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atmospherie processing.

Laurentian Great Lakes (United States and Canada) has been characterized,
that freshwater systems may impact atmospheric aerosol loading more than
understood. Therefore, further investigation regarding the impact of Cyano
human respiratory health is warranted. This review examines current resear
incorporation of cyanobacterial cells and cyanotoxins into SA of aquatic ec
which experience HABs. We present an overview of cyanotoxin fate in the enviro
biological incorporation into SA, existing data on cyanotoxins in SA, relevant collection
methods, and adverse health outcomes associated with cyanotoxin inhalation.

mmmmmmmmm

1. INTRODUCTION cyanotoxin-related health threats comprehensively; many
r)(g%rks exist to elucidate the exposure routes and toxicological
écts associated with cyanotoXirss. Instead, we explore
e inhalation-speci health threats associated with Cyano-
Bs and the physicocheali properties of aquatic
ecosystems that may promote the aerosolization of cyanotox-
ii@’ primarily MC, which is among the most widespread and
réquently detected cyanotoxXihsThe health concerns
ag@ociated with cyanotoxin exposure routes such as ingestion

The environmental health of aquatic ecosystems is threate
by the global proliferation of harmful cyanobacterial bloon}%
(CyanoHABs}* CyanoHABs are dominated by toxigenic
cyanobacterial genera, €glindrospermopsis, Dolichospermu
(formerly Anabaena Microcystisand Planktothrix charac-

terized by gene sequences encoding the production of to
metabolites known as cyanotoxthdUnder eutrophic

conditions, some cyanobacterial genera can concentrateare commonly investioatdd®! 3 but the inhalation of
dense surface scunfig(re )L.>° In recent decades, the y 9 ’

occurtence of CyanoHABs has ncreased temporaly affCXRS M 26050, 2 robled healt, Toacts el
spatially due to anthropogenic nutrient overenrichrient ) P 9 99

and cimatic changés. CyanoHAR. everts negtively 121 Canobaciens and e netabolles oo dettol
impact water quality, de%rade ecosystem integrity, and pos%ea q 53 : _Spe
2 & atmosphefé, *° including toxigenic genera. Furthermore,
threat to human heath. erosol containing biologically derived material is ubiquitousl
The main health concern stemming from CyanoHABs is th Srmed. in marin% airsﬁer’ds 3 and recent researchq has Y
production of cyanotoxins in drinkabkhable, and recrea- resented similandings in fréshwater ecosvsEnE
tional water resources. Several cyanobacterial genera pI’OdU% 9 y :

suite of toxins across variable environments, including anatoxin Ith CyanoHAB events increasing in frequency, severity,
(ATX), cylindrospermopsifCYN), microcystin (MC), and expanding geographically, cyanotoxin incorporation into

nodularin (NOD), and saxitoxin (STX). The types and respirable aerosol may increase in regions that experience

concentrations are largely determined by interactions betwergr(]:urrent blooms. Airborne algae have long been suspected to

environmental factors that promote toxigenic genotypes arw

toxin gene expression. The extent of these interactions has Regeived: October 2, 2020

been comprehensively examined, and thus, cyanotoxin Revised: December 4, 2020

production and subsequent human exposure remains challefgepted: December 7, 2020

ing to forecast-?4 Published: December 18, 2020
Exposure to cyanotoxins is linked to an array of adverse

public health outcom&s?’ We refrain from discussing
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Figure 1.Dense surface cyanobacterial bloom activity; (A) a satellite shot of a widespread bloom on western Lake Erie during the Toledo Wate
Crisis of 2014; (B) drone-based photograptDafiahospermwsarface scum on the Chowan River, North Carolina, 2020 (photo: Abe Loven);

(C) close-up image ofMicrocystisloom on Maumee Bay, Lake Erie, Ohio, 2019 (photo: Haley Plaas); (D) photomicrddiaphystis spp

colonies (photo: Hans Paerl).

