells as compared to the carcinoma A549 cells. 

 

4.2 Effect on mTOR pathway activity 

The results from the western blot experiments, summarized in Figures 2.3 and 2.4, 

indicate that both examined YTXs indeed affect the mTOR pathway activity. The 

highest test concentration (i.e., 1 µg Lī1) of pure YTX induced a significant 

downregulation of the phosphorylation of both downstream targets of mTORC1 (i.e., 

S6RP and 4E-BP1) for both the normal BEAS-2B and carcinoma A549 lung cell lines. 

Such an inhibitory effect of YTX on mTOR pathway activity was until now only 

described for human glioma cells exposed to much higher concentrations of 34 and 

286 µg Lī1.164 Such a downregulated mTOR pathway leads to autophagy effects, 

inducing decreased cell proliferation and apoptosis.49,165 The consequent (partial) 

decrease in cell viability was also observed in the same concentration range 

(Figure 2.1), and is therefore expected to be a consequence of this downregulation of 

the mTOR pathway. 
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In Figure 2.3, significantly increased phosphorylation of Akt for the BEAS-2B cells is 

shown. The feedback loops, activating Akt upon inhibition of mTORC1 

phosphorylation, described by OôReilly et al.166 and Carracedo et al.167 could explain 

these results. The rather smaller inhibitory effects for the downstream phosphorylation 

targets (i.e., S6RP and 4E-BP1) observed for the BEAS-2B cells, as compared to the 

A549 cells, may also be linked to these feedback mechanisms. Next, this could also 

explain the difference in the effect on carcinoma cells (e.g., A549) and normal cells 

(e.g., BEAS-2B), as suggested by Botana et al.162 and discussed in section 4.1. 

 

The highest test concentration (i.e., 0.5 µg Lī1) of pure hYTX induced significant 

downregulation of S6RP phosphorylation (Figure 2.4). Although still present, the 

effects are less strong as compared to the highest test concentration (i.e., 1 µg Lī1) of 

pure YTX in the previous experiment (Figure 2.3). This can be attributed to the two-

fold lower highest test concentration. It is clear that the DRC slope (Figure 2.1) is sharp 

in this concentration range and that such a concentration difference may result in a 

smaller effect. For the lab SSA treatments, no significant effects were observed. 

Although these treatments had the same hYTX concentrations, they may contain (1) 

other organic compounds or small aerosolizable organic matter that bind or interact 

with hYTX or (2) other YTX analogues or metabolites with potentially weaker effects 

that compete with hYTX for molecular binding sites and uptake. Both suggestions imply 

a decreased bioavailability and lead to weaker effects. The results of Chapter 4 

corroborate the current results on the weaker effects of this lab SSA extract and the 

significant influence of YTXs on the mTOR pathway. 

 

4.3 General discussion 

In this study, we aimed to investigate potential human health effects of airborne 

exposure to phycotoxins that can be present in SSAs. Until now, only a few PbTxs and 

OVTXs have been detected and quantified in environmental SSAs. Reported PbTx air 

concentrations during HAB events of Karenia brevis ranged from 3 to 180 ng mī3.156,168 

Although it was not our direct research goal, the production and analysis of the 

laboratory-generated SSA proved that other phycotoxins can also aerosolize when 

present in seawater. Phycotoxin concentrations in SSAs will, among others, be 

dependent on the density of the toxin-producing algal species in seawater. As YTXs 

are produced by HAB species that do not bloom to very high densities, their 
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concentrations in the water and consequent SSA phase will never come close to those 

reported for PbTxs during strong HAB events. Especially as the maximum phycotoxin 

production per algal cell is nearly the same for YTXs and PbTxs (see Annex II 

section 4). The aerosolization and coastal air concentrations of other phycotoxins than 

PbTx were investigated within this PhD thesis and are discussed in detail in Chapter 3. 

 

Throughout our in vitro experiments we consistently used an exposure period of 43 h. 

We opted for this (maximum) duration, as experiments could not be prolonged without 

splitting the cells. This was indeed an option but would have lowered the experimentôs 

repeatability. A longer exposure period could emphasize cell viability effects and 

resemble a more (realistic) chronic exposure. Conversely, in vitro experiments 

analyzing the activity and thus phosphorylation of the mTOR pathway are often 

somewhat shorter in time (from 0.5 to 24 h).159,169,170 The phycotoxins we spiked do 

have a high stability and reasonable solubility (see Kow), lung cells will thus rather be 

exposed to the phycotoxins over the whole experimental duration. The used 43 h 

exposure period is thus somewhat of a compromise to analyze both effects over the 

same period. Nonetheless, the cell viability effects of YTXs we observed may still be 

attributed to the downregulation of the mTOR pathway. Of course, this does not prove 

that YTXs (or any other marine chemicals) are the causal agent in SSAs improving the 

health of coastal populations. To that end, one needs to quantify and assess the ratio 

of exposure (i.e., air concentrations) and in vivo doses and effects of (sea spray) 

aerosolized chemicals. Our study rather provides proof of principle for the biogenics 

hypothesis, showing that aerosolizable marine compounds (e.g., YTXs) can 

downregulate the mTOR pathway and are potential therapeutic tools. Moreover, YTXs 

can be put forward as interesting target compounds to investigate the marine biogenics 

hypothesis. Finally, this study also stresses (1) the difference in the sensitivity of 

different exposure routes, as YTXs are considered to be the least potent phycotoxin 

group via ingestion exposure and (2) the complexity (e.g., bioavailability) of effects of 

bioactive substances in realistic environmental (mixture) matrices. 
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Abstract 

To date, few studies have examined the role of sea spray aerosols (SSAs) in the 

human exposure to harmful and beneficial marine compounds. Two groups of 

phycotoxins (brevetoxins (PbTxs) and ovatoxins (OVTXs)) have been reported to 

induce respiratory syndromes during harmful algal blooms. The aerosolization and 

coastal air concentrations of other common marine phycotoxins have, however, never 

been examined. This study provided the first (experimental) evidence and 

characterization of the aerosolization of okadaic acid (OA), homoyessotoxin (hYTX) 

and dinophysistoxin-1 (DTX-1), by using artificial and natural seawater spiked with 

toxin-producing algae in a marine aerosol reference tank (MART). The high potential 

for aerosolization of these phycotoxins was demonstrated by their 78 to 1769-fold 

enrichment in SSAs relative to the subsurface water. To obtain and support these 

results, we first tested and validated our MART set-up, and optimized or developed 

new sampling, extraction and analytical methodologies. Our validated analytical 

method for the determination of phycotoxin concentrations in SSAs showed good 

linearity (R²>0.99), recovery (85.3-101.8%), and precision (RSDsÒ17.2%). We also 

investigated natural phycotoxin air concentrations by means of an environmental SSA 

sampling campaign which was combined with concurrently performed MART 

aerosolization experiments using (pure) natural seawater. This approach allowed us to 

indirectly quantify the (harmless) magnitude of OA concentrations (0.6-51 pg m-3) in 

Belgiumôs coastal air. Overall, this study provided new insights into the enriched 

aerosolization of marine compounds and proposed a framework to assess their 

airborne exposure and potential effects on human health. 
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1 Introduction 

As coastal regions are by far the most densely populated areas,28 research that 

investigates possible relationships between the ocean and human health (OHH) has 

increased during the past few decades.30 One of the emerging aspects in this research 

field is the airborne exposure to marine compounds via sea spray aerosols (SSAs). 

SSAs are far more than merely aerosolized seawater droplets.171 Environmental 

sampling76ï79 and experiments with SSA generators73,83ï85 have shown that SSAs 

introduce particulate matter, microorganisms, fatty acids, carbohydrates, sterols and 

proteins into the atmosphere. Moreover, SSAs often contain (much) higher 

concentrations of microorganisms86 and (hydrophobic or amphiphilic)171,172 organic 

compounds73,83,87 than the originating subsurface water (SSW). Such enrichment 

processes also occur in the sea surface microlayer (SSML).73,86,87 The magnitude of 

enrichment is expressed as enrichment factors (EFs) and is usually determined relative 

to sodium (Na+). Na+ is a common proxy to quantify SSA densities and is considered 

to have no enrichment.62 

 

During the past century, marine systems have experienced increasing pressure by 

global change and other stressors.173,174 Many of these (e.g., eutrophication and 

invasive species) are linked to an increased (reported) occurrence of harmful algal 

blooms (HABs).123,130,175 Human intoxications with algal toxins or so-called phycotoxins 

mainly occurs via seafood consumption.176 The ingestion of shellfish contaminated with 

okadaic acid (OA) or dinophysistoxin (DTX), for example, causes gastrointestinal 

symptoms (e.g., vomiting and diarrhea) known as diarrhetic shellfish poisoning 

(DSP).121 HAB events of Karenia brevis in the Gulf of Mexico17 and Ostreopsis ovata 

in the Mediterranean Sea138 are known to induce human respiratory syndromes (e.g., 

coughing, wheezing, irritation, airflow reduction and chest tightness)136ï138 caused by 

inhalation of aerosolized phycotoxins (i.e., brevetoxins (PbTxs) and ovatoxins 

(OVTXs), respectively). Vulnerable groups, such as asthma patients, have been 

reported to be more sensitive to aerosolized brevetoxins.177 

 

Conversely, no human intoxication has ever been reported for yessotoxins (YTXs).145 

Recent research into the bioactivity of YTXs even points to their potential therapeutic 

use.145,162,178 YTXs have been shown to downregulate the mammalian target of 
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rapamycin (mTOR) pathway.145,179,180 The downregulation of this cell signaling 

pathway is crucial in Mooreôs biogenics hypothesis46 as it has been associated with 

longevity, anti-cancer properties and other beneficial health effects.49 Indeed, Moore46 

hypothesized that regular airborne exposure to aerosolized natural compounds causes 

health promoting effects via a downregulation of the mTOR pathway. Although there 

is currently too little evidence to prove or disprove this hypothesis, it highlights the 

relevance of the SSA exposure route for a whole spectrum of marine compounds with 

(potential) positive pharmacological effects.26,27 SSA exposure is thought to contribute 

to the coastal proximity health effect, which is increasingly observed in epidemiological 

research.32ï36 Overall, the inhalation of aerosolized phycotoxins and other marine 

compounds is a poorly studied exposure pathway that could lead to negative but 

possibly also positive health effects. Appropriate (analytical) methodologies to quantify 

and assess this airborne exposure are, however, lacking. 

 

To this end, the first goal of this study was to develop and validate new (analytical) 

methodologies to quantify phycotoxins in SSAs. Seven marine lipophilic phycotoxins 

were included in the method development and analysis: okadaic acid (OA), 

homoyessotoxin (hYTX), yessotoxin (YTX), dinophysistoxin-1 (DTX-1), azaspiracid-1 

(AZA-1), pectenotoxin-2 (PTX-2) and 13-desmethyl spirolide C (SPX-1). These 

phycotoxins are important representatives of different groups of marine 

phycotoxins181,182 that occur (almost) globally121,182 and are routinely monitored in 

consumable shellfish products (i.e., their best known exposure route).133,183 In our 

proposed method, SSA samples were concurrently analyzed for their Na+ content, 

allowing a better characterization of any enrichment processes involved in the 

aerosolization of phycotoxins. Next, we performed diverse experiments with a marine 

aerosol reference tank (MART), wherein we investigated the phycotoxin transfer from 

micro-algae to the subsurface water (SSW), the sea surface microlayer (SSML), and 

ultimately the air/atmosphere via SSAs. Finally, the magnitude and risks of the 

phycotoxin air concentrations at the Belgium coast were assessed by combining 

environmental SSA sampling, experimental SSA production and toxicological data 

from literature. 
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2 Materials and methods 

2.1 Toxins and algae 

All seven phycotoxins included in this study (i.e., OA, hYTX, YTX, DTX-1, AZA-1, PTX-

2 and SPX-1) were purchased as certified reference standard solutions (in methanol) 

from the National Research Council Canada. Two toxic micro-algae were used. The 

Prorocentrum lima strain (CCAP1136/9) was supplied by the Culture Collection of 

Algae and Protozoa and produced the two phycotoxins OA and DTX-1.132 The 

Protoceratium reticulatum strain (SCCAP K- 1478) was supplied by the Scandinavian 

Culture Collection of Algae and Protozoa and produced the phycotoxin hYTX.132 Algal 

culturing methods are described in detail in supportive information (SI; Annex III 

section 1). These phycotoxins were selected based on: (1) potential presence in the 

North Sea, (2) tendency for aerosolization, and (3) purchasability of chemical 

standards and algal strains producing the phycotoxins. 

 

2.2 Experimental SSA production and sampling 

To examine SSA production and transfer processes, and to optimize sampling 

procedures, a marine aerosol reference tank (MART) was constructed (Figure S3.1) 

as described by Stokes et al.90 A MART is essentially an (air-closed) aquarium or tank 

equipped with a system that produces an intermittent plunging water sheet. It is 

designed to mimic the underwater air bubble plume, and thus SSA production, of 

breaking waves.90,93 Further details of our self-constructed MART system can be found 

in SI (Annex III section 2). 

 

Our MART set-up allowed SSA sampling in triplicate. This was performed using 

membrane filters (Ø 47 mm), enclosed in stainless steel in-line filter holders (Pall 

Corporation), over which an airflow of 9 ± 1 L min-1 was applied using vacuum pumps 

(LABOPORT®). Handling and field blanks were incorporated in all experiments and 

environmental sampling campaigns to confirm the absence of phycotoxin and Na+ 

contamination and to account for the filter background of Na+. Unless stated differently, 

MART experiments were performed in a thermostable room at 20 ± 1°C and allowed a 

minimum seawater (temperature) acclimation period of 8 h (prior to the start of the 

aerosolization experiments).  
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2.3 Preliminary testing and optimization 

To determine which membrane filter was best suited to retain and analyze aerosolized 

phycotoxins and Na+ (i.e., a proxy for the collected SSA quantity),62 three filter types 

were tested: (1) a quartz microfiber filter (QM-A, Whatman®), (2) a glass microfiber 

filter (EPM2000, Whatman®), and (3) an octadecyl (C18) bonded silica solid phase 

extraction (SPE) disc (EmporeTM). Quartz and glass fiber filters have been used for 

SSA sampling by other studies.22,24,184 These filters have respective pore sizes of 2.2 

and 2 µm, and more importantly (according the product certificate) an air retention 

>99.95% for 0.3 µm particle. They thus collect total suspended particles (TSP). The 

C18 SPE disk was explored as a new alternative with a lipophilic binding affinity. 

Details of how these filters were tested are provided in SI (Annex III section 3). In short, 

filters were deployed in MART experiments using artificial seawater with and without 

toxin-producing algae. Phycotoxin extractions were performed using the (initial) 

procedure described below. Throughout this study, Na+ extractions were performed by 

eluting filters three times with 5 mL of 0.14 M HNO3. After filtration with a 0.45 µm filter 

(Acrodisc®), the Na+ analysis was performed with inductively coupled plasma - optical 

emission spectroscopy (ICP-OES; Thermo Scientific iCAP 7000 series). 

 

Following the selection of the quartz filter (as discussed below), our SSA sampling 

methods and MART set-up were further optimized as described in Annex III section 4. 

In short, we examined (among others) if the filter holderôs frontal support screen should 

be removed to increase the filter collection efficiency, and if a filter pretreatment (i.e., 

rinsing steps with 0.14 M HNO3 and H2O) would improve the Na+ analysis. 

 

2.4 Extraction method optimization 

At first, a preliminary procedure for phycotoxin extraction from SSA filter samples was 

designed. The different steps132,156,185 and alkaline conditions185 of the methanolic 

eluent132,133,183,186ï188 were based on published methods and preliminary experiments. 

A two-step statistical workflow was used to optimize this initial extraction methodology. 

The statistical software JMP 12.0 (SAS Institute Inc) was used to select, evaluate and 

model the appropriate experimental designs. First, a fractional factorial Plackett-

Burman design189 of 24 runs was used to screen the effect of 11 parameters or factors 

(see Table S3.1) on the extraction efficiency. The qualitative factors that significantly 
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(p<0.1, 90% confidence level) improved the extraction efficiency, were retained in the 

final procedure. As a second step, the significant quantitative factors were further 

optimized through response surface modelling (RSM) using a Box-Behnken design190 

of 15 runs (see Table S3.2). Prior to the extractions related to both experimental 

designs described above, filters were spiked with 1.25 ng of each phycotoxin. Organic 

solvents used for extraction purposes were of analytical grade. 

 

Final extraction procedure 

The deployed quartz filters were cut in two. One half was used for Na+ analysis, and 

the other half was placed in a 15 mL polypropylene tube and used for phycotoxin 

analysis. Methanol (10 mL) containing 26 mM ammonium hydroxide (NH4OH) was 

added as eluent, and samples were sonicated for 5 min. This elution was repeated 

using 3 mL of eluent. The primary and secondary extracts (10+3 mL) were combined 

and filtered using 0.2 µm polytetrafluoroethylene (PTFE) filters (PhenexÊ). 

Intermediate tubes, syringes, and PTFE filters were rinsed with 1 mL of (additional) 

eluent. Extracts were subsequently dried, under a gentle N2 stream at 40°C, until a 

single drop was obtained and reconstituted in 50 µL of acetonitrile and 200 µL of H2O 

both containing 6.7 mM NH4OH. After a purification centrifugation step (5 min, 7200 g), 

the supernatant was transferred to a glass insert in a LC-MS vial prior to the analysis. 

 

2.5 Phycotoxin analysis 

Phycotoxin analysis was performed in a targeted manner (i.e., with certified reference 

standards) using ultra-high-performance liquid chromatography hyphenated to high-

resolution Orbitrap mass spectrometry (UHPLC-HR-Orbitrap-MS) following the 

procedures reported by Orellana et al.132 In brief, chromatographic separation was 

carried out by reversed phase chromatography using a C18 gravity column (1.8 ɛm, 

50 × 2 mm, Macherey-Nagel). Detection was performed using an ExactiveTM benchtop 

Orbitrap MS (Thermo Fisher Scientific), preceded by heated electrospray ionization 

(HESI-II) operating in positive and negative ionization modes. Mass resolution was set 

at 50,000 full width at half maximum (FWHM), and detection within a mass extraction 

window of 5 ppm was pursued. Instrument control and data processing were performed 

using Xcalibur 2.1 software (Thermo Fisher Scientific). 13C/12C isotopic ratios, 

determined at the highest peak intensities, were used as a second diagnostic criterion 

for compound identification.  
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2.6 Validation of the analytical method 

Environmental SSA samples will, depending on the ambient conditions, contain a 

variable salt content. Prior to the validation, we successfully verified that these salts 

did not interfere with the phycotoxin analysis (Annex III section 5). The actual method 

validation followed the guidelines of Eurachem,191 CD 2002/657/EC192 and dedicated 

reviews.193,194 The validation experiments were designed to evaluate linearity, limit of 

detection (LOD), limit of quantification (LOQ), selectivity, specificity, trueness, and 

precision. Linearity, LOD and LOQ were investigated by constructing a 10-point matrix-

matched calibration curve (0, 0.5, 1.0, 1.5, 2.0, 2.5, 4.0, 6.0, 8.0, and 10 ng mL-1) for 

all selected phycotoxins in each validation experiment. Furthermore, the selectivity, 

accuracy, and precision were evaluated at 1.5, 2, and 2.5 times the LOQ-level. This 

was performed in each validation experiment and in 6-fold per concentration level by 

extracting spiked quartz filter (halves). Three validation experiments were performed 

on three different days by the main operator and repeated a fourth time by a second 

operator. In addition, spiked and non-spiked SSA loaded filters (i.e., true blanks 

containing salts that were produced with the MART; see Annex III section 5) were used 

to evaluate the methodôs specificity. 

 

2.7 Laboratory SSA experiments using spiked seawater 

To characterize the SSA processes of phycotoxins, two near-identical MART 

experiments were performed wherein only the seawater differed. The first experiment 

was performed using filtered (0.2 µm) artificial seawater (i.e., L1-medium; Annex III 

section 1). The second used non-filtered natural seawater, collected in the surf zone 

near Ostend, Belgium (51Á12ǋ13.9ǌN, 2°50ǋ55.5ǌE) on April 29, 2017, which 

represented a more realistic environment including natural dissolved compounds, 

particulate matter, and organisms. 