cause human respiratory irritation such as ha§févégnd www.sciencedirect.comilaylor and Francis onlinetips://
research characterizing algal toxins in aerosol from the manmew.tandfonline.cojy/and Web of Sciencét{p://apps.
dino agellateKarenia brevis (K. bré\is)® andOstreopsif webofknowledge.commThe primary keywords were searched
ovatd* ®”is common. Little work has been done to evaluat@s follows for each section: feection 3.1cyanotoxjn
cyanotoxins in aerosol, despite the fact that cyanobactedecurrencandfate for Section 3,2iologicatea spray aerpsol
dominate airborne algal communities due to their higkandlake spray aergsior Sections 3.and 3.4 microcystin
tolerance for a broad range of atmospheric condifibns. aerospkyanotoxjrandharmful algal bloprand forSection
Airborne cyanobacterial communities can persist in urbah5 microcystiinhalationandlung

environments and are observed in indoor living

space$: #9979 Individuals living near aquatic ecosystems3 RESULTS

harboring CyanoHABs may be at an elevated risk of

cyanotoxin related health problems, without ever having direggction 3.1describes the physicochemical processes which
contact with the water. Furthermore, the inhalation of aeros8l €€t the transport of cyanotoxins in the environment, as these

poses its own noteworthy health risks beyond the toxicologidJPCeSSes impact cyanotoxin environmental chemistry and
e ects of cyanotoxiAs. ® incorporation into SA via interactions with entrained air

Despite known public health threats associated with boffHPbleésSection 3.Bxplores the formation mechanisms of SA
graquatic systems and how biological components, including

exposure to cyanotoxins and the inhalation of aerosol, neittL ) . .
the World Health Organization (WHO) nor the United Statesh@rmful algal bloom (HAB) toxins, are incorporated into SA.

(U.S.) Environmental Protection Agency (EPA) have estape€Ction 3.3presents a comprehensive overview of the
lished cyanotoxin inhalation standards. This is largely due t@4Plished data which evaluated cyanotoxins and CyanoHAB
lack of data characterizing aerosol containing cyanotoxif€!!S in aerosol. Methods from these studies and other
Accordingly, the key obijectives of this review are to evaludtgrtinent airborne algae studies are revigetion 3.4
known mechanisms behind biological incorporation into spragfction 3.®xamines the current data on the toxicological
aerosol (SA), compile current data on aerosolized cyanotoxifisE¢ts of MC in human lung models.

and identify knowledge gaps in this interdisciplinary area of 3-1- Environmental Fate and Chemistry of Cyanotox-
research to motivate future studies. ins. 3.1.1. Source, Structure, and Chemistry of Cyanotoxins.

The chemical structure and intrinsic properties of cyanotoxins
5 oDS dictate their reactions and movement in aquatic ecosystems
- METHOD and, therefore, their potential incorporation into aerosol. Most
This critical review utilized the following databases to searaiformation available on the chemistry, toxicity, and transport
the literature: ACS Publicationittfs://pubs.acs.ordy/ of cyanotoxins has focused on MC. MC and NOD are classes
Google Scholarh{tps://scholar.google.cojm/ PubMed of related cyclic peptides with variant amino acid side chains.
(https://pubmed.nchi.nim.nih.gdyScience Directhtps:// Both are extremely stable compounds which may persist in the
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water column for weeks following their release after cajenic amino acid side group, 3-amino-9-methoxy-2-6,8-
deati?*"9%° As demonstrated irable 1 MC is produced by a  trymethyl-10-phenyldeca-4,6-dienoic acid (Addajre }.

large majority of the genera discussed, whereas NOD MC congeners deér primarily at the twa-amino acids
primarily produced bylamentous genera in estuarine (denoted X and Y), but ddrences are also demonstrated at

system§:2 the Mdha op-erythre -methylaspartic acio-MeAsp):> The

NOD structure varies slightly from MC and consists of an
Table 1. Cyanotoxin Production Observed Across Adda,N-methyldehydrobutyrine (Mdhlerythre -methyl-
Cyanobacterial Genera aspartic acidofMeAsp), and-arginine ((-Arg) (Figure 2.%°

Overall, MC and NOD compounds are mildly hydrophilic at

Cyanobacterial Genera ATX CYN MC NOD STX References, . . .
typical pH levels in freshwater systems (neutral to mild

Anabacnopsis X . o alkalinity), but MC exhibits increasing hydrophobicity when
Cf]risosporum y 89112 exposed to acidic cpndit!éﬁihe hydrophobicity of MC (as
Cylindrospermopsis X X x 9297233 well as NOD) is driven in part .by the_ Adda moiety qnd thg
Cylindrospermum X X x 2% occgrgrgsréce of hyd_ropho_b|c amino aqu at each variable side
Dolichospermum (ex X N x 81235236 phaln, ' such variance in hydrqphobmny between congeners,
Anabaena) i.e., their relative aity for air, is important to consider when
Fischerella X 232 evaluating their potential incorporation into aerosol. MC
Geitlerinema X 2 congeners with hydrophobic amino acid side chains, e.g., MC-
Gloeotrichia X 2 LW (-leucine-tryptophan), have higher octamater parti-
Haplosiphon X 2 tioning coe cients than congeners with less hydrophobic
Lyngbya X L amino acids, e.g., MC-LR (-leucine-argifiine).
Microcystis X east CYN is a tricyclic alkaloid with a central functional
Nodularia X 232i4242 guanidino moiety and a hydroxymethylurgijlite 2.5° °°
Nostoc X X X 2;2; As a zwitterion, CYN is extremely hydroptiil@ylindro-
Sﬁg'r':itgi”?n i X ;: X s spermopsis raciborskis the rst noted producer of CYX,
Planktoth“rix 9 9 23246 but additional genera are reportedable 1 .
Radiocystis X 25 STX isa trlalkyll tetrah.ydropurlne which is ghpeoduced
Raphidiopsis X X a7 by dino agelllates in m%ggf ecosystems but also by freshwater
Scytonema % x 232 cyanobacteria={gure 2. Few data' sets are available on
Umezakia N 248 the occurrence and transport of STX in freshwater systems, but

hydrophobic analogues of STX are known to occur within the
freshwater cyanobacteribgmgbya wolf& The fate of STX

The MC molecule contains and L-amino acidsN- most commonly studied is organismal. A large research focus is
methyldehydroalanine (Mdha), and thendey nonproteino-  placed on the toxicology of STX, as it easily accumulates in