 

Selected phycotoxins (i.e., OA, hYTX and DTX-1) were indirectly introduced in the 

MART by adding the micro-algae P. lima and P. reticulatum, both at a density of 

500 cells mL-1. This density is approximately 2 to 3 orders of magnitude higher than 

the environmental maximum for these algae.195ï198 In this context it should be 

considered that these proof-of-principle MART experiments helped us to study the 

fundamental aerosolization processes of the selected phycotoxins. Four hours later 
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the MART was activated and the produced SSA was sampled in triplicate for 12 h. 

Filters were subsequently cut in two and analyzed for their respective Na+ and 

phycotoxin contents following the methods described above. As SSAs are partly 

retained by the filter holderôs frontal half, these were collected by rinsing the holders 

four times with 5 mL of methanol. Half of the filter holder extract was dried, 

reconstituted in 10 mL of 0.14 M HNO3 and analyzed for its Na+ content. The other half 

was treated as a SSA filter extract and analyzed for phycotoxins. 

 

To characterize the processes influencing the aerosolization and enrichment of 

phycotoxins, three distinct water layers were sampled in the MART. The (1 cm) bottom 

layer and the bulk subsurface water (SSW) were sampled using a glass pipet. The sea 

surface microlayer (SSML; i.e., 60-100 µm) was sampled using the glass plate method 

described by Harvey and Burzell.199 In short, a clean glass plate (± 0.18 m²) provided 

with a handle was immersed vertically in the water and carefully withdrawn at a rate of 

±20 cm sec-1. In this way a layer of approximately 60-100 µm thick was retained.199 

The surface film/water layer adhering to the plate was subsequently scraped off at both 

sides, with a precleaned metal blade, and collected in a 100 mL Erlenmeyer. 

 

Three replicate (10 mL) samples of each water layer (i.e., bottom, SSW and SSML) 

were collected 1 h before and 1 h after the (12 h) active MART period. The samples 

were subsequently analyzed to determine the phycotoxin (and Na+) concentration in 

the dissolved (<0.2 µm), small particulate (0.2-5 µm), and large particulate (>5 µm) 

size fractions. The extraction procedures for these different size fractions are described 

in Annex III section 6. The separation of these different size fractions for analysis was 

performed to provide important information on the potential SSA fate of phycotoxins. 

The size of a particulate, for example, likely determines the minimum size of the SSA 

droplet wherein it can be incorporated. The dissolved fraction can therefore be 

incorporated in all film droplets. Conversely, the large particulate fraction (i.e., mainly 

intracellular toxins) can only be aerosolized in larger sized jet droplets, which have a 

shorter atmospheric retention time61 and are found to a lesser extent in environmental 

SSAs.80,200 

 

Having analyzed the Na+ and phycotoxin concentrations ([TOX]) in the SSAs, SSML, 

and SSW, we calculated the phycotoxin enrichment factor (EFi) for both phases of i 
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(SSML and SSA). It should be noted that [TOX]SSW in the following equation only 

accounts for the dissolved and small particulate fractions (i.e., primary aerosolized 

fractions):  

%&  
  ϳ

  ϳ
    (eq. 3.1) 

 

Finally, to control the collection efficiency of our SSA sampling, we used an additional 

sampling technique during these two MART experiments. In short, the air passing 

through the quartz filters was drawn (in bubbles) through ultra-pure water following 

sampling as described by Tsunogai et al.201 These samples were analyzed for 

phycotoxins and Na+. More details of this additional SSA sampling method are 

provided in SI (Annex III section 7). 

 

2.8 Estimated coastal air concentrations 

A dual sampling campaign at the Belgian coast, with an (almost) daily interval, was 

performed in July 2017. Environmental SSAs were sampled from a beach, and more 

concentrated experimental SSA samples were concurrently produced from the same 

natural seawater using the MART in a (nearby) laboratory. Both the beach and MART 

SSA sampling were performed to (directly or indirectly) quantify phycotoxin coastal air 

concentrations ([TOX]coastal air) and to assess the potential human airborne exposure. 

 

The Twins beach club in between Ostend and Bredene (Belgium, 51Á14ǋ46.9ǌ N, 

2Á57ǋ02.7ǌ E), situated ±50 m from the high-water mark, was the main environmental 

sampling station. Additional SSA samples were taken using a lifeguard chair 

(Figure S3.2). This mobile sampling station moved as tides changed and remained at 

10 ± 5 m from the actual waterline. Environmental SSA sampling was performed with 

battery-powered Leland Legacy personal sampling pumps (SKC) at a constant air flow 

of 12 L min-1. The duration of the SSA sampling at the Twins beach club was between 

3 and 7 h and near the waterline (using the lifeguard chair) between 1 and 2.5 h. 

 

The concurrent MART experiments were performed at an ambient temperature (19.7 

± 2.7°C) with 100% natural seawater (i.e., without deliberate introduction of toxin-

producing algae). For every (near-daily) experiment, the MART was drained, cleaned 
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and refilled with seawater that was collected in the surf zone near Ostend 

(51Á14ǋ22.2ǌ N, 2Á55ǋ44.9ǌ E). The collected seawater had a temperature between 19.1 

and 21.6°C and was directly used in the MART without an acclimation period. The 

experimental SSAs were sampled over 16-20 h periods. During weekends and 

holidays MART experiments were run for 40 or 70 h (i.e., 2 or 3 days). 

 

After every environmental sampling or MART aerosolization experiment, deployed 

SSA filters were cut in two equal pieces. These filter halves were stored at 4°C in 5 mL 

of 0.14 M HNO3, and at -20°C in 10 mL of methanol containing 26 mM NH4OH (i.e., 

the initial eluents for the respective Na+ and phycotoxin extractions). Further extraction 

and analysis were performed following the methods described above. The only 

difference was that in addition to Na+, the Mg2+ content of these SSA samples was also 

measured using the ICP-OES analysis. This was performed to confirm, using Na+/Mg2+ 

mass ratios,202 that the Na+ analyzed originated indeed from seawater and thus from 

the sampled SSAs. 

 

In the case where the phycotoxin contents in the environmental (beach) SSA samples 

were undetectably low (<LOD), the concurrently performed MART experiments 

provided an additional strategy to (indirectly) quantify coastal air concentrations 

(i.e., [TOX]coastal air). These experimental samples reached quantifiable phycotoxin 

concentrations (>LOQ) much more easily, as the SSAs collected in the relatively small 

headspace of the MART had a higher density (i.e., less diluted in air). Moreover, 

sampling times were extended over a longer period in the MART. The MART 

experiments were used to assess the phycotoxin composition of nascent SSAs, 

determined as the [TOX]SSA/[Na+]SSA ratio, on a near-daily-basis. This experimental 

ratio was then multiplied by the environmental SSA density (i.e., [Na+]coastal air) of the 

corresponding day to quantify [TOX]coastal air at our beach sampling sites (i.e., near the 

waterline and/or 50m inland): 

  

Ὕὕὢ  
ȟ 

ȟ 
 ὔὥ                    (eq. 3.2) 

  

Note that this indirect quantification strategy (eq. 3.2) assumes that the environmental 

samples consist of nascent SSAs and thus have the same [TOX]SSA/[Na+]SSA ratio as 

the MART samples.
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3 Results 

3.1 Preliminary testing and optimization 

The comparison of the three different filter types showed that the highest phycotoxin 

yields were obtained with the quartz and glass fiber filters (Figure S3.3). The collected 

Na+ as a function of the MART sampling time showed good linearity (R2>0.90) for the 

quartz fiber filter (Figure S3.4), while this was not the case (R²<0.05) for the glass fiber 

filter (Figure S3.5). We therefore concluded that the quartz filter was best suited to 

quantify aerosolized phycotoxins and Na+. 

 

Further optimization of our SSA sampling method resulted in the pretreatment of the 

quartz filter (i.e., rinsing steps with 0.14 M HNO3 and H2O; see Annex III section 4), the 

removal of the filter holderôs frontal support screen, and extraction and analysis of the 

filter holder upon sampling. The latter was performed as about 50% of the collected 

Na+ was retained by the filter holderôs frontal half (Figures S3.6 and S3.7). The quartz 

filter pretreatment was introduced as it reduced the Na+ background content of extracts 

with 69 ± 5% (n=2×6) and lowered the variability in the Na+ content of replicate 

samples, expressed as the relative standard deviation (RSD), from 30 ± 9% (n=8×3) 

to 17 ± 6% (n=6×3). Throughout the study, after implementation of this filter 

pretreatment, the blank samples contained an average Na+ background of 6.1 ± 1.4 µg 

(n=22). As shown in Figure S3.6, the frontal support screen retained 17 ± 5.3% of the 

total collected Na+. Its removal increased the collection efficiency of the quartz filter in 

a similar way (18 ± 1.5%). 

 

3.2 Extraction method optimization 

The applied Plackett-Burman design evaluated the effect of 11 parameters or factors 

(Table S3.1) on the extraction efficiency of the selected phycotoxins. These results are 

summarized per phycotoxin in Figure 3.1 using the t-statistic or t-value, that is, the 

difference of the estimated (high level) parameter value from its hypothesized (no-

effect) value represented in units of standard error. The sonication step during elution 

and the rinsing of the intermediate tube and PTFE filter significantly increased (p<0.1; 

90% confidence level) the extraction efficiency for at least one phycotoxin. As such, 

these two steps were retained in the final procedure. The initial elution volume, NH4OH 
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concentration in the eluent and centrifugation purification step had a significant effect 

(p<0.1; 90% confidence level) on the extraction efficiency in either a positive (i.e., 

higher) or negative (i.e., lower) manner. The optimum levels (i.e., giving maximum 

extraction efficiency) for these three quantitative factors were determined through 

response surface modelling (RSM), as graphically demonstrated in Figure S3.8. The 

RSM results and overall optimum levels are listed in Table S3.3. The six other factors 

had a negative (p<0.1) or non-significant effect (p>0.1) on the extraction efficiency and 

were not retained. 

 

 

Figure 3.1: t-value diagram illustrating the effect and significance of the screened factors on 

the extraction efficiency. The two levels at which each factor was examined (see Table S3.1) 

are shown in brackets on the vertical axis. The bars that exceed the dashed lines indicate that 

the examined high level of the factor significantly decreases (negative t-value) or increases 

(positive t-value) the extraction efficiency with a confidence level of 90%.  
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3.3 Validation of analytical method 

To ensure the methodôs fitness for purpose, that is, quantification of low phycotoxin 

concentrations in SSAs, the developed analytical methodology was evaluated with 

respect to its linearity, LOD, LOQ, selectivity, specificity, trueness, and precision. As 

SPX-1 had inadequate selectivity and specificity (as discussed below), its results are 

not presented for the other validation criteria. 

 

Linearity 

The linearity was evaluated using the matrix-matched calibration curves and the least 

squares method for linear regression.194 These linear models showed good linearity 

(R²>0.99), which was confirmed with a lack-of-fit analysis (F-test, p>0.05, 95% 

confidence level). Table 3.1 shows the average coefficients of determination (R²) of all 

four calibration curves (one per validation experiment). 

 

LOD and LOQ 

The LODs and LOQs were determined using the standard deviation of the response, 

that is, the error of estimate (Sy/x), and the slope of the calibration curve.193,203 These 

LODs and LOQs (in the final 250 µL extract) ranged from 0.17 to 0.40 ng mL-1 and 0.58 

to 1.20 ng mL-1, respectively (Table 3.1). In a 2 m3 air sample, these LOQs correspond 

to air concentrations ranging from 145 to 400 pg m-3. The 13C-isotopes of the adduct 

ions were always detectable at the LODs and provided, as discussed below, two 

additional identification criteria. All targeted phycotoxins had LOQs near 1 ng mL-1. 

The three concentration levels (i.e., 1.5, 2.0, and 2.5 × LOQ) used in the validation 

experiments to evaluate the selectivity, specificity, trueness and precision were 

therefore rounded to 1.5, 2, and 2.5 ng mL-1. 

 

Selectivity and specificity 

To meet the CD 2002/657/EC192 requirements (i.e., three identification points), 

compound identification was based on: (1) the accurate mass (m/z) of the adduct ion, 

(2) the accurate mass (m/z) of its 13C-isotope ion, (3) the 13C/12C isotope ratio within 

the tolerance range of CD 2002/657/EC,192 and (4) the specific retention time (RT). 

These four identification criteria were evaluated relative to the results of the certified 

reference standards of these seven phycotoxins (Table S3.4). As this method was 
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developed for low concentrations, we evaluated the selectivity at the lowest examined 

concentration level (i.e., 1.5 × LOQ). Over 3 days (n=24), RTs showed small deviations 

(ȹÒ0.06 min) from the pure standards. Only AZA-1 showed somewhat larger 

RT deviations (ȹÒ0.09 min). In addition, an adequate chromatographic resolution 

(RS>2) was found for all phycotoxins except for SPX-1. Deviations from the 

accurate m/z never exceeded 1.5 ppm and were on average (per phycotoxin) below 

0.75 ppm. 13C-isotopes were always detectable at the same RT (ȹÒ0.01 min) and 

also showed only small m/z deviations, with maximum and average deviations 

below 1.75 and 1 ppm, respectively. The 13C/12C isotope ratios differed, on average, 

less than 2% from the ratios of the pure reference standards (Table S3.4). All these 

results (Table S3.5) confirm the methodôs adequate selectivity for all phycotoxins 

except for SPX-1. 

 

To evaluate the specificity, both spiked (n=9) and non-spiked SSA loaded filters (n=9) 

(i.e., true filter blanks containing salts; see Annex III section 5) were extracted and 

analyzed. Spiked samples (Figure S3.9A) showed a significant increase in the peak 

area intensity at their accurate m/z and specific RT (Table S3.4). No interfering matrix 

constituents, with a similar RT, were found in a mass extraction window of 5 ppm 

(Figure S3.9A/B) for six targeted phycotoxins. Indeed, throughout this study, we 

observed no background concentrations of these six phycotoxins in the blank 

samples (n=26). For SPX-1, however, two interfering matrix constituents were present 

(RTs of 3.24 and 3.46 min) which did not show a constant intensity over different 

samples (RSDs of 74 and 113%). The analysis therefore showed to be specific for all 

targeted phycotoxins except for SPX-1, for which this method proved to be 

inappropriate. 

 

Trueness 

In the absence of certified reference materials for SSA samples, the trueness was 

alternatively evaluated as the recovery of spiked samples.192 Recoveries were 

determined on four occasions, for three concentration levels with six replicates, using 

the matrix-matched calibration curves. Average recoveries ranged between 85.3 and 

101.8% (RSD<8.2%) and are summarized in Table 3.1. 
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Precision 

The repeatability and the within-laboratory reproducibility were evaluated using the 

recovery data. The repeatability standard deviation (sr) and the intermediate precision 

or the within-laboratory reproducibility standard deviation (sI) were assessed following 

the guidelines of Eurachem.191 The relative sr (i.e., repeatability RSD) was determined 

from the results (n=18) of the main operator (i.e., three experiments under repeatable 

conditions over 3 days). The relative sI (i.e., within-laboratory reproducibility RSD) 

included the additional results of the second operator (n=24) and combined the within- 

(sr) and between- (sb) group variance. The method showed an adequate precision, as 

both the repeatability and reproducibility RSDs were between 5.8 and 17.2% 

(Table 3.1). 

 

Table 3.1: Multiple day validation results for the phycotoxin extraction and analysis from quartz 

filters. The three concentration levels spiked on these quartz filters represent 1.5, 2 and 2.5 

times the (rounded) LOQ-levels (i.e., 1 ng mL-1). 

 
 
Compound 

 
Level  
(ng  
mL-1) 

 
 
Recovery (%) 
(average ± SD) 

 
LOD 
(ng  
mL-1) 

 
LOQ 
(ng  
mL-1) 

Precision 
 
Linearity 
(R²) 

Repeatability  
RSD (%) 
(n=18) 

Within-lab 
reproducibility  
RSD (%) (n=24) 

OA 1.50 85.7 ± 6.4 0.17 0.58 13.3 15.0 0.995 
 2.00 91.0 ± 3.1   15.2 15.9  
 

2.50 94.5 ± 3.6 
  

14.9 15.8 
 

hYTX 1.50 85.3 ± 6.5 0.33 1.01 12.5 13.6 0.997 
 2.00 92.1 ± 3.6   17.2 16.6  
 

2.50 93.4 ± 4.9 
  

15.5 15.2 
 

YTX 1.50 88.3 ± 7.1 0.32 0.96 12.8 15.3 0.996 
 2.00 93.4 ± 7.5   16.4 16.8  
 

2.50 96.1 ± 7.2 
  

9.0 12.9 
 

DTX-1 1.50 94.0 ± 4.5 0.32 0.98 8.8 11.5 0.998 
 2.00 98.2 ± 5.6   8.2 11.4  
 

2.50 96.6 ± 5.4 
  

13.4 13.7 
 

AZA-1 1.50 97.1 ± 2.8 0.25 0.75 7.2 9.8 0.999 
 2.00 101.5 ± 0.8   6.0 6.9  
 

2.50 101.8 ± 4.3 
  

5.8 7.2 
 

PTX-2 1.50 92.3 ± 7.5 0.40 1.20 14.9 16.0 0.990 

 2.00 100.1 ± 4.0   16.0 14.6  

 2.50 99.8 ± 6.4 
  

10.4 12.9 
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3.4 Laboratory SSA experiments using spiked seawater 

The two MART experiments, using artificial and natural seawater (both) spiked with 

toxin-producing algae, were conducted to characterize the basic and (more) realistic 

SSA processes of selected phycotoxins (OA, hYTX and DTX-1). The phycotoxin 

enrichment in the produced SSAs and SSML was determined, in addition to the 

phycotoxin concentrations of different size fractions in the three analyzed water layers 

(Figure 3.2A/B). The determined EFSSA values (eq. 3.1) for the artificial seawater 

experiment ranged from 488 to 1769. This strong SSA enrichment explain the high 

phycotoxin air concentrations (0.93-13.3 ng m-3) that were measured. The EFSSA 

values for the natural seawater experiment ranged from 78 to 520, and were 

significantly (p<0.05; 95% confidence level) lower for hYTX and DTX-1 as compared 

to the artificial seawater. These MART experiments showed that aerosolization and 

enrichment processes can be influenced by environmental factors (e.g., particulate 

organic matter concentration and foam stability due to natural surfactants). The EFSSML 

values were relatively low and ranged from 2.9 to 5.7 and 1.3 to 6.4 for the artificial 

and natural seawater, respectively. 

 

Note that the air concentrations and EFSSA values were calculated using the combined 

results of the filter and filter holder extracts (i.e., total collected SSA). The Na+
 and 

phycotoxin distribution between the filter and its holder (Figure S3.10) was not different 

except for hYTX which had a significantly higher (p<0.05; 95% confidence level) 

[TOX]SSA/[Na+]SSA ratio (and thus EFSSA) for the filter holder sample than for the filter 

sample. As discussed below, this differential distribution can be attributed to a higher 

particulate fraction of hYTX in the SSW and SSML. In addition, these experiments 

confirmed the good collection efficiency of our sampling method, as the extra control 

SSA sampling generally showed a low Na+ and phycotoxin breakthrough (as further 

discussed in Annex III section 7). 
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Figure 3.2: MART experiments using (A) artificial and (B) natural seawater, spiked with P. lima 

and P. reticulatum. The total OA, hYTX and DTX-1 concentrations in the (1cm) bottom layer, 

subsurface water (SSW) layer and sea surface microlayer (SSML) are shown with their 

respective distribution over the different size fractions. The Na+ and phycotoxin air 

concentrations are displayed in the headspace. The mean phycotoxin enrichment factors 

(i.e., EFSSA and EFSSML) are presented in gray rectangles. 
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3.5 Estimated coastal air concentrations 

The SSAs collected on the beach (seven beach club and three lifeguard chair samples) 

did not contain detectable phycotoxins, hence only environmental [Na+]coastal air values 

are reported (Table 3.2A). In the eight concurrent MART experiments with pure natural 

seawater, however, OA was always detected. The concentrations in the SSA extracts 

ranged from 0.17 to 0.81 ng mL-1, representing concentrations up to 34 pg m-3 in the 

MARTôs headspace. OA could be quantified in at least two of the three replicate SSA 

samples during each MART experiment. The measured Na+ concentrations in the 

MARTôs headspace ranged from 6.5 to 16.3 Õg m-3. The magnitude of SSA production 

was thus between those measured in the previous MART experiments using artificial 

and natural seawater spiked with toxin-producing algae (Figure 3.2A/B). For every 

MART experiment a [OA]SSA/[Na+]SSA ratio (Table 3.2B) was determined. Using this 

empirical ratio, the measured [Na+]coastal air and the strategy summarized in eq. 3.2, we 

indirectly quantified [OA]coastal air at every beach sampling site for each sampling day 

(Table 3.2C). On days when [Na+]coastal air was measured but no MART experiments 

were performed, [OA]coastal air values were calculated using the average of the 

preceding and succeeding [OA]SSA/[Na+]SSA ratio. 