Figure 2.Chemical structures of cyanotoxins with characteristic chemical groups labeled; (A) Microcystin-leucine-arginine (MC-LR); (B)
Nodularin (NOD); (C) Cylindrospermopsin (CYN); (D) Saxitoxin (STX); (E) Anatoxin-a (ATX-a).
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seafood tissues and leads to paralyticsshelbisoning in  but ultimately, the geochemical fate of MC is not well
human beings. °’ understood®’ In a series of eutrophic lakes in Japan, Tsuiji et
ATX is a group of related secondary amine alkaloids, ATXah (2001j** found the hydrophilic moiety of MC bound
(Figure 2 and homo-ATX-a, as well as the phosphate ester dightly to sediment but conversely, Morris et al. (2600)
a cyclic N-hydroxyguanidine structure, ATX-&{sj%° determined that clay particles scavenged MC by binding with
Despite their names, ATX-a and ATX-a(s) are structurallhe hydrophobic Adda. Furthermore, the extent to which MC
dissimilar and therefore exhibitedént chemical behaviors. may adsorb to POM is a function of water®p#E>*
ATX-a and homo-ATX-a are fully soluble in Wateyt as suggesting that site-speeiater chemistry is important when
the only naturally occurring organophosphate, the behavior @dnsidering the ability of cyanotoxins to adsorb to suspended
ATX-a(s) is more similar to that of organophosphorugarticles or air bubbles for aerosolization.
insecticides in aquatic ecosystém3X-a(s) may adsorb to For MC, NOD, and CYN, the period over which
soils and persist in the environment for long periods oftime. photodegradation occurs in natural settings is lengthy, and
Cyanobacterial producers of both ATX and STX are reportatieir chemistry may disallow them from interaction with
in Table 1 suspended sediments. Thus, biotransformation is the proposed
3.1.2. Occurrence of Cyanotoxins in the Environment. dominant pathway for cyanotoxin degradation in natural
Cyanotoxins are largely endotoxins, and their release into tystem&>* Cyanotoxins may be degraded b}/ heterotrophic
environment is dependent on ambient conditions and bloomacteria, as there is evidence of this fof 8 and
growth stagé’ CyanoHAB cells are typically found in the NOD.*?° However, fewer studies have reported the microbial
upper euphotic zone, as many genera maintain buoyancy biaakdown of CYN, ATX, or ST¥.Cyanotoxins may enter
gas vesicles to remain surface-active for maximal photbe food web via grazing; MC has been demonstrated to
synthetic yield§*'%® Unlike marine dinmgellate HABs, bioaccumulate in planktivoroush, but it does not
CyanoHABs are typically not susceptible to physical forms biobmagnify>° NOD, CYN, ATX have also been reported in
cell lysis from breaking wave action or shear ‘Sfress. the tissues ofsh, but the bioaccumulation of STX is the most
CyanoHAB cells only release toxins into the water columpronounced of all cyanotoxinas it is frequently detected in
during cell senescerc& ° lysis through viral activify/, or sh and marine invertebrgtes 34132
remediation processes such as algaecide treftments, 3.2. Aerosol Production at the Air Water Interface.
exposure to heightened salinity along estuarine graflients3.2.1. Sea Spray Aerosol Formati®me prominent source
In the environment, the dissolved fraction of MC does noof airborne cyanobacteria is sea spray aerosol"{8%A),
usually comprise more than 10% of the bulk toxirwhich is formed at the sea-air interface when water droplets are
concentratioh;*° and this may also be true for NOD, ATX, ejected into the atmosphere. Aerosolization primarily occurs
and STX98199 114 conyersely, CYN can be found at when wind-driven wave action entrains plumes of air bubbles
signi cantly higher proportions in the dissolved form and ideneath the wat&f>*°® Upon reaching the surface, the
proposed to be actively transported outside the"¢ell. bubbles burst, ejecting heterogeneous SSA composed of sea
While the fate of intracellular toxins is controlled by celsalts, water, biolog7ical matter, and chemical compounds into
physiology, dissolved toxins are subject to processing in tiwe atmospheré?>’ **°The fate of SSA in the environment
environment. Therefore, consideration of the concentration &f dependent on multiple factors but notably the aerodynamic
dissolved toxins is likely sigant when evaluating cyanotoxin diameter (g, mass, composition, and oxidation Stat&"
transport in aerosol. At the shoreline, breaking waves produce SSA that can be
3.1.3. Degradation Pathways for Cyanotoxins in the transported up to 1000 kifi **“inland at concentrations of
Environment. The bioavailability of and exposure to 1C particles n?.**®
cyanotoxins in higher organisms is dependent upon site-There are two types of aerosol formed via bubble bursting
specic factors. Cyanotoxins are subject to photolysis fromprocessesim and jet drops. When entrained bubbles reach
sunlight (photosynthetically active radiation (PAR), UV-Athe surface, a thin layer called time-cap forms atop each
and UV-B), adsorption to sediment or particulate organibubble. Film drops are produced directly whenlthe&ap
matter (POM), or microbial degradation. MC decomposeslisintegrates and bursts, forming numerous small particles. Jet
when exposed to UV light, and under ambient conditions, ittrops are formed via jetting or when water at the base of a
half-life is approximately 10 daysFurthermore, photo-  bursting bubble rushes in lbthe exposed cavity, shooting a
sensitizers such as chlorophyll pigments, humic acid, or fulstceam of water upward, which fragments into dYops >3
acid must be present for MC and NOD to break downAn evaluation of the precise formation mechanism of SSA
entirely:**CYN photolysis occurs less easigjty as it more  provides valuable insight into the mixing state or variability of
strictly requires UV-A sunlight and photosensitizers to degradeemical comgonents associated in individual SSA par-
e ectively:***° Conversely, ATX may undergo rapidphoto- ticles:™>%1>% 1>
lytic degradation in the absence of photosensitizers, making it¥he expected size distributions|of and jet drops range
accumulation in sediments or higher organisms less'tfkely. from d, values of 0.2 to 10 and 1 to 208, respectively?
Kaminski et al. (201%)found that ATX-a only broke down However, recent instrumentation improvemergstra more
under high temperatures and WBV/exposure, suggesting it accurate size distribution may encompass size fractions from
may also persist in the environment for extensive periods. nanometers to droplets as large a280 m.>¥>*Multiple
The biogeochemical characteristics of an ecosystemdings suggest that SSA size distribution is primarily a
in uence the adsorption of toxins onto POM, such as detritifsinction of parent bubble sizZ&:°9153157 159 35 sybsequent
or plant litter, or suspended minerals and sediments in thém-cap surface area is directly proportional to SSA size
water column. MC is potentially scavenged by these particldistribution:>" In a review of SSA formation mechanisms,
protecting it from degradation and transporting it over longewis & Schwartz (20049 concluded that bubbles with radii
distances. MC is possibly resuspended under some conditiosis,mm produce more SSA in the drop size distribution,
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while bubbles with radii <1 mm produce more SSA within th®OM stays suspended in the-cap and is incorporated into
jet drop size distribution. It is speculated that drops Im drops. Conversely, Wang et al. (Z63@dptermined that
typically contribute to SSA in thee range while jet drops a suite of intra- and extracellular biological compounds are
contribute to SSA in the coarse rdngelowever, given the incorporated into SSA of size distributions from both jet and
overlapping size distributions lofi and jet drops*?it is Im drops. Therefore, jet drops cannot be ruled out as a source
likely that bubbles in natural environments produce a mixtuc# biological SSA? but biogenic compounds may be
of both Im and jet drops. Moreover, mass concentration, odi erentially enriched in aerosol when produced Iwvia
the mass of aerosol per unit volume of air, and size distributivarsus jet drops. This suggests that cyanotoxins may be
of drops ejected into the atmosphere may grow and shrirderosolized withinim or jet drops. At present, we cannot
dynamically via heterogeneous cherfitétfyy,equilibration  de nitively predict the concentration of cyanotoxins that are
with relative humidity (RH).°and accumulationover their  enriched in aerosol and potentially transported inland.
lifetime. As such, production mechanism is imperfect as a3.2.3. Spatiotemporal Controls on SS&veral meteoro-
predictor of SSA size distribution and mass concentration; S®fical conditions have been investigated to elucidate the
mixing state is best explained by several interactingpacts of weather on SSA mass concentration, mixing state,
physicochemical factors, many of which are regularind transport. The meteorological variables that control wave
indeterminant. However, a better understanding of prima@ction, bubble bursting, and subsequent SSA formation
aerosol formation at the aivater interface and how this include: wind speed, wind direction, atmospheric stability,
directly contributes to particle behavior in the atmospherprecipitation, sea and air temperature, RH, sea-state, marine
provide the foundation to investigate potential CyanoHABoundary layer height, wave fetch, salinity, and ooeamd
incorporation into aerosol. surface topography. These conditions are spatiotemporally