 

Table 3.2: Results of (A) the SSA sampling events performed on a beach during July 2017 

(i.e., [Na+]coastal air), (B) the simultaneously performed MART experiments using (pure) natural 

seawater (i.e., [OA]SSA/[Na+]SSA ratios), and (C) the subsequent (indirectly) quantified OA 

concentrations in the coastal air (i.e., [OA]coastal air) using the strategy summarized in eq. 3.2. 

Cells denoted with (-), indicate that no samples were collected for that time point. Note that the 

OA content in the environmental samples was always below the LOD and are thus not given. 

 

 A.  Environmental  
[Na+]coastal air (µg m-3)   
(sampled air volume) 

  B. Experimental 
MART-based 

[OA]SSA/[Na+]SSA  
 (pg µg-1) 

  C. Environmental 
indirectly quantified 
[OA]coastal air (pg m-3) 

 

Beach club Lifeguard chair  
   50 m inland Near waterline 

04-jul-2017 - -  2.00 ± 0.32  - - 

06-jul-2017 2.1   (4.9 m³) -  1.45 ± 0.18  3.0 - 

07-jul-2017 1.2   (4.5 m³) -  -  1.3 - 

10-jul-2017 1.8   (4.7 m³) -  0.73 ± 0.07  1.3 - 

12-jul-2017 - 28.1   (0.46 m³)  -  - 49 

13-jul-2017 0.23   (4.0 m³) -  2.76 ± 0.96  0.62 - 

18-jul-2017 12    (3.9 m³) 64.0   (1.87 m³)  0.80 ± 0.06  9.5 51 

19-jul-2017 - -  1.58 ± 0.31  - - 

20-jul-2017 4.9   (4.5 m³) -  -  5.6 - 

24-jul-2017 8.4   (4.3 m³) -  0.71 ± 0.16  6.0 - 

26-jul-2017 - 9.0   (1.1 m³)  -  - 7.3 

28-jul-2017 - -  0.91 ± 0.32  - - 
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In addition, the average Mg2+/Na+ mass ratios of the environmental SSA samples (11.7 

± 0.7%) and the MART SSA samples (12.1 ± 0.8%) were consistent with the ratio in 

seawater (11.9%).204,205 These results thus confirm the SSA origin of the analyzed Na+. 

 

4 Discussion 

Both in the context of the observed negative effects of red tide aerosols17 and the 

beneficial biogenics hypothesis,46 research on the aerosolization of marine 

phycotoxins is gaining interest. In this study, we investigated the aerosolization of 

marine phycotoxins that have not (yet) been associated with harmful effects on the 

human respiratory system. 

 

4.1 Method development 

As appropriate methodologies to quantify this airborne exposure were largely lacking, 

our first aim was to develop such dedicated tools. We optimized a sampling method 

for SSAs. Following optimization, the linearity of the collected Na+ as a function of the 

MART sampling time (R²>0.90; Figure S3.4), and the low (filter) breakthrough of Na+ 

and phycotoxins (see Annex III section 7) demonstrated the good collection efficiency 

of our final SSA sampling method. Next, we optimized and successfully validated the 

UHPLC-HR-Orbitrap-MS method to analyze phycotoxins in SSA samples, according 

to dedicated guidelines.191ï194 This method was specific to six phycotoxins and showed 

a good linear response (R²>0.99), low LOQ levels (0.58-1.20 ng mL-1), high and stable 

recoveries (85.3-101.8%), and acceptable precision (RSDs between 5.8 and 17.2%). 

In comparison with analytical methods for the same phycotoxins in different matrices 

(e.g., bivalves,131,133,134 algae,132 and passive samplers131), our method showed similar 

or better results for the described validation criteria. The methodôs applicability was 

extensively demonstrated in the subsequently performed MART experiments. These 

aerosolization experiments produced the first quantitative detection for OA, hYTX and 

DTX-1 in an (experimental) SSA phase. The determined LOQ and indirectly quantified 

[OA]coastal air values (Table 3.2C) suggest that direct phycotoxin quantification in 

environmental SSAs is possible using the developed method. Such direct 

quantification, however, requires the sampling of larger air volumes (i.e., one order of 

magnitude higher).  
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4.2 Laboratory SSA experiments using spiked seawater 

In the next stage of our study, the concurrent measurement of Na+ and phycotoxins in 

both the SSW and SSA samples allowed us to characterize the enriched aerosolization 

of phycotoxins (Figure 3.2). A good quantitative understanding of these enrichment 

processes is of major importance as these may greatly increase the air concentrations 

([TOX]coastal air) that humans are exposed to. To our knowledge, Pierce et al.206 are the 

only ones who have quantified SSA enrichment for harmful phycotoxins prior to our 

study (i.e., EFSSA from 5 to 50 for PbTxs). They used the micro-algae Karenia brevis in 

combination with a SSA generator. Their EFSSA-range is 1 to 2 orders of magnitude 

lower than that determined in this study for OA, hYTX and DTX-1. This difference 

cannot be attributed to hydrophobicity properties, as the principal PbTx(-2) analogue206 

had a log Kow value (i.e., 3.7) similar to OA, hYTX and DTX-1 (i.e., 3.4-3.8). Olson et 

al.207 ï who recently performed lake spray aerosol (LSA) experiments - found that 

aerosolization of diverse microcystins was dependent on their hydrophobicity. They207 

reported an EFLSA value of 10 for the hydrophilic microcystin-RR (log Kow = -0.2), while 

the hydrophobic microcystin-LA (log Kow = 3.5) had an EFLSA of 2000. The limited 

available literature on SSA enrichment processes (overview in Table S3.6), shows that 

EFSSA values can vary greatly depending on the compoundôs chemical properties and 

that enrichment is inversely related to the SSA size. The latter observation can be 

attributed to the different SSA production mechanisms.73,87 

 

Fine film drop SSAs are produced by the bursting bubble films61,62 which are highly 

enriched with hydrophobic and surface-active materials.59,208ï210 Conversely, the 

coarser jet drop SSAs, produced by the overshooting water jet,61,62 include a large 

fraction of non-enriched SSW.88 The study by Keene et al.92 mainly confirms this 

inverse relation between enrichment and SSA size, but reports a somewhat 

contradictory trend for the largest size fractions. They collected SSAs using an 8-stage 

impactor (i.e., 10 size fractions) and found a significantly higher organic carbon (OC) 

enrichment in the two largest fractions (EFSSA = ±103 and ±104 for 10-18 µm and 

>18 µm, respectively) as compared to the third largest fraction (EFSSA = ±102 for 5.6-

10 µm). These observations92 can be explained by the short-lived jet drop85 

aerosolization of large particulate matter76 or (fragments of) microorganisms (e.g., 

algae).80ï82 Aerosolized (toxin-producing) algae are basically dense accumulations of 

(non-excreted) phycotoxins142 and other organic compounds. The consistently higher 
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deposition of hYTX on our filter holders as compared to Na+, OA and DTX-1 

(Figure S3.10), can be explained by the above-cited (literature) findings because (1) 

the largest SSAs have a relatively higher deposition on the filter holder than on the 

filter (due to gravitational settling)211 and (2) the large particulate fraction in the SSW 

and SSML was much higher for hYTX than for OA and DTX-1 (Figure 3.2). The latter 

can be attributed to the fact that hYTX was produced by the pelagic P. reticulatum, 

which accumulated in the SSML. For the artificial seawater experiment for example, 

P. reticulatum cell counts were, on average, five times higher in the SSML as 

compared to the SSW, while P. lima concentrated in the bottom layer (see 

Figure S3.11). 

 

Quinn et al.85 performed aerosolization experiments using polystyrene beads that, like 

P. reticulatum, tend to float in the SSML. Higher concentrations of these polystyrene 

particles, however, did not result in higher aerosolization. It appears that jet drops have 

a limited capacity to aerosolize the particulate fractions in the SSML. Our finding that 

the hYTX EFSSA was 6.2 times lower in the natural seawater experiment 

(Figure 3.2A/B) may be explained by the naturally occurring particles and 

microorganisms, in this (unfiltered) seawater, which competed for jet drop 

aerosolization. In addition, the lower large particulate fraction of hYTX in the SSML 

(Figure 3.2A/B) may increase this competition effect. For OA, which was nearly entirely 

dissolved in the SSW and SSML, the EFSSA did not differ significantly (p>0.05; 95% 

confidence level) between the natural and artificial seawater experiments. This may 

suggest that the aerosolization of the dissolved fraction is much less susceptible to 

interference of other dissolved compounds in seawater. 

 

SSA enrichment is usually attributed to the preceding enrichment in the SSML. Our 

results and the literature summarized in Table S3.6, clearly show that the EFSSML 

values are often a few orders of magnitude lower than the corresponding EFSSA values. 

Hoffman and Duce208 also showed a positive relation between the distance traveled by 

rising air bubbles and the EFSSA. In agreement with Quinn et al.ôs work,87 we conclude 

that the scavenging (enrichment) process of rising air bubbles determines the EFSSA of 

(dissolved) compounds like phycotoxins to a far greater extent than SSML enrichment 

does. Another interesting observation made during the natural seawater experiment 

was the high foam stability (Figure S3.12). Medina-Pérez et al.25 observed ï using 
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Ostreopsis cf. ovata cultures in a SSA generator ï a very large counter effect of foam 

stability on the aerosolization of amphiphilic, surface active ovatoxins (OVTXs). Foam 

stability is generally attributed to (marine) surfactants, which increase the bubble 

lifetime at the surface,212,213 resulting in a more depleted/thinner bubble film and 

ultimately a lower SSA production.85,213 This decreased production was also observed 

in our natural seawater experiment during which a 3.5 times lower [Na+]air values was 

measured (Figure 3.2A/B). We therefore recommend using natural seawater in SSA 

experiments to examine the (realistic) aerosolization of particulate fractions, while 

artificial seawater can also be used for dissolved organic compounds. 

 

4.3 Coastal air concentrations and human health 

In the final stage of our study, we combined the results of the ambient SSA samples 

(beach) and experimental (MART) SSA samples (Table 3.2A/B) to indirectly quantify 

environmental air concentrations (i.e., [OA]coastal air = 0.62-51 pg m-3; Table 3.2C). Note 

that, due to the assumption that beach samples mainly contain nascent SSAs and thus 

have the same [TOX]SSA/[Na+]SSA as in the MART experiments, this concentration 

range should be viewed as an order of magnitude rather than exact values. During the 

sampling period, no HAB events were observed. The quantified [OA]coastal air values are 

therefore much lower than those reported in the literature for sea spray aerosolized 

[PbTx]coastal air (1.3-180 ng m-3)23,24,144 and [OVTX]coastal air (2.4 ng m-3),22 or freshwater 

microcystins (<2.89 ng m-3)214 aerosolized via lake spray.207,215 These reported high 

PbTx and OVTX exposure levels induced respiratory syndromes.17,138 For the lake 

spray aerosolized microcystins there have been no reported cases inducing negative 

health effects. It has however been shown that mice are 10 times more sensitive to 

microcystins via inhalation than via ingestion.216,217 As further discussed in Chapter 6 

section 2-Q4, due to the absence of (in vivo) toxicological data for the respiratory 

exposure to OA, a robust risk assessment for the highest [OA]coastal air (i.e., 51 pg m-3) 

determined here is currently not possible and too arbitrary to be trustworthy. To date, 

there have been no reported (medical) cases of respiratory syndromes upon airborne 

exposure to SSAs, during HABs of OA-producing algae. It therefore seems rather 

unlikely that the current [OA]coastal air induce negative health effects. We also do not 

expect health risks related to any other phycotoxin, because (1) DSP toxins (i.e., OA 

and DTXs) are the dominant phycotoxins in the North Sea151ï153 and (2) no other 

phycotoxins were detected in our MART experiments using pure natural seawater.  
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In previous studies, we179,180 and others145 have studied the potential positive health 

effects of airborne exposure to other phycotoxins (beside OA) using in vitro assays. 

These studies showed, among others, that YTXs can downregulate the mTOR 

pathway, that is, the crucial cellular pathway in Mooreôs biogenics hypothesis.46 The 

current study demonstrates the potential for exposure to YTXs through SSAs and 

therefore supports, combined with the above-cited effect studies,145,179,180 the 

principles of the biogenics hypothesis. This highlights that, in addition to adverse 

effects of phycotoxins, SSAs can provide an exposure route for a whole spectrum of 

marine compounds with positive pharmacological effects.26,27 
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Abstract 

SSAs contain microbiota and natural compounds which could affect human health. Yet 

the exposure and effects of SSAs on human health remain poorly studied. Here, we 

exposed human lung cancer cells during an exposure period of 43 h to (1) the extract 

of a natural SSA, (2) the marine phycotoxin hYTX, (3) the extract of a laboratory-

generated SSA containing hYTX, and (4) a chemical inhibitor of the mTOR pathway. 

By using RNA sequencing, we characterized the molecular responses (i.e., differential 

gene expression) of the lung cells to the different treatments. We observed significant 

increased expression of genes related to the mTOR pathway and proprotein 

convertase subtilisin/kexin type 9 (PCSK9) after exposure to hYTX and the laboratory-

generated SSA. In contrast, we observed a significant decreased expression of the 

genes related to the mTOR pathway and PCSK9 after exposure to the natural SSA 

and the mTOR inhibitor, suggesting induction of apoptosis. These effects, observed in 

the natural SSA treatment, are thus induced by other marine compounds than YTXs. 

Our results indicate that marine compounds in SSAs interact with PCSK9 and the 

mTOR pathway, and that they can be further explored for potential new pharmaceutical 

applications. Overall, our results provide molecular evidence for potential beneficial 

health effects at environmental relevant concentrations of natural SSAs. 

 

1 Introduction 

The ocean contains a variety of biogenic or naturally produced compounds that 

become airborne via sea spray aerosolization.218ï220 In addition to bacteria, many 

phytoplankton species also produce a wide range of bioactive compounds such as 

vitamins, pigments, polyphenolics and phycotoxins.121,221 Phycotoxins have primarily 

been studied in the context of harmful algal blooms (HABs), in which they can be 

present at detrimental concentrations.23,121 Human intoxications with phycotoxins 

mainly occur via seafood consumption and more specifically via shellfish 

poisoning.121,222,223 Furthermore, some of these phycotoxins can cause health effects 

through their presence in SSAs. This has been reported for PbTxs, i.e., a group of toxic 

cyclic polyethers produced by the dinoflagellate K. brevis.224 Exposure to aerosolized 

PbTxs can lead to respiratory symptoms in humans during HAB conditions, particularly 

in people with asthma,177,225 and have been well-studied and documented.23,177,224,225 
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Little attention has been given to other phycotoxins and to their potential effects at the 

low, environmentally relevant, concentrations in which they may be present in SSAs 

during regular environmental conditions.82 In addition, some of these bioactive 

compounds (e.g., yessotoxins (YTXs))145 have been targeted for their pharmaceutical 

or biotechnological potential.104,226 YTXs, produced by marine dinoflagellates such as 

Protoceratium reticulatum, appear to induce apoptotic cell death through the 

mammalian target of rapamycin (mTOR) pathway164,180 and seems to inhibit tumor 

growth.227 Combined with other unidentified compounds in the marine environment, 

these known bioactive compounds could contribute to beneficial health effects in 

coastal environments. A number of studies highlight several health promoting 

pathways through which airborne microbiota and compounds from blue and green 

environments may have beneficial health effects.45,46 Airborne microbiota are thought 

to contribute to a more effective immunoregulation once inhaled or ingested.45 

Additionally, it was suggested that inhalation of low levels of microbes and parasites 

reduces inflammation and improves immunoregulation.45,46 Biogenic or natural 

compounds produced by plants, fungi, phytoplankton species and bacteria,48,218,219 

have been hypothesized to induce positive health effects via the interaction with 

specific cell signaling pathways such as the mTOR pathway.46 This pathway is a key 

regulator of cell growth and cell proliferation that integrates signals from both the 

environment (e.g., nutrients) and internal processes (e.g., energy status, growth 

factors) to regulate several cell processes including autophagy and energy 

metabolism.228 The link between the mTOR pathway and beneficial health effects is 

supported by a number of studies,52,229ï231 demonstrating that its inhibition is 

associated with health benefits such as anti-cancer and anti-inflammatory effects. 

 

Here, we hypothesize that beneficial health effects of SSAs in coastal environments 

can be attributed to interactions between bioactive marine compounds such as 

yessotoxin (YTX) and the mTOR pathway. To this end, we exposed human lung cells 

to (1) the pure compound homoyessotoxin (hYTX), (2) the extract of a SSA generated 

in a marine aerosol reference tank (MART) inoculated with the hYTX producing 

dinoflagellate P. reticulatum,232 (3) a natural SSA collected at the seashore, and (4) a 

chemical inhibitor of the mTOR pathway (Torkinib/PP242). In our design, we start from 

the simplest situation: exposure to a biogenic compound (hYTX) as a single substance, 

extrapolate to a more complex but characterized laboratory-generated sample and 
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finally to a black-box environmental mixture (i.e., natural SSA). We used RNA 

sequencing to characterize the molecular responses. The different treatments, 

including different dose levels per treatment, allowed us to study a range of conditions, 

from most realistic, i.e., natural SSA, to the simplest, i.e., a single marine compound 

(hYTX). With this experimental design, we will address the following research 

questions: (1) are the effects of pure hYTX similar to the effects of hYTX in a laboratory-

generated SSA matrix, (2) can the effects of the extract of a laboratory-generated SSA 

be extrapolated to the effects of a natural collected SSA, when dosed at more 

environmentally realistic levels, and (3) do hYTX, the extract of a laboratory-generated 

SSA (containing hYTX) and the extract of a natural collected SSA interact with the 

mTOR pathway in human lung cells. As such, we aim to provide molecular evidence 

to support the hypothesis that SSAs are a source of health benefits such as anti-

cancer, positive cardiovascular and anti-inflammatory effects. 

 

2 Materials and methods 

2.1 Lung cell culturing 

The used lung cell culturing methods were identical as in Chapter 2 (section 2.2). In 

short, adenocarcinoma alveolar basal cells (A549) were grown in Dulbecco's modified 

eagle medium (DMEM), including phenol red, 10% heat-inactivated fetal bovine serum 

(FBS), 100 U mLī1 penicillin, and 100 µg mLī1 streptomycin, at 5% CO2, 37 °C, and 

>95% relative humidity. Confluent cultures were sub-cultured, using 0.5% Trypsinï

EDTA, and split twice a week in a 1:8 ratio or used in experiments as explained below. 

 

2.2 Experimental procedure 

Confluent cell cultures were trypsinized and transferred in 3 mL fresh DMEM to Nunc 

6-well plates at a density of 320,000 cells wellī1. After seeding, cells were incubated 

for 10 h at 37 °C, 5% CO2 and >95% relative humidity to stimulate growth and 

adherence to the surface. Then, cells were subjected to one of five treatments and 

incubated for another 43 h at identical conditions prior to RNA extraction. The five 

treatments included (1) unexposed cells as a negative control, (2) an extract of a 

natural SSA sample from the seashore, (3) an extract of a laboratory-generated SSA 

containing hYTX, (4) pure hYTX, (5) a chemical inhibitor of the mTOR pathway, 
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i.e., 0.3 µM Torkinib or PP242 (LC Laboratories), as a positive control. The negative 

control treatment also contained 2% methanol to exclude a solvent effect as all other 

treatments were extracted, diluted or dissolved in methanol. 

 

SSA samples were collected on Whatman® QM-A quartz microfiber filters (Ø 47 mm), 

enclosed in stainless steel in-line filter holders (Pall Corporation). The laboratory-

generated SSA extract containing hYTX was generated as described in Chapter 2 

section 2.1. In short, SSAs were produced in a marine aerosol reference tank (MART) 

filled with artificial seawater (i.e., L1-medium; see Annex III section 1) and inoculated 

with hYTX-producing P. reticulatum at 106 cells L-1. The SSAs were sampled during 16 

h, and subsequently extracted and analyzed on their Na+ and phycotoxin (i.e., hYTX) 

contents following the dedicated methods described in Chapter 3 (sections 2.3-2.5). 

This laboratory-generated SSA extract, which is hereafter referred to as the lab SSA 

(extract) treatment, thus contained a known hYTX concentration and a mixture of other 

aerosolizable compounds (with unknown concentrations). The natural SSA sample 

was collected at the waterline close to Ostend, Belgium (51Á14ǋ27ǌN, 2Á56ǋ10ǌE) by 

sampling for 46 min at a constant air flow of 10 L minī1 using a battery-powered Leland 

Legacy personal sampling pump (SKC). The sampling flow rate corresponded to the 

minute ventilation of an average human in rest (9ï10 L minī1).233,234 During sampling, 

the wind direction was 0.7 ± 3.1° (North) and wind speed was 15.0 ± 0.6 m sī1, 

indicating white cap SSA production. This natural SSA filter sample was extracted and 

analyzed following the dedicated methods described in Chapter 3 (sections 2.3-2.5). 

The filters of the natural SSA and lab SSA were thus extracted following the same 

methanol extraction procedures. In contrast to the Na+
 content, the phycotoxin content 

was not analyzed in the natural SSA sample. Based on the analysis of similar SSA 

samples from that time period (i.e., July 2017; see Chapter 3), however, we can 

conclude that no phycotoxins would have exceeded the LODs in this rather small 

sample. The pure hYTX was purchased as a certified reference standard (5 µM hYTX 

in methanol) from the National Research Council Canada. 

 

To allow an optimal comparison between the hYTX treatment and the lab SSA 

treatment the dose levels were determined based on the hYTX concentrations. The 

pure hYTX reference material and lab SSA extract (containing hYTX) were diluted in 

methanol to obtain the following hYTX dose levels: 0.5 µg Lī1 (high), 10-2 µg Lī1 (mid), 

10-5 µg Lī1 (low). These hYTX doses were identical to the ones used in the western 
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blotting experiment in Chapter 2 (see Figure 2.4), where this highest dose 

(i.e., 0.5 µg Lī1) showed a significant downregulation of the mTOR pathway activity. 

For the natural SSA, the low, mid and high doses were determined by comparing the 

total alveolar surface of human lungs with the cell surface available in a single well 

(9.6 cm²), and by comparing the sample collection duration (46 min) with the 

experimental exposure duration (43 h), as discussed in SI (Annex IV section 1). We 

selected a low dose that represents the same exposure as the amount of inhaled SSA 

during the sampling period at the seashore but extended over a 43 h exposure period 

and normalized to the cell surface in a single well (detailed calculations are reported in 

Annex IV section 1). The mid and high dose represent a 10× and 40× concentration of 

the low dose level. These levels were specifically chosen to adhere to environmentally 

realistic (background) concentrations. The mid dose level (10× concentration) was 

based on the hypothesis of increased minute ventilation during physical exercise which 

is reported to vary between 70ï100 L minī1 for both continuous and intermittent 

exercise.234ï236 The high dose level (40× concentration) was selected based on the 

hypothesis of increased aerosolization (i.e., wind/wave action) as well as activities at 

the shore line or at sea (e.g., swimming, sailing, windsurfing). The detailed procedure 

is described in SI (Annex IV section 1). An overview of all different treatments and 

concentrations levels is given in Table 4.1. 

 

Table 4.1: Overview of the different experimental treatments. Note that the [Na+] indicate 

additional concentrations that were added through the SSA treatments, as the DMEM (i.e., the 

medium) already contained 10.7 mg Na+ well-1. 

Treatment 
Dose 
level 

Concentration 
relative to low dose 

[hYTX]  
(µg L-1) 

[Na+]  
(µg well-1) 

[methanol] 
(%) 

Natural SSA Low × 1 Unkown 0.014 2 

   (collected at the Belgium  Mid × 10 Unkown 0.14 2 

   shore - black box mixture) High × 40 Unkown 0.6 2 
      

Lab SSA Low × 1 10-5 6 · 10-5 2 

   (generated in the labora-  Mid × 103 10-2 6 · 10-2 2 

   tory using the MART) High × 5 · 104 0.5 2.8 2 
      

hYTX Low × 1 10-5 0 2 

   (pure single substance) Mid × 103 10-2 0 2 

 High × 5 · 104 0.5 0 2 
      

mTOR inhibitor/positive control 
   (0.3 µM Torkinib/PP242) 

   /     /  0 0 2 

      

Negative control    /     /  0 0 2 
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2.3 RNA extraction, library preparation and sequencing 

RNA was extracted using the Qiagen RNEasy kit following the manufacturerôs 

instructions including DNAse digestion. After RNA extraction, the concentration and 

quality of the total extracted RNA was checked by using the óQuant-it ribogreen RNA 

assayô (Life Technologies) and the RNA 6000 nano chip (Agilent Technologies), 

respectively. Subsequently, 250 ng of RNA was used to perform an Illumina 

sequencing library preparation using the QuantSeq 3ǋ mRNA-Seq Library Prep Kits 

(Lexogen) according to manufacturerôs protocol. During library preparation 14 PCR 

cycles were used. Libraries were quantified by qPCR, according to Illuminaôs protocol 

óSequencing Library qPCR Quantification protocol guideô, version February 2011. A 

high sensitivity DNA chip (Agilent Technologies) was used to control the libraryôs size 

distribution and quality. Sequencing was performed on a high throughput Illumina 

NextSeq500 flow cell generating 75 bp single reads. 

 

2.4 Data analysis 

Per sample, on average 7.5 × 106 ± 1.6 × 106 reads were generated. First, these reads 

were trimmed using cutadapt237 version 1.15 to remove the ñQuantSEQ FWDò adaptor 

sequence. The trimmed reads were mapped against the Homo sapiens GRCh38.89 

reference genome using STAR238 version 2.5.3a. The RSEM239 software, version 

1.3.0, was used to generate the count tables. Differential gene expression analysis 

between groups of samples was performed using edgeR.240 Genes with less than 1 

cpm in less than 4 samples were discarded, resulting in 16,546 quantifiable genes. 

Read counts were normalized using trimmed mean of M-values (TMM) followed by a 

pairwise comparison of treatments with the negative and positive control using an exact 

test.240 Significantly differentially expressed (DE) genes were called at a false 

discovery rate of 0.01. Significant enrichment of KEGG pathways241 with differentially 

expressed (DE) genes was done using a fisher test and called at an adjusted p-value 

level of 0.01. Benjamini-Hochberg adjustment was used to account for multiple testing. 

Gene set enrichment analysis (GSEA) was conducted to detect enrichment in hallmark 

gene sets and genetic and chemical perturbations gene sets of the molecular signature 

database.242 Enriched gene sets were identified at a false discovery rate of 0.01. A 

dose response analysis was performed with the maSigPro243 R package for each of 

the three phycotoxin treatments. In a first step a general linear model was built with the 
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3 treatments, 3 concentrations and the square of each concentration. Statistical testing 

was done using the log-likelihood ratio statistic. Genes with a false discovery rate 

(FDR) <0.05 were considered significantly differential. In a second step, for each 

significant differentially expressed gene, an optimized regression model was created 

using stepwise backward regression. Exclusion of the quadratic term from the model 

was performed using a regression ANOVA, testing if the regression coefficients 

differed from 0 at a significance level of 0.05. Afterwards the goodness of fit (i.e., R²) 

of each optimized regression model was computed. Genes with a goodness of fit 

greater than 0.8 were used in a hierarchical cluster analysis based on the correlation 

between the regression models of the genes. 

  

3 Results 

We quantified the expression of 16,565 genes and observed differential expression 

across all treatments. The highest number of DE genes was observed in the pure hYTX 

treatment, hereafter referred to as hYTX. We observed a decreasing number of 

differentially expressed genes in the chemical mTOR inhibitor treatment, the natural 

SSA treatment and the lab SSA (containing hYTX) treatment. We observed significant 

DE genes in all treatments at the highest dose levels at false discovery rates (FDR) of 

0.01 and 0.05 (Figure 4.1A). Given the small difference between the two FDRs, the 

most conservative FDR was selected for further analysis. We identified two DE genes 

shared by all high dose level treatments and the mTOR inhibitor (Figure 4.1B) and 

three DE genes shared by all high dose level treatments. The two DE genes shared 

by all (high dose level) treatments and the mTOR inhibitor (Figure 4.1B) were the small 

integral membrane protein 29 (SMIM 29) and proprotein convertase subtilisin/kexin 

type 9 (PCSK9). The three genes shared by all high dose treatments but not with the 

mTOR inhibitor were stearoyl-CoA desaturase (SCD), cytochrome P450 family 1 

subfamily B member 1 (CYP1B1) and peptidyl arginine deiminase 3 (PADI3). 
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Figure 4.1: Differential gene expression across treatments. (A) Number of significant genes at 

different false discovery rates (FDR) for the different sea spray aerosols (SSA) treatments and 

homoyessotoxin (hYTX). (B) Venn diagram of shared significant genes across high dose 

treatments with significant genes at an FDR of 0.01. 

 

We observed a total of 1898 genes with a significant dose response effect across the 

three treatments (hYTX, lab SSA and natural SSA). Based on a regression analysis 

and clustering, we found four clusters of dose response patterns. These clusters all 

showed the same trend which consists of a steep dose response curve for hYTX, while 

the lab SSA and the natural SSA showed a slower increase (Figure S4.1). A pathway 

analysis revealed four pathways that were enriched for genes with a significant dose 

response effect (Table S4.3). These pathways are the spliceosome, lysosome, steroid 

biosynthesis and glycogenesis. 

 

3.1 Effect comparison of the hYTX and lab SSA treatments 

First, we observed that all DE genes regulated by the lab SSA (containing hYTX) are 

a subset of the DE genes regulated by hYTX (Figure 4.1B). Second, for the five genes 

shared by the lab SSA, hYTX and the natural SSA (Figures 4.1B and 4.2), we saw the 

same dose response pattern for the hYTX and the lab SSA treatments: increasing 

gene expression with increasing dose. For SMIM 29, the responses to the highest dose 

(0.5 µg Lī1) of both the hYTX and lab SSA treatments were comparable to the 

increased expression for the mTOR inhibitor (Figure 4.2A). In contrast, PCSK9 was 

downregulated by the mTOR inhibitor while it was significantly upregulated at 

0.5 µg Lī1 of hYTX in both the hYTX and lab SSA treatments (Figure 4.2B). The three 

other genes were not significantly regulated by the mTOR inhibitor (Figure 4.2CïE). 
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Figure 4.2: Differential gene expression in the (pure) homoyessotoxin treatment (hYTX, grey), 

the laboratory generated sea spray aerosol treatment (lab SSA, blue) and mTOR inhibitor 

treatment (red). Log fold change for (A) small integral membrane protein 29 (SMIM 29), (B) 

proprotein convertase subtilisin/kexin type 9 (PCSK9), (C) stearoyl-CoA desaturase (SCD), 

(D) cytochrome P450 family 1 subfamily B member 1 (CYP1B1) and (E) peptidyl arginine 

deiminase 3 (PADI3). Asterisk symbols denote significance at a false discovery rate of 0.01. 

 

Third, at the pathway level, we observed an increase in upregulated and a decrease 

in downregulated genes with increasing dose levels of the hYTX treatment for all path-

ways (Figure 4.3). For the lab SSA, this same pattern was observed for the lysosome 

and steroid biosynthesis but not for the glycogenesis and the spliceosome (Figure 4.3). 

For the glycogenesis and the spliceosome, more upregulated genes in the highest and 

lowest dose treatment were observed while the mid dose treatment showed more 

downregulated genes (Figure 4.3A-B). For three of the four pathways, the mTOR 

inhibitor response was similar to the low dose of both the lab SSA and hYTX treatments 

(Figure 4.3A,C-D). For the spliceosome, the response differed (Figure 4.3B). 
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Figure 4.3: Dose response patterns in significantly affected pathways. Number of significantly 

upregulated (>0) or downregulated (<0) genes in (A) the glycogenesis, (B) spliceosome, (C) 

lysosome, (D) steroid biosynthesis for the treatments: homoyessotoxin (hYTX, grey), the lab 

sea spray aerosol (lab SSA, blue), and the mTOR inhibitor (red). 

 

3.2 Effect comparison for the lab SSA and natural SSA treatments 

Five DE genes that were shared between the lab SSA and the natural SSA treatments. 

These five genes were also shared with the hYTX treatment (Figures 4.1B and 4.4). A 

direct comparison between the natural and lab SSA can be made in terms of total mass 

of the sampled sea spray aerosol by using Na+ as a proxy.62 The lab SSA dose levels 

were 2.8, 0.06 and 0.00006 µg Na+ wellī1 while the natural SSA dose levels, due to 

the smaller sample size, were 0.6, 0.14 and 0.014 µg Na+ wellī1 (section 1.2). As such, 

the high dose natural SSA treatment is almost five times smaller, in terms of aerosol 

mass, than the high dose lab SSA treatment. This is due to the fact that the dose levels 

of the natural SSA were selected to represent realistic exposure scenarios whereas 

the lab SSA levels were selected to cover the effective range of hYTX. The low dose 

natural SSA can therefore be situated between the low and mid dose lab SSA, while 

the mid and high dose natural SSA between the mid and high dose lab SSA. 



Chapter 4: Molecular effects of SSAs 

______ 
85--- 

For three genes (i.e., SMIM29, CYP1B1, PADI3), the pattern was the same for both 

treatments with an increased gene expression with increasing dose levels 

(Figure 4.4A,D-E). The two other significantly affected genes (i.e., PCSK9 and SCD), 

showed a different pattern between these two treatments (Figure 4.4B-C). We 

observed an increased gene expression with increasing dose levels for the lab SSA 

but a decrease with increasing dose levels for the natural SSA (Figure 4.4). The mTOR 

inhibitor, which had a significant effect on both PCSK9 and SMIM29, showed the same 

response pattern as the highest dose treatment of the natural SSA (Figure 4.4A-B). 

 

 

Figure 4.4: Differential gene expression in the lab SSA (blue), natural SSA (yellow) and mTOR 

inhibitor (red) treatments. Log fold change for (A) small integral membrane protein 29 

(SMIM29), (B) proprotein convertase subtilisin/kexin type 9 (PCSK9), (C) stearoyl-CoA 

desaturase (SCD), (D) cytochrome P450 family 1 subfamily B member 1 (CYP1B1), and (E) 

peptidyl arginine deiminase 3 (PADI3). (*) denote significance at a false discovery rate of 0.01. 

 

 



 

______ 
---86-- 

At the pathway level, we studied the four pathways with a significant dose response 

pattern: the glycogenesis, lysosome, spliceosome and steroid biosynthesis. Overall, 

we observed different patterns for the two treatments across the four pathways 

(Figure 4.5). For example, for the steroid biosynthesis, we observed more upregulation 

with increasing dose levels for the lab SSA treatment and more downregulation with 

increasing dose levels for the natural SSA treatment. In all pathways, the response of 

the mTOR inhibitor treatment was comparable to the response of the natural SSA 

treatment (Figure 4.5). 

 

 

Figure 4.5: Dose response patterns in significant pathways. Number of significantly 

upregulated (>0) or downregulated (<0) genes in (A) the glycogenesis, (B) the spliceosome, 

(C) lysosome, (D) steroid biosynthesis for the treatments: lab sea spray aerosol (SSA, blue), 

natural SSA (yellow) and mTOR inhibitor (red). 
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3.3 All treatments interact with the mTOR pathway 

Here, the genes of the mTOR pathway (as defined by the KEGG database)241 and a 

hallmark set of genes upregulated upon activation of the mTORC1 complex (as defined 

by the molecular signature databases)242 were used to evaluate potential effects of the 

treatments on the mTOR pathway. No enrichment of significantly expressed genes of 

the mTOR pathway (as defined by the KEGG database) was observed in any of the 

treatments. However, individual genes of the mTOR pathway (as defined by the KEGG 

database), were significantly regulated in different high dose treatments, with the 

exception of the lab SSA for which no genes were differentially expressed (Table S4.1). 

Taking a closer look at the hallmark mTORC1 set, we observed that the gene 

expression patterns differed across treatments (Figure S4.2). Hierarchical clustering of 

these patterns indicated that differentially expressed genes were in general regulated 

in the opposite direction for hYTX and the lab SSA versus the natural SSA and the 

chemical inhibitor (Figure S4.2). This pattern is even more prominent when focusing 

on the genes that contribute significantly (FDR<0.05) to the enrichment score in the 

hallmark set for all 4 treatments (Figure 4.6). This group of 17 genes showed 

completely opposite regulation patterns in the high dose hYTX and high dose lab SSA 

versus the high dose natural SSA and the chemical inhibitor (Figure 4.6). The first 

group showed increased expression or upregulation of hallmark genes, confirmed by 

a significant positive enrichment score of 2.14 and 1.92 for the pure hYTX and lab SSA 

treatments respectively (Table S4.2). In contrast, the chemical inhibitor and high dose 

natural SSA treatments showed an inhibition of expression or downregulation of the 

hallmark genes, reflected by a negative enrichment score of ī2.32 and ī1.24 for the 

mTOR inhibitor and the natural lab SSA treatment respectively (Table S4.2). 
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Figure 4.6: Enrichment of the mTOR Hallmark set. Heatmap for all treatments of the fold 

changes of genes that contribute significantly to the enrichment score for all three treatments 

at the highest dose and the mTOR inhibitor. Treatments: chemical mTOR inhibitor, 

homoyessotoxin (hYTX), lab sea spray aerosol (lab SSA) and natural sea spray aerosol (SSA) 

at high, mid and low doses. For hYTX and the lab SSA, hYTX levels are: 0.5 µg Lī1 (high),  

10-2 µg Lī1 (mid), 10-5 µg Lī1 (low). For the lab SSA, sodium levels are: 2.8 µg Na+ wellī1(high), 

6·10-2  µg Na+ wellī1(mid), and 6·10-5 µg Na+ wellī1(low), and for the natural SSA, sodium levels 

are: 0.6 µg Na+ wellī1(high), 0.14 µg Na+ wellī1 (mid) and 1.4 µg·10-2 Na+ wellī1(low).
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4 Discussion 

It has been postulated that marine compounds in SSAs lead to beneficial health effects 

in humans through interactions with the mTOR pathway.46 This is based on the fact 

that the augmented activity of this kinase pathway is related to multiple pathological 

conditions.49 As such, the mTOR pathway is important in the context of cancer 

pathogenesis. Many genes encoding proteins that lie upstream (e.g., PTEN, PI3K ) 

and downstream (e.g., 4E-BP1 and eIF4E) of the mTOR complexes are mutated in 

human cancers. This often leads to oncogenic activation of the mTOR pathway 

inducing processes required for cancer cell growth, survival, and proliferation.49 The 

fact that a carcinogenic lung cell line (i.e., A549) was used in the performed in vitro 

experiments is therefore most interesting. For comparison, it would have been even 

more interesting when a normal lung cell line was also included. Unfortunately this was 

not possible due to experimental limitations. 