3.2.2. Biological incorporation into SS8urface-active dynamic. Their integration poses a challenge to accurately
bacteria may be enriched in SSA when compared to bulissess SSA production. Air and water temperature, RH, and
seawater® During phytoplankton bloom conditions, the salinity inuence bubble bursting dynamics by alterimgap
majority of SSA mass is actually composed of biologiddlickness and bubble lifetifi&->° Precipitation also acts
materiaf®® Surface biological activity has long been demorSSA mass concentration, as it scavenges and removes all sizes
strated to alter the mixing state of §SA®*but there remain  of SSA via wet deposititfi->°
unexplained interactions between marine biogeochemistry andlvind speed and direction most stronglyuénce SSA
the physicochemical properties of ‘SSA¥°3%° phyto- ~ formation across regions. SSA concentration is largely a
plankton species and theihemical constituents are function of elevated wind speeds, which increase wave activity
incorporated into SSA via adsorption to air bubbles in thand in uence the distance over which SSA may travel (up to
water columtt® or at the surface microlayer prior to hundreds of meters vertically and 10 km downwind of the
bursting-°“*°® Biological matter is incorporated into SSA in source)>4*38139143171 SGA number concentrations, or the
two ways: POM, such as intact or fragmented cells, armimber of particles per unit volume of air, increase markedly
encapsulated in jet drops as bioaerosol, and DOM, includimgth fetch due to waveld development?Wind direction is
biogenic organics such as proteins, enzymes, toxins, sacebpecially important to consider with regard to the transport of
rides, metabolites, or amino acids, are enrichedmin  SSA inland and when forecasting human exposure to SSA. For
dropst°#'%® Inactive, fragmented cells are preferentiallynstance, wind direction is a major predictor of coastal air
scavenged by entrained bubbles when compared to intagtality during red tide events. Beach-goers were exposed to
cellst** Thus, the phenological state of a bloom may impacsigni cantly lesser concentrations of aerosolized brevetoxin
the concentration and type of biological material in°$SA.  when the wind blew away from sfigté* "3