 

Here, we report the effects of a pure natural compound hYTX, the extract of a lab 

generated SSA (containing hYTX from an algal producer) and the extract of a natural 

SSA sampled from the environment on human lung cells. We observed a high overlap 

between the effects of the pure hYTX and the lab SSA treatments at the gene and 

pathway level. This suggests that the effects of the lab SSA are most likely comparable 

to effects of a diluted hYTX treatment. Or, in other words, the effects of the lab SSA 

containing hYTX from an algal producer are weaker than the effects of the pure hYTX 

treatment despite containing the same amount of hYTX. This suggests that (1) the lab 

SSA may have contained additional compounds which interact with hYTX leading to 

weaker effects or that (2) the lab SSA may have contained hYTX or YTX analogues or 

metabolites with potential weaker effects that competed with hYTX for molecular 

binding sites and uptake. In this context, Paz et al.244 described nearly 40 YTX 

analogues. Both assumptions (1) and (2) suggest a lower bioavailability of pure hYTX, 

potentially leading to a lower actual dose. 

 

Interestingly, the effects of the natural SSA at the gene and pathway level closely 

resembled the effects of the mTOR inhibitor, but contrast with the effects of hYTX and 

the lab SSA. The differences between these two treatment clusters highlight that while 

all treatments targeted the mTOR pathway, their molecular responses were opposite. 
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This suggests that the natural SSA is a complex mixture of marine compounds 

interacting with the mTOR pathway leading to different expression patterns of the same 

pathway than the lab SSA. Literature reports only briefly on the organic composition of 

SSAs, but suggests a large diversity in natural compounds (see Table S3.6). The 

similarities in gene regulation between the natural SSA and mTOR inhibitor suggest 

that natural SSAs indeed contain marine compounds that cause comparable effects 

as the known mTOR inhibitor and could therefore downregulate the mTOR pathway. 

In contrast, the pure hYTX and lab SSA treatments induced a significant increased 

expression of the genes related to the mTOR pathway. This does not necessarily imply 

that the activity of the mTOR pathway was stimulated. It does show that hYTX and the 

lab SSA interacted differently with the mTOR pathway and that most probably other 

marine chemicals (than hYTX) induced the effects observed in the natural SSA 

treatment. The high dose treatments for both hYTX and the lab SSA of 0.5 µg hYTX 

Lī1 are however an extreme case scenario, reflecting concentrations in the sea water 

during harmful algal blooms (see Annex IV section 1). The environmental 

concentrations of hYTX in seawater and coastal air have not been previously reported 

but are expected to lie (for the seawater) between the low and mid dose levels based 

on estimates of cell counts of hYTX producers and hYTX production per cell (see 

Annex IV section 1). It is clear that while the exact regulation of genes and pathways 

differs between the lab SSA and natural SSA extracts, both samples significantly 

interact with the mTOR pathway. Furthermore, the effects of the natural SSA extract 

are similar to the effects of the chemical mTOR inhibitor suggesting beneficial health 

effects at environmentally relevant concentrations. 

 

We observed two genes significantly regulated by all treatments and by the mTOR 

inhibitor. The first gene was the small integral membrane protein 29 (SMIM 29). Little 

functional information on this protein is available, although it is ubiquitously expressed 

in at least 25 tissues.245 The other gene is proprotein convertase subtilisin/ kexin type 

9 (PCSK9; see Figure 4.7), primarily involved in lipid homeostasis and apoptosis.246 

PCSK9 is thought to have two major functions: (1) maintenance of lipid homeostasis 

by the regulation of low-density lipoprotein receptors and (2) the regulation of neural 

apoptosis.246 In general, the overexpression or upregulation of PCSK9 is associated 

with the dysregulation of pathways involved in the cell cycle, inflammation and 

apoptosis while the inhibition or downregulation of PCSK9 in carcinogenic lung cells 
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has been associated with apoptosis of these cell lines.246 In mouse, a similar pattern 

has been observed.247 Upregulation of PCSK9 was associated with multi-organ 

pathology and inflammation while PCSK9 downregulation was associated with 

protection against inflammation, organ pathology and systemic bacterial 

dissemation.247 These findings in literature together with our results, (i.e., 

downregulation of PCSK9 in the mTOR inhibitor and the natural SSA treatments) 

suggest beneficial health effects of natural SSAs through the apoptosis of lung cancer 

cells. Based on the results provided here on PCSK9, we propose that SSAs could 

contain compounds with significant pharmaceutical potential in targeting PCSK9.248 In 

fact, in recent years, an increasing number of natural occurring compounds and 

extracts have shown to inhibit PCSK9, including (marine) n-3 fatty acids.249 

 

We also observed three genes that were significantly regulated by all treatments but 

not by the mTOR inhibitor: SCD, PADI3 and CYP1B1. The pattern of SCD was 

comparable to that of PCSK9 while the patterns of PADI3 and CYP1B1 were 

comparable to the pattern of SMIM29. This can be attributed to the functions of SCD 

and PCSK9, as both are involved in lipid biosynthesis. Furthermore, research has 

already indicated links between the mTOR pathway and the lipid homeostasis,50 

including the effects on SCD and other genes after exposure to mTOR inhibitors (see 

Figure 4.7).50 Evidence points to the sterol regulatory element binding transcription 

factor 1 (SREBF1) through which the regulation of lipogenesis by mTOR is achieved.50 

This gene was significantly regulated by the natural SSA treatment, but not by any of 

the other treatments. CYP1B1 is commonly involved in the metabolism of xenobiotics 

and could play a role in metabolizing some of the marine compounds. Literature has 

also reported a relation between CYP1B1 and SCD in lipid homeostasis in liver cells,250 

(see Figure 4.7) although the extent of this relation in lung cells remains unclear. Here 

we observed an increase in expression of CYP1B1 in all treatments. Overexpression 

of CYP1B1 has also been reported in lung cell lines through the aryl hydrocarbon 

receptor,251 but no significant effects for this receptor were observed in any treatment 

of our study (Table S4.4). This suggests that the overexpression of CYP1B1 is more 

likely related to the regulation of SCD. In addition, PADI3 was also upregulated in all 

three high dose treatments (hYTX, lab SSA and natural SSA, see Figure 4.7). PADI3 

is generally not expressed in lung cells245 and is primarily expressed in epidermis cells 

and keratinocytes.252 Its function in lung cell lines remains unclear. 
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At the pathway level, we observed differential expression of genes linked to the mTOR 

pathway in all three high dose treatments (natural SSA, lab SSA, and hYTX). Our 

results also indicated significant effects on the mTOR pathway, but the effects and the 

potential beneficial health effects differ across treatments. Most likely, the effects on 

these genes are caused by the primary effects on the mTOR pathway. Furthermore, 

for three genes, these effects while linked to the mTOR pathway, are not observed 

with the mTOR inhibitor. This suggests that the effects of these experimental 

treatments (natural SSA, lab SSA, and hYTX) extend beyond the inhibition of mTOR 

but are related to or initiated by the effects on the mTOR pathway. 

 

We observed four pathways that were significantly affected by the different treatments: 

glycogenesis, lysosome, spliceosome and steroid biosynthesis. For the steroid 

biosynthesis, these results are not surprising given the links that have already been 

discussed above between mTOR and lipid biosynthesis. In addition to steroid 

biosynthesis, the lysosome and glycogenesis also have links to mTOR. The inhibition 

of the mTOR pathway is known to activate protein degradation and autophagy through 

among others the lysosome (see Figure 4.7).253,254 The spliceosome has been 

proposed as a therapeutic target in cancer cells to inhibit mTOR, which leads to 

autophagy (see Figure 4.7).255 Specifically, depletion of small nuclear 

ribonucleoprotein polypeptide E (SNRPE) led to reduced cell viability in lung cancer 

cell lines. Here, we observed in addition to dose response effects for the spliceosome, 

a significant downregulation of SNRPE in the highest hYTX treatment but not in any of 

the other treatments (Table S4.5). Overall, the pathways with significant dose 

response effects can all be indirectly linked to the mTOR pathway, suggesting that the 

effects here are a consequence of the effects on the mTOR pathway, which most likely 

induces a cascade of events and interactions with other pathways. 

 

Overall, the results at the gene level and at the pathway level highlight that the effects 

are primarily mediated or linked through the mTOR pathway supporting the biogenesis 

hypothesis postulated by Moore46 that marine airborne compounds interact with the 

mTOR pathway leading to health benefits. All treatments significantly affected the 

mTOR pathway, but we observed differences in the direction of the regulation of this 

pathway (Figure 4.7). Furthermore, significant genes and enriched pathways across 

treatments all interact with mTOR, indicating that marine compounds trigger a cascade 
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of events through interaction with the mTOR pathway (Figure 4.7). Thus, the effects of 

marine airborne compounds are not limited to the mTOR pathway but include a 

cascade of genes and pathways involved in different metabolic processes (e.g., steroid 

biosynthesis, lysosome) with key links to mTOR (Figure 4.7). 

 

 

Figure 4.7: Molecular effects of marine aerosolized compounds. A schematic representation 

of the molecular effects of sea spray aerosols observed within this study. Pathways are 

represented by ellipses, genes are represented by rectangles. Solid blue arrows represent 

interactions with a solid evidence base, dashed arrows represent hypothetical interactions 

observed, Ṳ represent inhibition. 
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Abstract 

It has been observed that marine phytoplankton influence the composition of sea spray 

aerosols (SSAs). This is among others linked to their release of natural compounds 

like dipalmitoylphosphatidylcholine (DPPC). As DPPC is a surfactant known to 

accumulate in the sea surface microlayer (SSML), it has been suggested but not 

confirmed that DPPC may be present in SSAs. Here we conducted a one-year SSA 

sampling campaign at the Belgian coast and analyzed the organic composition of the 

samples using ultra-high-performance liquid chromatography high-resolution Q-

OrbitrapÊ hybrid mass spectrometry (UHPLC-HR-Q-OrbitrapÊ-MS/MS). We 

identified and quantified DPPC in nearly all SSA samples at air concentrations ranging 

between <1.1 and 33 pg m-3. This discovery may be of great importance for the 

research field that links the ocean and human health. Indeed, DPPC is used as an 

excipient in medical aerosol therapy to facilitate the effects of respiratory delivered 

drugs. Its presence in natural SSAs could thus facilitate the effects of marine bioactive 

compounds. By identifying and analyzing the environmental variables that determine 

the DPPC concentrations, using (among others) a generalized linear model (GLM), we 

established that wave height is the most important variable which (negatively) 

influences the coastal air concentrations of DPPC. We also demonstrated that the 

DPPC content in SSAs is positively correlated with the enriched aerosolization of Mg2+ 

and Ca2+. Our findings are thus not only important from a human health point of view, 

they also increase our understanding of the production, composition and atmospheric 

behavior of SSAs. 
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1 Introduction 

Sea spray aerosols (SSAs) are of crucial importance for diverse meteorological and 

climatological processes. They act as cloud condensation nuclei,87 ice nucleating 

particles87,257 and increase the albedo of the atmosphere.258,259 Both the inorganic (i.e., 

Ca2+, K+, Mg2+, trace metals)73ï75 and organic73,184 composition of SSAs can be 

enriched relative to the subsurface seawater. Such enrichment processes are usually 

determined relative to sodium (Na+), which is the most common proxy to quantify SSA 

densities and is considered not to be enriched during SSA formation.62 

 

The presence, type and life phase of marine phytoplankton plays an important role in 

determining the (organic and inorganic) composition of SSAs.73,74,184 It has, however, 

been suggested that phytoplankton biomass does not have a straightforward positive 

relation with the organic content of SSAs.260 Indeed, recent studies demonstrated that 

a high organic enrichment in SSAs is rather associated with the demise of 

phytoplankton communities or blooms, which result in cell lysis, bacterial degradation 

and the release of (intracellular) biogenic compounds.74,260ï263 Especially biogenic or 

natural surfactants which accumulate in the sea surface microlayer (SSML) have an 

important effect on SSA production processes. The SSML is a thin film (20-400 µm) 

found at the air-water interface of the ocean surface which is chemically distinct from 

the subsurface water (SSW).88,89 Surfactants decrease the surface tension at the air-

water interphase and increase the bubble surface lifetime, that is, the time period an 

air bubble resides at the sea surface until it bursts. With an increasing surface lifetime, 

more seawater drains from the bubble film, it becomes thinner and eventually produces 

smaller film drops with a higher organic enrichment.95,213 The phospholipid 

dipalmitoylphosphatidylcholine (DPPC) is one such surfactants which is excreted upon 

phytoplankton cell lysis264 and is known to be abundant in the SSML.265,266 Although it 

has been suggested that DPPC is likely to be found in SSAs,267 to our knowledge it 

has never been quantified nor detected in these aerosols. 

 

Despite the fact that the marine biosphere contains a large number of natural 

compounds with known or suspected pharmacological effects,26,27 little research has 

been performed to study the potential human health effects resulting from airborne 

exposure to SSAs. In this context, airborne exposure to SSAs that potentially contain 
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DPPC can be important for human health. Indeed, DPPC is the major component 

(±40%) of the pulmonary surfactant in human alveoli and is essential for good lung 

functioning.268,269 Conversely, lung surfactant abnormalities are associated with 

obstructive lung diseases (e.g., bronchiolitis, asthma).270 DPPC and other 

phospholipids, however, also play an important role as potential carriers enhancing the 

delivery of hydrophobic and hydrophilic compounds deep into the lung.268 Among 

others, they can stimulate pharmacokinetics via enhancement of the drug permeability 

through the lung epithelium and reduce recognition of exogenous aerosols by alveolar 

macrophages.268,271 Drug formulations containing DPPC as an excipient are therefore 

used (and widely investigated) in medical aerosol therapies.272ï274 The potential sea 

spray aerosolization of DPPC is thus extremely interesting from a human health point 

of view. 

 

In the current study we investigated the potential presence of DPPC in ambient SSAs 

and aimed to quantify its concentration in coastal air ([DPPC]coastal air). To this end, a 

SSA sampling campaign, was conducted at the Belgian coast. Air samples were 

analyzed on their DPPC and inorganic (i.e., Na+, Mg2+, Ca2+, K+, trace metals) 

composition, allowing the quantification of the [DPPC]coastal air and the characterization 

of the SSA composition (relative to Na+). Finally, by analyzing our results relative to 

key environmental variables, we aimed to reveal the meteorological and/or ecological 

processes that determine the DPPC content of SSAs. 

 

2 Materials and methods 

2.1 SSA sampling 

A one-year SSA sampling campaign was conducted at the Belgium coast in Ostend 

from March 19th 2018 until March 19th 2019. The SSA collection system was installed 

at the lab facilities of the Flanders Marine Institute (VLIZ) which is situated ±300 m from 

the high-water mark (beach) in Ostend, Belgium (51°14ô09.7òN, 2°55ô42.4ôôE; 

Figure 5.1). Every week, a new pretreated quartz fiber membrane filter (QM-A, Ø 47 

mm, Whatman®) enclosed in a stainless steel in-line filter holder (Pall Corporation) 

was placed at a height of 10 m and connected via tubing to an Air-CubeÊ HE sampler 

pump. This sampler pump was set at a constant air flow of 25 L min-1 and registered 
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the effective sampled air volume which was approximately 250 m³ week-1. The inlet of 

the filter holder was oriented north (i.e., towards the sea). The sampling set-up is 

shown in Figure S5.1 (supplementary information). To confirm the absence of 

contamination and account for any filter background, 10 field blank samples were taken 

over the course of the sampling campaign. These blank filters underwent the same 

manipulations as the real SSA samples but were not exposed to SSAs. As sampling 

was performed at ±300 m from the high-water mark, it needs to be stressed that we 

did not collect nascent or freshly emitted SSAs. The collected aerosol was, however, 

representative for the airborne SSA exposure of human coastal populations. 

 

 

Figure 5.1: SSA sampling station ( ) at the lab facilities of the Flanders Marine Institute (VLIZ), 

situated ±300 m from the high-water mark in Ostend, Belgium (51°14ô09.7òN, 2°55ô42.4ôôE). 

The inland marine water bodies (i.e., the harbor and the ñspuikomò) are indicated with a red 

dashed line. The dashed black lines at the edge of the dark blue semi-circle indicate the wind 

directions (°N) which were considered to be the boundary between sea and land wind. The 

meteorological station measuring the wind direction ( ), and the buoy measuring the wave 

height ( ) are also indicated on the map, together with the 7×7 km window (with its center at 

51°16'2" N, 2°53'19" E) wherein the phytoplankton biomass ([PhyC]) data were selected.  
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2.2 Sample extractions 

After deployment, quartz filters were cut in two. One half was used to analyze the 

inorganic content of the collected SSAs, while the other half was stored in a petri dish 

and stored at -20 °C until the DPPC analysis. Filter extraction for inorganic analysis 

was executed by eluting filters three times with 5 mL of 0.14 M HNO3. Extracts were 

then filtered over 0.45 µm (Acrodisc®) and stored at 4°C until further inorganic analysis. 

 

The DPPC extraction from the filter (halves) was performed largely according to the 

dedicated DPPC extraction protocol of Ullah et al.275 In short, filters were inserted in 

glass tubes and spiked with 2.4 ng of dimyristoylglycerophosphocholine (DMPC; 

Avanti Polar Lipids) as internal standard.276,277 The filters were subsequently eluted 

three times using 4 mL of methanol, a 5 min sonication and a 20 sec vortex step (per 

elution). The combined extracts (12 mL in total) were centrifuged (10 min, 2250 g) and 

the supernatant was transferred to a new pre-cleaned glass tube. Extracts were then 

evaporated to incipient dryness, under a gentle N2 stream at 40 °C, reconstituted in 

120 µL of 90% methanol in water containing 3.5 mM ammonium acetate and vortexed 

for 10 sec. After a last centrifugation step (10 min, 2500 g), the supernatant was 

transferred to a glass insert in a LC-MS vial prior to analysis. To avoid contamination 

of the samples with DPPC, the following precautionary measures were taken: (1) the 

extraction was performed using new glass tubes that were additionally rinsed with 

chloroform and methanol, (2) the other accessories (tips, beakers, Pasteur pipets) 

were also made of glass (or metal) and were cleaned extensively, (3) a face mask was 

worn by the analyst during the extraction procedure. 

 

2.3 Chemical analysis 

DPPC 

The analysis of the DPPC content in the final filter extracts was performed in a targeted 

manner using high-performance liquid chromatography coupled to high resolution Q-

OrbitrapÊ hybrid mass spectrometry (UHPLC-HR-Q-OrbitrapÊ-MS/MS). The DPPC 

reference standard was purchased from Avanti Polar Lipids. Chromatographic 

separation was achieved on a Dionex Ultimate 3000 XRS UHPLC system (Thermo 

Fisher Scientific) equipped with an Acquity ethylene-bridged hybrid (BEH) phenyl 

column (1.7 ɛm, 150 × 2.1 mm; Waters). A constant flow rate of 300 ɛLĿminī1 and a 

column oven temperature of 40 °C were applied. A C18 DGM Symmetry HPLC column 
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(5 µm, 150 × 2.1 mm; Waters) was used as a trapping column and installed between 

the LC pump and injector valve of the injector. The applied analytical method was 

adapted from the UHPLC-HR-Q-OrbitrapÊ-MS lipidomics method of Van Meulebroek 

et al.278 Their UHPLC gradient elution program using a binary solvent system 

consisting of ultrapure water (solvent A) and methanol (solvent B), both acidified with 

3.5 mM ammonium acetate, was shortened from 20 to 15 min. The following 

proportions (v/v) of solvent B were now used: 0ī1 min at 75%, 1ī2 min from 75% to 

90%, 2ī5 min from 90% to 98%, 5ī10 min from 98% to 100%, and 10ī12 min at 100%, 

followed by 3 min of equilibration at 75% (i.e., initial conditions). Detection was carried 

out by a benchtop HR-Q-OrbitrapÊ-MS (Thermo Fisher Scientific) preceded by heated 

electrospray ionization (HESI-II). The full-scan method used by Van Meulebroek et 

al.278 was modified by adding a parallel reaction monitoring (PRM) approach which 

operated in positive ion mode and selected the precursor ion of DPPC ([M+H]+; m/z of 

734.56943) in an isolation window of 1 m/z for fragmentation. Fragmentation was 

performed using high energy collision dissociation (HCD), with an optimized (see 

Annex V section 1 and Figure S5.2) normalized collision energy (NCE) of 52 eV. 

Furthermore, the targeted HRMS/MS analysis used an automatic gain control (AGC) 

of 2 × 105 ions, a maximum injection time of 100 ms, and the mass resolution was set 

at 17,500 full width at half maximum (FWHM). 

 

Data processing, including identification and quantification of DPPC, was performed 

using XCalibur 3.0 software (Thermo Fisher). Compound identification was realized 

based on the dedicated method of Ullah et al.,275 using (1) the relative chromatographic 

retention time (ȹÒ2.5%), i.e., the ratio of the retention time of DPPC to that of the 

internal standard (DMPC), (2) the accurate masses (mass extraction window of 3 ppm) 

of the three main fragments of DPPC, and (3) the correct product ion ratios (i.e., relative 

peak intensities) of these three fragments (ȹÒ10%). Quantification was performed 

using the area ratio (i.e., ratio of the analyte and the internal standard peak areas) of 

the most abundant fragment of DPPC (m/z 86.09681; see Figure S5.2C) and a 

calibration curve prepared with the extracts of eight spiked filter samples (i.e., 0, 0.3, 

0.6, 0.9, 1.2, 1.8 and 2.4 ng DPPC per ½ filter). 

 

It should be noted that in our preliminary research, before the dedicated analysis of 

DPPC, we also screened several SSA samples for 14 other marine bioactive 

compounds. These compounds (Table S5.1) were targeted based on the following 
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selection criteria: (1) bioactivity properties, (2) occurrence in the North Sea, (3) polarity 

(determining EFSSA potential), (4) availability of reference standards for analysis, and 

(5) low volatility (based on Henry constant, boiling temperature, and molecular weight).  

 

Inorganics 

For every SSA sample, half of the filter was analyzed for its inorganic content, using 

inductively coupled plasma-optical emission spectroscopy (ICP-OES; Thermo 

Scientific iCAP 7000 series). The certified reference materials Cranberry 05 and 

TMDA 25.5 (Environment Canada), were used to verify the calibration curves of the 

major (Na+, Mg2+, Ca2+, K+) and minor inorganic constituents (Cu2+, Zn+2, Pb2+, Cd2+), 

respectively. These majors and minors were analyzed in radial-and axial-view modus, 

respectively. The calibration curves ranged from 0.1 to 100 µg per mL extract. 

 

2.4 Environmental variables 

Meteorological data 

To assess the quantified [DPPC]coastal air, SSA densities (i.e., [Na+]coastal air), and SSA 

composition relative to environmental variables that influence the SSA production and 

enrichment of DPPC in the SSML and SSAs, we collected relevant meteorological 

data. As indicated on Figure 5.1, we used the wind direction data (at 10m altitude) of 

a meteorological station situated 330 m northwest of our sampling station and the wave 

height measured by a monitoring buoy situated 1 km north of our sampling station. 

Both the wind and wave measurements, having respective time resolutions of 10 and 

30 min, were taken from the database ñMeetnet Vlaamse Bankenò of the Flemish 

Government.279 For every sampling week, we calculated (1) the time during which the 

wind actually blew from across the sea (% timeseawind; Ò58ÁN and Ó235ÁN; Figure 5.1) 

and (2) the average wave height during the periods with seawind (WHseawind). 

 

Phytoplankton data 

To investigate the influence of phytoplankton on the [DPPC]coastal air, we used data of 

the daily phytoplankton biomass in the surface seawater (depth Ò1 m) expressed as 

concentrations of carbon ([PhyC], µM C). These [PhyC] data were taken from the 

ñocean biogeochemistry reanalysis for the North-West European Shelfò dataset280 of 

the Copernicus-program, which were generated using the European Regional Seas 
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Ecosystem Model (ERSEM 15.06).281 This model uses satellite measurements and in-

situ observations, and produces data with a (horizontal) spatial resolution of 7×7 km. 

As depicted on Figure 5.1, the [PhyC] data of the closest geographical ñpointò to our 

sampling station was selected to perform a modelling analysis as explained below. 

 

2.5 Aerosol source 

As is common practice in SSA studies,62 we used Na+ as a proxy to quantify SSA 

densities and potential enrichment processes. To confirm that the Na+ in our air 

samples indeed originated from seawater and thus from SSAs, we analyzed the 

correlation between the [Na+]coastal air and the % timeseawind using a linear regression. 

We also performed this exercise for the other analyzed inorganic ions (Mg+2, Ca2+, K+, 

Cu2+, Zn2+, Pb2+, Cd2+). Next, by analyzing the Mg2+/Na+ mass ratio in our air samples, 

relative to this ratio in seawater (11.9%.),204,205 we could assess the seawater and thus 

SSA origin202 of Na+ and Mg2+ (see results in section 3.3). While characterizing the 

inorganic SSA composition we also determined the SSA enrichment factor (EFSSA) for 

the (major) inorganic ions (X) relative to the subsurface water (SSW). This was 

performed using their theoretical seawater ratios205 (per Na+) and the following 

equation: 

%&  
  ϳ

  ϳ
                           (eq. 5.1) 

 

To confirm that the DPPC in our air samples originated from SSAs, and not from a 

terrestrial aerosol source, we performed a similar (linear regression) analysis between 

[DPPC]coastal air and % timeseawind. If the wind is mainly coming across land areas, the 

[DPPC]coastal air should be much lower than when there is a predominant seawind. It 

should be noted that our sampling station is, however, surrounded with ñinlandò marine 

water bodies (i.e., the harbor and the ñSpuikomò a human made saltwater basin; see 

Figure 5.1) which may - to a certain extent - also produce SSAs containing DPPC. 

 

2.6 DPPC concentration model 

By exploring the relationship between the [DPPC]coastal air and other environmental 

variables, we aimed to reveal the most important meteorological and/or ecological 

processes determining the [DPPC]coastal air. Literature suggests that the increase and 
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decrease of phytoplankton biomass are more important in determining the 

[DPPC]coastal air, than just the biomass abundance (as such). Indeed a higher 

phytoplankton productivity (i.e., growth) showed to induce an increased excretion of 

marine surfactants,282 while higher organic contents have been observed in SSA upon 

the demise of phytoplankton.262 The latter has been linked to the lysis of phytoplankton 

cells.264 It is clear that there can be a time-lag between the manifestation of 

phytoplankton biomass (i.e., [PhyC]) and their highest DPPC excretion/release, after 

which DPPC becomes available for aerosolization. This time-lag is further discussed 

and quantified in the results section 3.4 and was used as a time correction on the 

[PhyC] variable. Using the time-lag corrected [PhyC] data, we calculated the total 

weekly decrease ([PhyC]decrease) and increase in phytoplankton biomass 

([PhyC]increase). To be clear, the [PhyC]decrease were calculated as the summation of all 

daily decreases in [PhyC] during each sampling week. The [PhyC]increase was 

calculated alike with all daily increases in [PhyC]. In addition, weekly mean values were 

also calculated ([PhyC]mean) using the lag time corrected [PhyC] data. 

 

A generalized linear model (GLM) was used to reveal the relations between the 

[DPPC]coastal air and the environmental variables. To make sure each variable in the 

model had a similar variance, we first transformed the [DPPC]coastal air using a natural 

logarithm and then performed z-transformations on all variables. These z-transformed 

data were subsequently used to construct the GLM. We used a full model containing 

all the independent variables (Table 5.1) and their interactions, then conducted 

stepwise regressions to select the best regression formula for the model. This stepwise 

regressions were based on the Akaike information criterion (AIC) and adjusted R² of 

the regressions. The final GLM (discussed below) was only retained after the following 

confirmatory analyses: (1) the linear model assumptions were verified using the 

ñgvlmaò R package,283 (2) absence of multicollinearity was confirmed by calculating the 

variance inflation factor (VIF)284 of each independent variable (using a <5 threshold), 

and (3) component residual plots285 were used to verify that there were no significant 

remaining trends in the residual data. Finally, to analyze the relative importance of 

each independent variable to [DPPC]coastal air, linear regressions were performed for 

each independent variable individually. 
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Table 5.1: Overview of the different independent variables used to model the DPPC 

concentrations of the sampled coastal air (([DPPC]coastal air). The phytoplankton biomass data 

discussed here represent the time-lag corrected [PhyC] data (as discussed above). 

Independent 
variable 

Description Variance before 
transformation 

Covariance with [DPPC]coastal air 
after transformation 

    

WHseawind Mean wave height of 
the sampling week 
during seawind periods 

1403 
 

-0.63 

[PhyC]mean Mean value of [PhyC] of 
the sampling week 

17.9 
 

0.13 

[PhyC]decrease Accumulated daily 
decreases of [PhyC] of 
the sampling week 

5.02 
 

0.27 

[PhyC]increase Accumulated daily 
increases of [PhyC] of 
the sampling week 

2.07 
 

0.29 

 

3 Results 

3.1 Analytical performance 

DPPC 

The m/z and product ion ratios (i.e., relative peak intensities; Figure S5.2C) of the three 

main fragments of DPPC, at its respective relative retention time (ȹÒ2.5%), were used 

for compound identification. The product ion ratios of the sampled DPPC always 

deviated, in comparison to the DPPC reference standard, less than the tolerance level 

of 10% and deviated on average less than 2.3%. As such, DPPC was successfully 

identified in the air samples when present at detectable concentrations. The major 

fragment (m/z 86.09681, Figure S5.2C) was used for quantification. The limits of 

detection (LOD) and quantification (LOQ) were determined using the standard 

deviation of the response, i.e., the error of estimate (Sy/x), and the slope of the 

calibration curve.193,203 This calibration curve showed excellent linearity (R² = 0.998), 

which was confirmed with a lack-of-fit analysis (F- test, p > 0.05; 95% confidence level). 

The derived LOD and LOQ were 138 and 418 pg per ½ filter, respectively. In a 250 m3 

air sample, these values correspond to air concentrations of 1.1 and 3.3 pg m-3. The 

field blank samples never contained detectable DPPC concentrations (ÓLOD).  
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Inorganics 

The LOD and LOQ values for the targeted inorganic constituents were determined 

using the standard deviation of (spiked) samples with a concentration near the LOD.286 

For the minor and major constituents the LOQs (per filter) ranged from 30 to 240 ng 

and from 1.5 to 3 µg, respectively. The exact LOD and LOQ values for the analysis of 

these inorganics can be found in Table S5.2, together with their respective background 

levels in the field blank samples. If relevant (>LOD) the background levels of these 

inorganics were accounted for in the quantification of their concentration. 

 

3.2 Air concentrations and SSA composition 

Six of the 52 samples taken during the one-year sampling campaign (52 weeks) were 

impaired due to various interferences (e.g., electricity interruptions, clogging of the 

sampling inlet) and could not be used in the final analysis. DPPC was found in 

detectable concentrations (>LOD) in all but one of the 46 remaining SSA samples and 

38 of these samples contained quantifiable (>LOQ) concentrations. Figure 5.2A shows 

the DPPC and Na+ concentrations of the sampled air ([DPPC]coastal air and [Na+]coastal air) 

as a function of time. In Figure 5.2B the [DPPC]coastal air are plotted together with the 

DPPC/Na+ ratios. As [Na+]coastal air are used to quantify SSA densities, these DPPC/Na+ 

ratios represent the DPPC content of the sampled SSAs. In combination with 

Figure S5.3A, it is clear that the DPPC content of SSAs (i.e., DPPC/Na+) determines 

the [DPPC]coastal air to a large extent (R² = 0.64, p<0.001; 99.9% confidence level). 

Conversely, the SSA density (i.e., [Na+]coastal air) has an inverse correlation with the 

[DPPC]coastal air (R² = 0.24; p<0.001; Figure S5.3B) and with the DPPC content of SSAs 

(R² = 0.77; p<0.001; Figure S5.3C). These inverse relations with the [Na+]coastal air seem 

to result from the inverse relationship between the WHseawind and the DPPC content of 

SSAs (Figure S5.3D). As discussed below (in section 4.1), these data do not only 

represent the first measurements of DPPC in SSAs, they also contribute to our 

understanding of the factors that control the composition of SSAs. 



 

 

Figure 5.2: Results of the SSA sampling campaign. In (A) the DPPC and Na+ concentrations ([DPPC], [Na+]) of the sampled coastal air are plotted. 

In (B) the [DPPC]coastal air are plotted next to the corresponding DPPC/Na+ ratios, which illustrate the DPPC content of the sampled SSAs. The 

filled dots (  ,  ) indicate [DPPC] < LOQ. The ranges and the 10th, 50th, and 90th percentiles of these data are also given. The (*) and (**) indicate 

the values based on concentrations between the LOQ-LOQ and below the LOD, respectively.
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3.3 Aerosol source 

Next to [Na+]coastal air, we also analyzed the coastal air concentrations for three other 

major inorganic seawater constituents and four trace metals. By analyzing the 

correlation with the % timeseawind (Figure S5.4), we identified their main aerosol source. 

All sampled trace metals (Cu2+, Zn2+, Pb2+, Cd2+) predominantly originated from a 

terrestrial aerosol source or from the anthropogenic activities in the harbor (p<0.001; 

99.9% confidence level). The sampled Ca2+ had a weak but significant (p<0.05; 95% 

confidence level) positive correlation with the % timeseawind. It should therefore be 

noted, that it cannot be completely excluded that other (terrestrial) aerosol sources 

also influenced the [Ca2+]coastal air to a certain extent. The sampled [K+]coastal air did not 

have a significant correlation with the % timeseawind, implying that neither the SSA nor 

inland aerosol sources were dominant. Finally, Na+ and Mg2+ clearly originated from 

the seawind (p<0.001). The Mg2+/Na+ mass ratios of our air samples, additionally 

confirmed the SSA origin of Na+ and Mg2+. Indeed, Figure S5.5 shows that at a low 

DPPC content (DPPC/Na+ < 7 pg µg-1) the sampled Mg2+/Na+ mass ratios (12.4 ± 

1.4%) were consistent with that of seawater (11.9%).204,205 At higher DPPC contents 

(DPPC/Na+ Ó 7 pg Õg-1), however, an increasing Mg2+/Na+ ratio can be observed. In 

fact, Figure 5.3 shows that the enrichment (EFSSA) of Mg2+ and Ca2+ is strongly related 

to the (enriched) DPPC content in SSAs. This interesting relation is further discussed 

in section 4.1. 

 

Evidence demonstrating the SSA origin of the sampled DPPC is provided by the 

analysis of the effect of the wind direction on the sampled [DPPC]coastal air (alike this 

analysis for inorganics). As discussed above, the [DPPC]coastal air are largely dependent 

on the SSA content (i.e., DPPC/Na+). The relation between [DPPC]coastal air and % 

timeseawind was therefore examined in 4 different DPPC/Na+ ranges (Figure S5.6). In all 

but one DPPC/Na+
 range, the % timeseawind had a significant positive correlation with 

the [DPPC]coastal air (p<0.05). As discussed below, the SSA origin of DPPC was further 

supported by our final GLM and by the strong correlation of the (enriched) DPPC 

content in SSAs with the EFSSA for Mg2+ and Ca2+ in SSAs.



 

 

 

Figure 5.3: Sea spray aerosol enrichment factors (EFSSA) for (A) Mg2+ and (B) Ca2+, calculated using eq. 5.1 and the theoretical seawater ratios 

for Mg2+/Na+ (11.9%) and Ca2+/Na+ (3.82%).205 In (C) the DPPC/Na+ ratios are plotted to illustrate the correlation of the DPPC content of the 

sampled SSAs and their respective EFSSA for Mg2+ and Ca2. The  and  indicate nearby construction works (i.e., dust) and [DPPC] < LOQ, 

respectively. The dotted gray lines indicate the no-enrichement levels (EFSSA = 1). The ranges and 10th, 50th, and 90th percentiles of these data 

are also given. The (*) and (**) indicate the values that are based on concentrations between the LOQ-LOQ and below the LOD, respectively. 
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3.4 DPPC concentration model 

After comparing the model fitness for different time-lag corrections on the [PhyC] 

variable, the best time-lag correction showed to be 6 days. The different variables used 

in the final model are plotted in Figure 5.4. This final GLM achieved an adjusted R² of 

0.529 (F-test; p <0.001) and had good accuracy, as illustrated by Figure S5.7. Our 

model showed that four independent variables (Table 5.2) had significant influence on 

the [DPPC]coastal air, but no significant interactions between these variables were found. 

The final model equation with coefficients a, b, c, and d (see Table 5.2) is as follows: 

  

ÌÎ$00#  ὥ 7( Â 0ÈÙ# Ã 0ÈÙ# Ä 0ÈÙ#  

(eq. 5.2) 
 

The WHseawind had major negative influence (see Table 5.2) on the [DPPC]coastal air, 

indicating that physical disturbances of the sea surface (microlayer) strongly reduce 

the [DPPC]coastal air. Among the different phytoplankton variables, [PhyC]mean had a 

negative influence on the [DPPC]coastal air, while the [PhyC]decrease and [PhyC]increase had 

positive influences (Table 5.2). The linear regressions using each independent variable 

individually showed similar results (Table 5.2). The adjusted R2 for WHseawind was 

0.382, which is much higher than for the other variables. Compared to the adjusted R2 

of our GLM, the WHseawind accounted for 72% of the total explained variance. Note that 

this model was developed to analyze the significant environmental variables 

determining the observed [DPPC]coastal air and not to predict actual [DPPC]coastal air, as 

the model was not validated using an additional subset of [DPPC]coastal air data. 

  

Table 5.2: Overview of the significant independent variables in the generalized linear model 

(GLM) for [DPPC]coastal air. The description and details of these variables are given in Table 5.1. 

The adjusted R² results for the (simple) linear regressions performed for each independent 

variable individually, are also given and indicate their relative importance to [DPPC]coastal air. 

Independent 
variable 

VIF Coefficient of  
z-transformed  
variables 

Standard  
error 

P-value Adjusted R2 of the 
linear regression using 
only this single variable 

(intercept)    <0.001 0.105 not significant - 

WHseawind 1.51   -0.747 0.113 <0.001 0.382   (p <0.001) 

[PhyC]mean 2.05   -0.576 0.122 <0.001 not significant 

[PhyC]decrease 1.40   0.316 0.055 <0.05 0.049   (p <0.10) 

[PhyC]increase 1.51   0.319 0.067 <0.05 0.061   (p <0.10) 



 

 

Figure 5.4: Top: The daily phytoplankton biomass expressed as concentrations of carbon ([PhyC], ɛM C). The [PhyC] here presented are the 

(6 day) time-lag corrected data. Bottom: The DPPC concentrations of the (weekly) coastal air samples ([DPPC]coastal air) and the weekly mean 

wave height during periods with seawind (WHseawind). The two lacking data points for the WHseawind indicate the two weeks that the wind was 

only coming from across land (% timeseawind = 0). The filled dots (  ) indicate [DPPC] < LOQ. 
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4 Discussion 

4.1 Source and aerosolization of DPPC 

The results of our sample analyses combined with the available environmental data 

provide clear evidence that the sampled DPPC indeed originated from SSAs. This is 

based on: (1) the positive relation of [DPPC]coastal air with the % timeseawind (Figure S5.6), 

(2) the strong correlation of the DPPC aerosol content (DPPC/Na+) with the SSA 

enrichment (factors) of Mg2+ and Ca2+ (Figure 5.3), and (3) the significant influences of 

WHseawind and the (changes in) phytoplankton biomass on the [DPPC]coastal air, as 

determined by the GLM (eq. 5.2; Table 5.2). While the first argument is straightforward, 

the second and third are discussed in more detail hereunder. 