For intact cells, adsorption to air bubbles and subsequentOther than wind, meteorological controls on SSA formation
aerosolization is inenced by speci phenotypic character- are based on multiple environmental variables, and thus, the
isticsi®® such as exterior membrane hydrophobic sitee ects vary across regions. Additionally, many of the same
morphology, cell concentration at the surface, or otheenvironmental conditions irence CyanoHAB ecology and
ecological dynamics such as diel cycles and grazisfe specically the detection of airborne algae. The most
In the case of DOM, the chemical properties of the biogengigni cant environmental factors that may contribute to the
compound inuence its relative enrichment in SSA. Hydro-dispersal and presence of airborne algae are RH, precipitation,
phobic metabolites are more readily incorporated into SS&ind speed, and PAR/* Through air sample cultivation
than water-soluble orgar{sThis process is well illustrated techniques, Sharma et al. (2606Jetermined that airborne
through the HAB specils brevisr the Gulf of Mexico red algal communities were more diverse when RH was high
tide. Brevetoxin, a potent neurotoxin producéd byeviss (>60%), but abundance was lower. This is likely because
frequently detected in SSA during red tides due to ithumid conditions favored the survival of aquatic algae in
hydrophobic properti€s:®® At the wave break, fraghe aerosol but also promoted the condensation of gasgbus H
breviscells lyse, releasing brevetoxin into the water columonto hygroscopic algal cell walls, increasing their settling
where it interacts with air bubbles and is incorporated inteelocity and ultimately decreasing their detection in air.
SSA. Similarly, precipitation favors the survival of algae in the

Biogenic compounds are typically a dominant component atmosphere but removes cells via wet deposition. Rainfall and
ne SSA’° suggestingim drop formation as the primary high wind speeds may fragment algal colonies, disperse them
sourceé>* Jayarathne et al. (2018)found that DOM is  within the water column, and generate splashing or capillary
specically enriched inne SSA, whereas POM is more wave action, favoring their suspension in the air. Finally,
frequently measured in coarse SSA. This is explained by thereased sunlight may increase the number of algal particles in
drainage of heavier, larger POM (such as live cetg) dm- the atmosphere because PAR supports maximal cyanobacterial
cap to the bubble base, where it is encapsulated in jet dropstivity at the surfaté’
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Figure 3.A schematic depicting the proposed mechanisms attributed to cyanotoxin incorporation into spray aerosol.