 

It has long been assumed that the inorganic composition of SSAs was similar to that 

of seawater.62,262 In the last two decades, however, a number of studies monitoring 

ambient air287ï289 or using SSA generating systems73,74,92,218,289,290 have reported 

enriched SSA concentrations for Mg2+ and Ca2+ (and K+). As reported for the SSA 

enrichment of organic compounds,73,83,172,184 inorganic ions seem to be increasingly 

enriched with decreasing SSA sizes.287ï289 In this study SSA sampling was performed 

±300 m from the high water mark. This favors smaller sized SSAs, with a higher 

inorganic and organic enrichment as compared to nascent SSAs. Jayarathne et al.73 

performed SSA experiments using natural coastal seawater and analyzed the EFSSA 

for both fine (<2.5 µm) and coarser SSAs (2.5-10 µm). Their experimental results 

(EFSSA) for the fine SSAs are comparable (1.1-2.1) to the ambient EFSSA range for Mg2+ 

we observed (Figure 5.3), but are considerably lower (1.0-3.4) for Ca2+. Ca2+ is 

generally found to be the most enriched inorganic constituent in SSAs.74,92,289 The 

highest EFSSA reported for Ca2+, in very fine (0.029-0.060 µm) nascent SSAs, reaches 

values higher than 100.289 The origin of the enrichment processes for Ca2+ and Mg2+ 

is suggested to result from the complexes they form with (surface active) biogenic 

organic compounds in the sea surface microlayer (SSML).287,291ï293 This cation binding 

effect has also been reported for DPPC in air-water interphases.267,294 As biogenic 

surfactants (e.g., DPPC) are enriched in the SSML,79,294,295 they can enhance the 

enrichment of Ca2+ and Mg2+ concurrently with their own enrichment in SSAs.266 

Indeed, Figure 5.3 demonstrates the strong relation between the DPPC SSA content 
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and the EFSSA of Mg2+ and Ca2+. As such, our study indicates that biogenic surfactants 

(e.g., DPPC), produced and released by marine phytoplankton, not only control the 

(enriched) organic87,208 but also the (enriched) inorganic composition of SSAs. 

 

Interestingly the [DPPC]coastal air we sampled were largely dependent on the DPPC 

content of SSAs (i.e., DPPC/Na+) and much less on the SSA density (i.e., [Na+]coastal 

air; Figure S5.3A/B). In fact at higher SSA densities significantly lower [DPPC]coastal air 

and DPPC/Na+ were encountered (Figure S5.3B/C). To explain these findings, the 

SSA production processes and the involvement of surfactant effects are discussed. It 

is clear that a lower SSA density results from a lower SSA production and thus from a 

lower wave action (i.e., WHseawind, see Figure S5.3D). However, not only the SSA 

density but also the SSA size and content change as a function of WHseawind. In this 

context, the concept of forced bubble bursting should be introduced.95 The lifetime of 

air bubbles at the sea surface increases with a decreasing wind speed and wave 

height.95 The bubble film thus bursts more slowly, and has more time to drain (water) 

and thin out.212 As such, at lower wave heights (and wind speeds) bubbles have a 

lower tendency to burst and thus produce smaller and more enriched (e.g., higher 

DPPC/Na+) film drop SSAs.95 In addition, surfactants like DPPC stabilize the bubble 

film, increase the lifetime of air bubbles at the surface,95,213 and increase the rate at 

which the film drains.213,296 When high concentrations of DPPC are present in the 

seawater and SSML, the produced SSAs will thus be smaller and more enriched. 

Surfactants can therefore stimulate their own SSA enrichment. At a stronger wave 

action the SSML is, however, increasingly disturbed as breaking waves can force 

surfactants back down in the SSW.89,297 As such, a strong wave action can influence 

the SSA size and SSA content via various mechanisms. As a consequence of the 

production of smaller (film drop) SSAs, the SSAs will have a longer atmospheric 

retention time and will transported over larger distances.61 

 

The generalized linear model we developed (see section 3.4) indicates that WHseawind 

is much more important in determining the [DPPC]coastal air, as compared to the 

(changes in) phytoplankton biomass ([PhyC]). The significant positive influences of the 

[PhyC]decrease and [PhyC]increase on the [DPPC]coastal air were expected, as literature 

indicates that phytoplankton productivity stimulates excretion of marine surfactants282 

and the demise of phytoplankton biomass increases the organic SSA content.262 The 
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latter can be explained by release of DPPC upon cell lysis of phytoplankton cells.264 

The negative influence of the [PhyC]mean, on the other hand, seems rather contradictory 

at first sight. A possible explanation for this can be found by looking at nutrient-

phytoplankton-zooplankton-detritus (NPZD) models for the North Sea.298,299 During 

winter periods (i.e., low primary productivity), the zooplankton ingests relatively less 

phytoplankton biomass compared to summer periods. As such, during winter, the 

phytoplankton could release relatively more DPPC into the seawater, instead of being 

taking up in the food chain. Following this theory, during spring (algal) blooms the 

zooplankton abundance is relatively low which should lead to increased 

[DPPC]coastal air. This was indeed observed in the springtime periods of our SSA 

sampling campaign (see Figure 5.4). This potential ecological explanation of the 

(indirect) inverse effect of the [PhyC]mean on the [DPPC]coastal air can, currently not be 

proven or disproven and is a only introduced as a new hypothesis at this time. 

 

This study also contributes to the knowledge on the production and behavior of SSAs 

in a meteorological context. Our results support that increasing surfactant 

concentrations and decreasing forced bubble bursting processes induce a higher 

surfactant SSA content and smaller SSAs.95,213 As smaller (film drop) aerosols have a 

larger atmospheric retention time their meteorological influence increases. 

Additionally, a higher surfactant content in SSAs can enhance (hygroscopic) cloud 

droplet growth processes.300 The concurrent enrichment of cations (Mg2+ and Ca2+, 

Figure 5.3) with marine surfactants (DPPC) can also introduce meteorological effects. 

Indeed, the presence of charges on the surfaces of SSAs influence their activity as 

cloud condensation nuclei and play a role in lightning and thunderstorms.66,294,301 

 

4.2 DPPC exposure and human health 

Although DPPC has never detected in coastal air before, it had been suggested that 

DPPC is likely to be present in SSAs.267 Here we quantified the range of [DPPC]coastal air 

(<1.1-33 pg m-3; Figure 5.2) to which coastal (human) populations are exposed. As 

discussed above (in section 1) DPPC has a crucial role in the human respiratory 

system, as it is the major component (±40%) of the pulmonary surfactant present in 

alveoli.268,269 
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We suggest, however, that the quantified [DPPC]coastal air are too low to induce human 

health effects through the additional supply of pulmonary surfactant. The maximum 

airborne exposure via coastal air, assuming an extremely high inhalation flow rate 

(100 L minī1),235 equals 4.8 ng DPPC day-1. Medical therapies for pulmonary surfactant 

related diseases use much larger doses. Respiratory distress syndrome (RDS) in 

preterm newborns for example is treated with (modified) animal-derived lung surfactant 

using doses from 50 to 200 mg of per kg bodyweight.302 As lung surfactant contains 

40% DPPC268,269 and the preterm birth weight can range from 0.75 to 2.5 kg, the 

deployed DPPC doses of a treatment range from 15 to 200 mg. Such surfactant 

replacement therapies (SRT) have also been widely examined to treat acute 

respiratory distress syndrome.303 Overall these studies use even higher surfactant 

doses than the ones mentioned above for the treatment of preterm newborns suffering 

from RDS.303 Intubation methods for SRT are still the predominant treatment strategy 

but aerosol delivery systems are increasingly examined and introduced.302,304ï306 A last 

argument indicating that the [DPPC]coastal air we determined are not expected to have a 

direct health effect is given by Ullah et al.275. They determined that humans can exhale 

20 to 700 ng DPPC m-³ via aerosols upon (strong) breathing. This exhaled 

concentration range is up to 3 orders of magnitude higher than that found in coastal 

air. Although that it cannot be complete excluded upon chronic exposure, it is therefore 

unlikely that [DPPC]coastal air will have a direct effect on human health. 

 

There is, however, another fascinating mechanism by which DPPC can induce - 

indirect - health effects through airborne exposure via (sea spray) aerosols. 

Surfactants like fatty acids and phospholipids coat the surface of SSA droplets.171 This 

SSA coating can play a facilitating role in the delivery of other marine bioactive 

chemicals. Indeed DPPC is one of the excipients which is currently authorized and 

used for medical pulmonary drug delivery via aerosol therapy.271,273 These pulmonary 

drug delivery methodologies are rapidly evolving, and are indeed already used for a 

range of drugs (e.g., antibiotics, vaccines, peptides and chemotherapeutics).273,307 

Depending on the type of aerosol formulation (e.g., micelles; liposomes, solid 

particles)271 phospholipids like DPPC may (1) improve the transport of poorly waterȤ

soluble drugs,268,271 (2) reduce recognition of exogenous aerosols by alveolar 

macrophages,271,308,309 (3) serve as a post-deposition spreading agent,274 (4) stimulate 

pharmacokinetics via enhancement of the drug permeability through the lung 
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epithelium.271,310 As such, the DPPC content of SSAs draws a very interesting parallel 

with medical aerosol therapy. It can facilitate the effects of other bioactive compounds 

present in SSAs. We know that the marine biosphere contains a whole spectrum of 

natural compounds with known or suspected pharmacological effects.26,27 The 

medical/pharmaceutical research investigating the facilitating effects of DPPC and 

other phospholipids may thus contribute to the unraveling of mechanisms that occur 

upon airborne exposure to natural SSAs. 

 

It should be noted that this facilitating effect of marine surfactants like DPPC could also 

hold true for toxic chemicals. It has been shown, for example, that some marine 

phycotoxins can be found in coastal air22,137,311 and induce respiratory syndromes 

during harmful algal blooms (HABs).17,138,312 Such harmful exposures to aerosolized 

phycotoxins are rather rare events, requiring a combination of favorable weather 

conditions for SSA production and a severe toxin-producing harmful algal bloom. 

Although that we cannot ignore this potential negative effect of DPPC, we do not expect 

it to overrule its potential positive effect. If the adverse effects of DPPC would outweigh 

its positive effects one would expect the health status of coastal populations to be lower 

than that of inland populations, and this is not the case. On the contrary, a positive 

coastal proximity health effect is increasingly observed in epidemiological 

research.32,33,35,313 In this context, Moore46 published his biogenics hypothesis 

suggesting that regular airborne exposure to aerosolized natural compounds may be 

health promoting via the downregulation of specific cell signaling pathways. While our 

previous work using in vitro studies on lung cells179,180 supported the principles of this 

hypothesis, our new findings on DPPC presented here further highlight the potential 

health promoting effect of airborne exposure to SSAs in coastal air. 
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1 Introduction 

Despite the generally accepted believe that coastal air induces beneficial human health 

effects, the mechanisms by which these potential effects are induced are poorly 

understood. The main objective of this interdisciplinary PhD thesis was to perform an 

exploratory assessment of the airborne exposure to and potential health effects of 

marine compounds in SSAs. To this end, we combined (1) in-depth research that 

focused on specific bioactive compounds, and (2) exploratory research aiming to 

examine the entire chemical mixture of natural SSAs.  

 

The former part (1) was targeted at understanding the potential role of marine 

phycotoxins, i.e., a globally occurring group of bioactive compounds. As such, we 

examined their potential harmful and/or beneficial (in vitro) health effects upon airborne 

exposure, the processes determining their sea spray aerosolization and their 

environmental concentrations resulting in human airborne exposure. The latter 

research part (2) assessed the potential health effects of natural SSAs by using natural 

SSA sample extracts. The bioactivity of SSA extracts was examined using the (in vitro) 

differential gene expression of lung cells; i.e., an endpoint giving a general overview of 

the (potential) effects at the molecular level. The composition of the SSA sample 

extracts was analyzed for marine compounds having well-known effects on the human 

respiratory system. 

 

Due to the large amount of pioneering work that was performed, it was of course not 

possible to unravel all aspects of possible linkages between SSAs and human health. 

Nonetheless I believe that some major breakthroughs were made in this PhD research.  

To summarize the discoveries and general conclusions of this PhD study, I have 

attempted to answer the research questions (Q1-8) introduced in Chapter 1. Where 

possible an initial human health risk and/or benefit assessment was performed. Next, 

I will discuss the perspectives concerning (future) human health risks and opportunities 

linked to SSA exposure. Finally, research recommendations are formulated which will 

hopefully lead to the enhancement of our knowledge in this young and at the same 

time ancient research field. 
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2 General conclusions 

- Q1: Can low doses of phycotoxins induce negative health effects via SSAs? 

(Chapter 2) 

It is clear that the two well-known cases of phycotoxins inducing respiratory syndromes 

via SSAs (i.e., brevetoxins (PbTxs) and ovatoxins (OVTXs)) occur during harmful algal 

bloom (HAB) events.22,24 Under normal non-HAB circumstances most phycotoxins are 

expected to be present at much lower (background) concentrations. As such, it was 

important to examine which phycotoxins could induce health effects at low exposure 

doses. To this end, we used in vitro experiments wherein we dosed phycotoxins to 

lung cells and analyzed the effects on the cell viability. 

 

The two yessotoxins (YTXs) showed to induce effects at the lowest concentrations 

(Figure 2.1). At first sight one could expect that YTXs are therefore more toxic than the 

other examined phycotoxins. As discussed under the next research question, the 

partial cells viability effects of YTXs are rather linked to beneficial mechanisms than to 

a higher toxicity. Two of the other examined phycotoxins showed to initiate 

mechanisms that lead to the mortality of the exposed lung cells. Based on these cell 

viability data (43 h EC50; see Table S2.1) okadaic acid (OA), the primary phycotoxin in 

the North Sea,151ï153 induced these toxic effects at (on average) 43 times lower 

concentrations as compared to PbTx-2.  

 

These results suggest that OA could induce negative health effects via SSA at much 

lower doses than the ones reported for PbTx-2. As far as we know, the lowest ambient 

[PbTx]coastal air inducing a respiratory syndrome were reported by Cheng et al.314 for the 

upper respiratory tract (3.4 ng m-3 for a 6-8 h exposure) and by Fleming et al.225 for the 

lower respiratory tract (57 ng m-3 for a 1 h exposure). The (lowest) effective air 

concentration reported by Cheng et al.314 equals a total inhaled dose of 36 ng, at an 

respiration rate of 25 L min-1 (light exercise).314 This dose can thus be considered to 

be the lowest observed adverse effect level (LOAEL*) for respiratory exposure to PbTx.  

 

 

 

* In human toxicology the lowest observed adverse effect level (LOAEL) represents the lowest 
experimental or observed dose or concentration that induces a significant harmful effect. 
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If we assume that the difference in toxicity of our in vitro model system can be 

extrapolated to the (in vivo) human respiratory tract, we can also estimate a LOAEL 

value for OA. We are aware that this extrapolation includes a large uncertainty, but as 

there is no other information available, it is the best method to get a first indication of 

the harmful dose for OA. Following this extrapolation approach, we calculated that OA 

could induce negative (in vivo) health effects in the upper respiratory tract at a minimal 

dose of 0.84 ng. The further assessment to examine whether such a OA dose could 

be inhaled via SSAs is performed further below (Q4). 

 

- Q2: Can phycotoxins induce positive health effects via the mTOR pathway, as 

suggested by the biogenics hypothesis? (Chapter 2) 

The performed in vitro experiments on lung cells showed a different image for 

yessotoxin and homoyessotoxin as compared to the other examined phycotoxins. 

These YTXs only induced a partial cell viability decrease at the highest test 

concentrations, while the other phycotoxins induce complete cell mortality (see 

Figure 2.1). Growth inhibition and apoptosis, both linked to a lower mTOR pathway 

activity, may explain these cell viability effects of YTXs. In agreement with literature, 

our in vitro experiments - using western blotting methods ï showed that YTXs 

downregulate this cell signaling pathway. Although that we only observed different 

effects between cancer (A549) and normal cells (BEAS-2B) in the western blotting 

experiments. It has been suggested that YTXs have a stronger activity in cancer cells 

and could therefore have potential as an anticancer drug.162 Downregulation of the 

mTOR pathway is crucial in Mooreôs biogenics hypothesis.46 These findings therefore 

support a basic principle of this hypothesis. Indeed, based on our research it can be 

concluded that specific marine compounds like YTXs could induce positive health 

effects via the mTOR pathway. 

 

The lung cells we used in our experiments showed cell viability effects for YTXs at 

(on average) 1640 times lower concentrations than for PbTx-2 (based on the 43 h EC50 

values; Table S2.1). Following the same extrapolation assumptions as in the previous 

research question (Q1), we calculated that a dose of 22 pg YTXs could potentially 

induce an in vivo downregulation of the mTOR pathway. The further assessment to 

examine whether such a YTXs dose could be inhaled via natural SSAs is performed 

further below (Q6). First the sea spray aerosolization potential of YTXs and other 

phycotoxins like OA are discussed in the next two research questions (Q3-4).  
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- Q3: Are these phycotoxins easily aerosolized via sea spray and which factors 

affect these water-air transfer processes? (Chapter 3) 

Via aerosolization experiments using seawater spiked with toxin-producing algae, this 

study provided the first (experimental) evidence and characterization of the sea spray 

aerosolization of OA, hYTX, and dinophysistoxin-1 (DTX-1). The potential for 

aerosolization of these phycotoxins was highlighted by their 78- to 1769-fold 

enrichment in SSAs relative to the subsurface water. The enrichment in the sea surface 

microlayer (SSML), only reaching enrichment factors (EFs) up to 6.4, could not explain 

the high SSA enrichment processes. In agreement with literature,87 we concluded that 

the scavenging (enrichment) process of rising air bubbles determines the SSA 

enrichment (i.e., EFSSA) of (dissolved) compounds like phycotoxins to a far greater 

extent than SSML enrichment does. This conclusion does not hold true for surface 

active compounds or surfactants. As further discussed below under Q8, surfactants 

accumulate in the SSML and have an important role in the bubble bursting processes 

and SSA production. Such effects of marine surfactants were also observed in the 

current experiments examining the aerosolization of phycotoxins. Indeed, the 

experiment using natural seawater showed a much higher foam stability and 

consequently a lower magnitude of SSA production (Figure 3.2A/B).  

 

To obtain and support these experimental results, we first developed a method for the 

determination of phycotoxin concentrations in SSAs. This analytical method showed 

good linearity (R² > 0.99), recovery (85.3ī101.8%), and precision (RSDs Ò 17.2%). 

Concurrent analysis of the organic and inorganic SSA content provided crucial 

information to unravel specific SSA processes (e.g., magnitude, enrichment) and make 

extrapolation calculations as discussed (among others) in the next research 

question (Q4). 

 

-  Q4: What are the phycotoxin air concentrations occurring at the Belgium coast, 

and do they pose a potential risk or benefit to human health? (Chapter 3) 

In the SSA samples we collected on the beach, we were not able to detect any 

phycotoxins above the limits of detection (LODs). From these natural samples we were 

only able to determine the ambient SSA densities (i.e., [Na+]coastal air). Concurrently we 

performed aerosolization experiments using natural seawater in a marine aerosol 

reference tank (MART). In these experiments we detected OA in the SSAs and were 
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able to predict the phycotoxin composition of the nascent environmental SSAs 

(i.e., [OA]SSA/[Na+]SSA). Using the combination of these environmental and 

experimental data (Table 3.2), we indirectly quantified the OA concentrations in the 

coastal air ([OA]coastal air = 0.6ī51 pg mī3). As such we could determine that in a worst 

case scenario, the inhaled dose of a person walking along the waterline during an 8 h 

exposure period (light exercise respiration rate of 25 L min-1)314 equals 0.41 ng OA. 

 

Performing a risk assessment, to determine whether these [OA]coastal air could pose a 

threat to human health, is not that straightforward. In absence of toxicological in vivo 

data for respiratory exposure to OA, the LOAEL can only be estimated via the 

extrapolation of (in vivo) effect data of ingestion exposure or in vitro cell viability data 

of lung cells. Using the LOAEL for ingestion exposure (50 µg OA per person),315,316 a 

margin of exposure (MOE)** larger than 104 was calculated. Here this so-called MOE 

indicates the ratio between the LOAEL and the inhaled dose during the above 

described 8 h exposure scenario. Conversely, using the data of our lung cell in vitro 

experiments and the respiratory in vivo effect concentrations for PbTx, as performed 

above under Q1, a LOAEL of 0.84 ng was calculated. Using this LOAEL relative to the 

inhaled dose during the above described 8 h exposure scenario (0.41 ng OA) only 

results in a MOE of 2. 

 

While the first human risk assessment approach predicted a safe situation (MOE >104), 

the latter approach predicted a situation that is far from protective (MOE of 2). It needs 

to be stressed that both the performed exposure and effects assessments used 

extrapolations with high uncertainties. It is therefore clear that due to the shortage of 

data, a robust risk assessment for the airborne exposure to OA via SSAs is currently 

not possible and too arbitrary to be trustworthy. To date, there have been no reported 

(medical) cases of respiratory syndromes upon airborne exposure to SSAs, during 

HABs of OA-producing algae. It therefore seems rather unlikely that the current 

[OA]coastal air could induce any negative health effects. 