3.2.4. Lake Spray Aeros@A research has recently signicantly from SSA, also due to aqueous chemistry, as
expanded to examine freshwater aerosol generated kBA chemical signatures e the major ions of fresh-
processes similar to SSA. Lake Spray Aerosol (LSA), likater>° These unique physiochemical processes attributed
SSA, is formed via breaking wave action in the airshed of latgehe production of LSA are especially pertinent to consider
lakes and reservoirs. To date, all studies that have characterfpe@erosol formation in eutrophic waterbodies during frequent
LSA were conducted on the Laurentian Great Lakes (U.S. aadd recurrent CyanoHABSs.

Canada). LSA may impact Earttadiative forcing via the Despite key derences between SSA and LSA mixing states,
production of primary aerosol from waterbodies but on &iological material can be incorporated via the same
smaller scale than SSA due to lesser aeroges.’ °’ mechanisms. Elevated concentrations of cyanobacterial bio-
Episodic wind events in the northern Great Lakes region aneass have been demonstrated to alter the mixing state of LSA,
associated with an increase in surface-layemeuligrosol  increasing biological signatures and shifting size distributions.
loads of 20%""°This study by Chung et al. (201Ffound In a series of LSA generator experiments, May et al>{2018)
that LSA decreased quickly with increasing altitude (>200 mjetermined the majority component of LSA is of biological
limiting ultrane LSA impacts to a regional scale. Recentlgrigin during bloom conditions (84/L cyanobacteria), and
however, Olson et al. (2019¥ound evidence of LSA in Olson et al. (20267 found that increased CyanoHAB activity
altitudes as high as 600 m, suggesting more vertical transparhanced aerosol production in the ulgasize range {&

and downwind impacts than previously anticipated. Much0OO nm). A eld survey by Slade et al. (2616@ptected LSA

work still exists to elucidate the global impact of LSA. with similar size distributions near the surface of Lake

Ambient LSA number concentrations are about one-thirtMichigan, suggesting that LSA producesituis composed
that of SSA, and LSA maintains a bimodal size distributiasf size fractions which are potentially enriched with MC.
with a primary mode at & 180+ 20 nm and a secondary Moreover, MC has been detected in LSA generated from other
mode at g= 46+ 6 nm>° The di erence in size distributionis small lakes of the Laurentian Great Lakes tegiod in
a result of water chemistry: lower salt content leads to greatalifornia, U.S showing that LSA formed during Cyano-
bubble coalescence underwaproducing larger parent HABs may pose an emergent threat to public h&alth.
bubbles with observed diameters from 250 to i280rhis 3.2.5. Spray Aerosol: a Collective Tebme to a lack of
decreases the number of bursting bubbles at the surface @ada characterizing aerosol produced in estuaries or from
yields a smaller mass concentration of SA mainly comprisedsofirces other than breaking waves, the catch-di5may

ne aerosdf The chemical composition of LSA varies Aerosol (SA)is proposed to reference aerosol produced in
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freshwater, estuarine, or marine ecosystems via bubble burstimgings that wind driven bubble-mediation is necessary for the
processes. While the production of SSA and LSA presuniesorporation of biological material into SA. Wind dilutes
signi cant wave action and distinctive chemical signatures, p&ocyanobacterial cell measurements in the air, rather than
could describe primary aerosol emitted in the airsheds ofcreasing numbers as anticipated through increased bubble
smaller or hydrologically mastl systems such as reservoirs,bursting. This also indicates the potential of an alternative,
channels, lakes, and ponds. The consideration of Spassive procésntributing to cyanobacterial aerosolization,
production in these systems may prove important for healtbuch as dusion, evaporation, air-gas exchange, or small-scale
related studies, especially in areas with poor water qualitybulencé/4*®3'8"since cyanobacteria are detected in the air
where aquatic pollutants are heavily concentrated. SA couwld still days. The tertpassive procéss used in an attempt
also accurately describe aerosol formed via bubble burstinganaccount for multiple unknowns involving the meteoro-
the airshed of retention ponds such as sewage treatmémgical, ecological, and physicochemical processes which may
plant$’® or con ned animal feeding operatibfisyhich are  contribute to the aerosolization of waterborne algae. This
not discussed herein but have been explored as potentimlderscores the extent of the knowledge gaps which exist in
sources of health-related aerosol. More research is neededeigard to cyanobacterial aerosol communities.
consider the public health implications of SA produced via 3.3.2. CyanoHAB Cells in Aero8alls, cell fragments, and
processes other than large wave breaking, especiallycyanotoxins from bloom forming genera have been measured
eutrophic waters with small fetches where CyanoHAB growih aerosol, includingylindrospermifh Nodularid® and
and close-shore recreational activity may becaignibut ~ Microcysti§ ***34%188 Of the cyanobacteria sourced from
breaking wave action is less common. waterbodies in a study in Varanasi, Irdiarocystisvas

There are additional sources ofwater gas exchange that detected year round in aerosol, &yindrospermumas
are also worth consideration as sources of bubble bursting thatected in the late summer, coinciding with a CyanoHAB in a
have not been surveyed as signt contributors to SSA or nearby retention pofid:’“Current data suggests that the size
LSA in the literature. The following processes could alddistribution of CyanoHAB aerosol may range from0OdL
promote SA formation even if on a smaller scede: 6.5 m>%*?and dierences between reports is likely explained
underwater gas emissions via biogeochemical reactiobg.a number of ambient conditions as exploredciion 3
Microbes in sediments have long been recognized for thaiuch as RH. Over the open Baltic Sea, Poland, Lewandowska et
production of gas at depthand subsequent atmospheric al. (2017¥%®detected toxigenic cyanobacteria in SSA with d
emission$’® This process, known as ebullition, occurs on 8.3 m; however, over land, SSA containing the same genera
global scale. Microbial activity in sediment is estimated wwere signcantly smaller in diameter. This is explained by the
produce 7.59 times the amount of gaseous carbon asnertial properties of larger SSA, forcing larger particles to
anthropogenic sourcé8'®* Second, there are several physicakettle out of the air before reaching the sfidrer
disturbances occurring during recreational activity that couddternatively, particle shrinkage as SA equilibrates to ambient
lead to bubble bursting in CyanoHAB waters aside from windH over drier land. During CyanoHAB conditions in a small
driven wave action. When MC occurs in the water colummake in Michigan, U.S., MC was only detected in aerosol
anthropogenic events that produce SA, like water sportimgshore, but not over the open Hk@his suggests that
activities, may facilitate the inhalation of aquatic pollueyanotoxins can persist in aerosol along the shore and inland,
tants-®%13 Recreational activity may elevate human exposuresultant of SA inertia, environmental factors, SA mixing state,
to respirable aerosol containing MC in waterbodies experieramd cyanobacterial growth dynamics, as blooms typically
ing CyanoHABSs, due to both usereximity to the blooms accumulate at the edge of a waterbody where they are not
and increased physical disturbance at the'swstieface’ easily dispersed by wifldTherefore, respirable cyanotoxins
Boating, swimming, and splashing likely leads to additional 8fay impact populations living onshore. A comprehensive list
formation. While the quantities of SA emitted from recreationf important ndings from eld campaigns investigating
have yet to be formally studied, Backer et al. f20difl) CyanoHAB compounds in aerosol are fourdiihe 2
detect MC in the nasal passages of recreational lake users fro.3.3. Cyanotoxins in AerosdlIC is among the most
two lakes during two respective CyanoHABs. Furthermore, thédespread and commonly measured cyandtoXits
maximal recreational use of water resources coincides withus, MC has been the primary cyanotoxin of focus in
CyanoHAB activity in warm months, serving to compound thi€yanoHAB aerosol studies, but N®D° and beta-
e ect>*3° Methylamina-alanin€* have also been detected in aerosol.

The dynamic physicochemical processes explored Inlaboratory experiments, MC concentrations in aerosol have
Sections 3.