 

** The MOE is commonly used in human health risk assessment and represents the ratio of 

the no-observed-adverse-effect level (NOAEL) or LOAEL to the predicted, or estimated human 

exposure level or dose. Generally a MOE Ó 100 is considered to be protective. When the 

LOAEL is used instead of the NOAEL, or when carcinogenic or genotoxic compounds are 

considered, the MOE needs to be Ó 104 to have an protective exposure scenario.  
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- Q5: Which effects, after respiratory exposure, can marine compounds in SSAs 

have at the molecular level? (Chapter 4) 

Using in vitro experiments with lung cells we compared the molecular effects (i.e., 

differential gene expression) of a natural SSA sample extract with those of a chemical 

mTOR inhibitor. At a high but realistic dose this natural SSA extract induced effects at 

the gene and pathway level in close resemblance to the known mTOR inhibitor. The 

similarities in regulation of the genes related to the mTOR pathway (Figure 4.6) 

suggest that natural SSAs indeed contain natural compounds that cause similar effects 

on the mTOR pathway as the known mTOR inhibitor. The effects extended even further 

as four additional pathways, linked to the mTOR pathway (i.e., glycogenesis, 

spliceosome, lysosome, steroid biosynthesis), were also significantly influenced. An 

important gene that was downregulated by both the mTOR inhibitor and the natural 

SSA treatment was PCSK9. Upregulation of this gene is associated with multi-organ 

pathology and inflammation, while PCSK9 downregulation is associated with 

protection against inflammation, organ pathology and systemic bacterial 

dissemation.247 It has been shown that PCSK9 induces secretion of pro- inflammatory 

cytokines,317 and that its inhibition may reduce the binding of bacterial endotoxin to 

Toll-like receptors by improving the hepatic clearance of circulating endotoxin.247 

Overall these results provide molecular evidence for potential beneficial health effects 

of exposure to bioactive compounds in SSAs, as hypothesized by Moore.46 

 

- Q6: How do these effects of natural SSAs, at a molecular level, relate to the 

effects induced by specific phycotoxins? (Chapter 4) 

The examined hYTX treatments (i.e., pure hYTX and lab SSA, see Chapter 4) also had 

a significant effect on PCSK9 and the mTOR pathway. The concentrations inducing 

these different gene expression effects were consistent with the hYTX concentrations 

inducing inhibition effects on the cell viability (e.g., growth inhibition and apoptosis) and 

the activity of the mTOR pathway, as observed in Chapter 2 and discussed under Q2. 

This additionally confirmed that YTXs indeed influence the mTOR pathway. In the 

current in vitro experiment (Chapter 4), the hYTX treatments did however show an 

upregulated expression of the PCSK9 gene and the genes of the mTOR pathway. This 

was unlike the natural SSA and mTOR inhibitor treatments, which showed a 

downregulated expression of these genes. The effects observed in the natural SSA 

treatment should thus be induced by other marine compounds than YTXs. 
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The question whether sea spray aerosolized YTXs could reach effective 

concentrations however still remains. Under Q2 we calculated that a minimal dose of 

22 pg YTXs could potentially induce an in vivo downregulation of the mTOR pathway. 

For an exposure to such a dose during an 8 h period, at an (light exercise) respiration 

rate of 25 L min-1,314 a minimal [YTXs]coastal air of 1.8 pg m-3 should be inhaled. YTXs 

have, however, never been measured in ambient coastal air, also not in our study.  

 

In Chapter 3, we did show that YTXs can be easily aerosolized and strongly enriched 

in SSAs. To estimate the maximum potential [YTXs]coastal air, to which people can be 

exposed near the waterline, we can extrapolate the results obtained in our MART 

aerosolization experiments. In the MART experiment using natural seawater 

(Figure 3.2B) a Protoceratium reticulatum density of 500 000 cells L-1 was used and 

YTXs air concentrations of 0.8 ng m-3 were measured. In comparison, P. reticulatum 

blooms in natural marine environments reach peak densities which are about 1000 

times lower (400-700 cells L-1).196,197 Following the proposed extrapolation, the 

maximum potential [YTXs]coastal air are calculated to be 1000 times lower than in our 

MART experiment and are equal to 0.8 pg m-3. These extrapolation calculations thus 

predict a MOE of 2.3 and suggest that the [YTXs]coastal air cannot reach effective 

concentrations. It should be noted, however, that the uncertainty on these 

extrapolations are too high to formulate solid conclusions. 

 

- Q7: Which marine bioactive compounds are present in SSAs at concentrations 

that can influence human health? (Chapter 5) 

Via the chemical analysis of the SSA samples of a one-year campaign at the Belgium 

coast, we detected and quantified the coastal air concentrations of 

dipalmitoylphosphatidylcholine (DPPC) for the first time. It is clear that the bioactivity 

and airborne exposure of DPPC can be related to human health. Indeed, DPPC is the 

major component (±40%) of the pulmonary surfactant in human alveoli and essential 

for good lung functioning.268,269 Conversely, lung surfactant abnormalities are 

associated with obstructive lung diseases (e.g., bronchiolitis, asthma).270 In Chapter 5 

section 4.2, we discussed that the quantified [DPPC]coastal air (<1.1-33 pg m-3) are 

probably too low to directly induce human health effects through the additional supply 

of pulmonary surfactant.  
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We suggest however, that DPPC in SSAs can induce human health in an indirect way. 

Together with other marine surfactants DPPC will form a coating on the surface of SSA 

droplets.171 This (surfaceïactive) property of DPPC is one of the essential reasons why 

it is used as an excipients for medical pulmonary drug delivery via aerosol 

therapy.271,273 Depending on the type of aerosol formulation (e.g., micelles; liposomes, 

solid particles)271 phospholipids like DPPC may (1) improve the transport of poorly 

waterȤsoluble drugs,268,271 (2) reduce the recognition of the exogenous aerosol nature 

by alveolar macrophages,271,308,309 (3) serve as a post-deposition spreading agent,274 

(4) stimulate pharmacokinetics via enhancement of the drug permeability through the 

lung epithelium.271,310 In summary this discovery of DPPC in SSAs draws a very 

interesting parallel with medical aerosol therapy, as it can facilitate the effects of other 

bioactive compounds present in the inhaled sea spray aerosols. 

 

- Q8: Are the coastal air concentrations of these compounds related to the 

ecological and/or meteorological state of the marine environment? (Chapter 5) 

Interestingly the [DPPC]coastal air we sampled were largely dependent on the DPPC 

content of the SSAs (DPPC/Na+) and much less on the SSA density (i.e., [Na+]coastal 

air). In fact at higher SSA densities significantly lower [DPPC]coastal air and DPPC 

contents in SSAs were observed. Consequently we found that the DPPC content of 

SSAs was strongly dependent on the wave height. The generalized linear model we 

developed indeed showed that wave height had a major negative effect on the 

[DPPC]coastal air. This important negative relation with wave height can be attributed to 

two mechanisms. As discussed in more detail in Chapter 5 section 4.1, an increased 

wave action reduces the surface lifetime of air bubbles, which consequently leads to 

larger and less enriched SSAs that have a shorter atmospheric retention time. 

Secondly, a strong wave action disrupts the sea surface microlayer (SSML).297 The 

SSML is known to have high DPPC concentrations,265,266 and is assumed to stimulate 

the aerosolization of its compounds. Increased wave action however pushes 

surfactants from the SSML back in to the subsurface water (SSW).297 

 

Our model also suggested that the available concentration of DPPC in the seawater is 

not the main driver of the [DPPC]coastal air. Seawater concentrations of marine 

surfactants, like DPPC, are mainly linked to a high primary productivity282 and 

phytoplankton cell lysis.264 Both increases and decreases in phytoplankton biomass 
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([PhyC]) should thus promote the [DPPC]coastal air. The generalized linear model we 

developed indeed confirmed this hypothesis. The (weekly) [PhyC]increase and 

[PhyC]decrease had significant positive effects on the [DPPC]coastal air. Conversely, the 

[PhyC]mean had a significant negative effect. Still these effects of the (changes in) 

[PhyC] were of lower importance than the wave action, as the latter accounted for 72% 

of the total explained variance of our model. 

 

3 Perspectives 

3.1 Opportunities and risks 

Since the Industrial Revolution, anthropogenic activities have increasingly impacted 

the biotic and abiotic state of marine environments.318 Disturbances of marine 

ecosystems do, however, not only affect the organisms living in the seawater. The 

marine sphere influences much more. The health of human coastal populations is 

among others interconnected with the (health) state of the ocean.29,319 The SSA 

relationship between the ocean and human health (OHH), which was investigated in 

this PhD thesis, creates both opportunities and risks for coastal populations. Indeed 

SSAs can deliver natural marine compounds with a beneficial pharmacological26,27 or 

potent toxic activity,20ï22,138 but also pollutants that are released to the seawater 

through human activities. 

 

Despite the historical believe that coastal air induces beneficial human health effects, 

little to no scientific studies have investigated the potential beneficial effects of SSAs 

before this PhD research. The fact that we started to examine the basic principles of 

the biogenics hypothesis and have demonstrated in this PhD research that natural SSA 

extracts have positive effects on important cellular pathways, may be the start of further 

discoveries in this OHH research field. I hope that this will stimulate more research that 

will eventually lead to a more comprehensive evidence base demonstrating the 

beneficial health effects of SSAs. I believe that, the medical, economic and ecological 

opportunities linked to natural SSAs exposure are enormous. Indeed, it is argued that 

the opportunities and benefits related to a healthy ocean (e.g., healthy SSAs) are more 

convincing than the risks of an unhealthy or polluted ocean to additionally safeguard 

marine ecosystems.  
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Marine environments host a whole range of undiscovered natural compounds, all of 

which may have a pharmacological, nutritional, agricultural and/or industrial use. The 

improvements of the strategies to identify new bioactive compounds, such as new 

genome mining approaches (see Chapter 1 section 4.1) are accelerating the discovery 

of marine drugs and the production of new marine pharmaceuticals.109 An important 

message and opportunity is that by protecting the high biodiversity of marine 

ecosystems, we safeguard a treasure of undiscovered marine bioactive compounds. 

At the same time, medical aerosol therapy is increasingly being investigated and 

ameliorated. In this study we discovered the presence of DPPC for the first time in 

SSAs. As in medical aerosol therapy where this compound is added as an excipient to 

facilitate the effects of the deployed drugs, DPPC could also stimulate the health 

effects of beneficial marine compounds in natural SSAs. Future research into the 

surfactant composition and effects of natural SSAs will render important new insights. 

This can create interesting opportunities to extent and improve medical aerosol 

therapies with new (marine) pharmaceuticals and excipient combinations. 

 

Conversely, it may also be hypothesized that DPPC present in natural SSAs could also 

facilitate the adverse health effects of natural toxins and/or pollutants. The human 

health risks or toxicity of these compounds in SSAs would then not only be dependent 

on their coastal air concentrations, but also on the surfactant composition of the natural 

SSAs. As DPPC is an ubiquitous natural compound, the only possibility to limit the 

potential risks related to toxic chemicals in SSAs is by reducing their emission (for 

pollutants) or production (for toxins) in seawater. Although the range of pollutants is 

very broad (e.g., industrial chemicals, wide dispersive use chemicals, radioisotopes) it 

is clear that reducing their emission is more straightforward than that of naturally 

produced toxins.  

 

Algal toxins or phycotoxins are by far the most important group of naturally produced 

toxins in the marine environment. In this study we showed for the first time that, next 

to PbTxs and OVTXs, other globally occurring phycotoxins like OA can also be found 

in SSAs at enriched concentrations (i.e., relative to the subsurface seawater). The 

production of phycotoxins is often linked to nutrient pollution of coastal waters (i.e., 

eutrophication), which could in theory also be remediated if and where needed. In the 

past decades, there has however been (scientific) discussion on whether the increase 
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in reported HAB events could be alternatively explained by heightened monitoring and 

scientific awareness.320 Recently Hallegraef et al.129 reported that, over the period 

1985ï2018, no evidence can be found to support a general global increase in HAB 

events. Significant increases (and decreases) of HABs have still been observed on 

local and regional scales.129 New emerging cases of toxin-producing HABs that 

introduce harmful concentrations of phycotoxin in SSAs can thus not be excluded.129 

The benthic dinoflagellate Ostreopsis ovata producing OVTXs is one HAB species that 

is spreading into new areas (e.g., Mediterranean Sea) and introduces harmful 

phycotoxins in SSAs.129,321 As the control and prediction of such HAB events are very 

difficult, the health risks for coastal populations can be controlled by good monitoring 

programs and by taking measures. The latter can include the closure of beaches when 

a toxic HAB event is occurring. Such harmful exposures to aerosolized phycotoxins 

are however rare events. At the Belgium coast no such harmful cases have been 

reported so far. During our study we determined that OA is the only phycotoxin present 

at (indirectly) detectable air concentrations at the Belgian coast. We also determined 

that it is rather unlikely that these [OA]coastal air could induce any negative health effects. 

The current human health risks related to SSA exposure are therefore assessed to be 

low at the Belgian coast. Also, phycotoxins do not necessarily induce negative health 

effects. As demonstrated in our in vitro studies and as demonstrated by others,145,162,178 

the bioactivity of YTXs can be linked to positive therapeutic effects and is as such an 

interesting compound to investigate the marine biogenics hypothesis. 

 

3.2 Future research 

In the second section of this chapter, I have showed that the shortage of exposure and 

in vivo effect data makes it difficult to confidently perform unambiguous human risk and 

benefit assessments. To improve these assessments and to build further on the work 

performed in this PhD research, recommendations for future research are formulated 

in this section. 

 

A first major recommendation is to improve our knowledge on the different processes 

influencing the sea spray aerosolization of marine compounds. These processes 

determine the air concentrations, aerosol size, atmospheric retention time and 

eventually human exposure to these compounds. As such, a better understanding of 

these processes will make it possible to model the human exposure to specific 
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compounds (e.g., phycotoxins, DPPC) based on meteorological and ecological data or 

predictions. One of these SSA processes which is of major importance is the SSA 

enrichment. In this PhD for example we found that the SSML is of lesser importance 

for the SSA enrichment of phycotoxins, while it seemed to be of major importance for 

the aerosolization of the surfactant DPPC. As applied in this thesis, a combination of 

environmental SSA sampling campaigns and aerosolization experiments is needed 

and recommended to increase our knowledge on SSA processes in the best way 

possible. In continuous environmental sampling campaigns all possible variations of 

the different (meteorological, ecological and physicochemical) variables determining 

the SSA processes are monitored. Using this type of data it will be possible to  

determine the ambient SSA processes and bio-compound specific concentrations in 

SSA and the (coastal) air. 

 

The above research recommendation can be performed for marine compounds known 

to be found in SSAs. A major challenge is, however, to discover and quantify the sea 

spray aerosolization and (coastal) air concentrations for other marine compounds. In 

this PhD research we always used chemical analysis methods targeting specific 

compounds. For the discovery of new compounds in SSAs untargeted analytical 

methods can prove to be even more useful. As such the principal components (i.e., 

compounds) of natural SSA samples can be determined. From our point of view, the 

presence of marine compounds in SSAs is only important if they have a bioactivity at 

ambient concentrations. To this end, the activity-guided approach displayed in 

Figure 1.10A using fractionated extracts of natural SSA extracts is a perfect strategy. 

As such, in vitro experiments using endpoints like differential gene expression, which 

give a general overview of the induced effects, can be combined with a final untargeted 

chemical analysis. This approach represents a major research recommendation, as it 

suggests a method to discover new bioactive compounds in SSAs (if present). 

 

The current set-up of our in vitro experiments included a maximum exposure period of 

about two to three days. After this exposure period the cells cultures reach a confluent 

state. In order to test more chronic and thus longer exposures, experiments can be 

prolonged by splitting or sub culturing the cells cultures during the experiments and by 

restoring the test concentrations in the medium upon every translocation.322 Another 

way to increase the realism of our in vitro models, instead of using 2D classic 
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monocultures, is to grow 3D cell cultures and/or to combine different cell lines in a so 

called co-cultures. Both 3D and co-culture cell cultures more closely resemble in vivo 

tissue in terms of cellular communication and the development of extracellular 

matrices.323 The most advanced development in terms of realistic in vitro lung cell 

models for this kind of research is the lung-on-a-chip.324 This type of organ-on-a-chip 

or organoid consists of organ-specific multicellular 3D cell cultures that recapitulate 

some of the critical structural and functional properties of the corresponding organ.325 

They are constructed (see Figure 6.1) as a microfluidic device for cell culture which is 

comprised of continuously perfused channels populated by living cells.324,325 

 

 

Figure 6.1: (A) real life version of a lung-on-a-chip, © Wyss institute, (B) illustration of the 

detailed composition of a lung-on-a-chip: the upper alveolar channel is lined by alveolar 

epithelial cells, and the lower vascular channel is lined with pulmonary vascular endothelial 

cells. It replicates the physiological breathing pattern by mechanical stretching of the mem-

brane by using vacuum chambers alongside the cell culture channels. This illustration is 

adapted from Shrestha et al.324 

 

A quite specific research recommendation concerning the sampling and analysis of 

organic compounds in SSAs, is to include a precombustion step (2-4 h at 450-550°C) 

in the pretreatment of new (quartz fiber) filters. By doing so, any (background) 

compounds (e.g., fatty acids) present on the filter will be largely degraded. As such, 

the risk for interference of the filter matrix/background is much lower. Here, except for 

SPX-1, we did not encounter any background issues for the compounds we targeted. 

 

It is clear that our discovery of DPPC in SSAs opens a range of research perspectives 

and opportunities. The medical/pharmaceutical research investigating the facilitating 

effects of phospholipids (e.g., DPPC) can now be viewed from another perspective and 

should aim to also unravel the mechanisms that occur upon airborne exposure to 

natural SSAs. Our research showed that the DPPC content in SSAs was (concurrently) 



 

______ 
---134-- 

enriched with major inorganic ions and can thus be linked to the electrification of the 

atmosphere and biogeochemical cycles. DPPC has also potential effects on the 

atmospheric retention time (i.e., SSA size) and meteorological (e.g., hygroscopic) 

behavior of SSAs. All these aspects should be examined in detail to elucidate their 

specific effects. 

 

Our final research recommendation is to perform both specific and broad 

epidemiological studies. The more we examine the composition of SSAs, the more 

bioactive marine compounds that will be discovered. In vitro experiments or even in 

vivo experiments on test organisms can be performed to investigate the potential 

health effects of these compounds. These experiments can, however, never determine 

the exact health effects on the exposed coastal populations. To this end, long term 

sampling campaigns in combination with specific epidemiological studies should be 

performed. These specific (bottom-up) epidemiological studies should evaluate the 

effects and pathologies which are to be expected upon long term airborne exposure to 

specific bioactive compounds in SSAs. Broad epidemiological studies on the other 

hand should follow a more top-down approach by investigating the differences in 

human health between coastal and inland populations. As medical files of patients are 

increasingly well-documented, such epidemiological studies have (in theory) growing 

and improving datasets at their disposal. Under strict privacy conditions, this medical 

information could serve as a massive tool to reveal additional coastal proximity health 

effects and to verify diverse beneficial health hypotheses linked to coastal 

environments. Once (and if) differences concerning specific pathologies are found 

between coastal and inland populations, one can investigate if its origin could be 

attributed to marine compounds that have already been quantified in SSAs or are 

potentially present in SSAs. 

 

I hope this PhD thesis opened new frontiers for understanding the positive relationship 

between the ocean and human health. Better knowledge of how we impact the oceanôs 

health status and vice versa will contribute to a better management of marine 

ecosystems. This will create many opportunities that will also teach us to live in 

harmony with nature. It has been long clear that the ocean will almost certainly survive 

the Anthropocene é it is also obvious that the human species on the contrary cannot 

survive without a healthy ocean!
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Annex contents 

1. Supportive Figures 

2. Supportive Tables 

 

1 Supportive figures 

 

Figure S1.1: Documents showing the interest in Thalassotherapy in 18th century England. 

  

 

Figure S1.2: Marine sanatorium in Gorliz, Spain. © bancodeimagenesmedicina.com 


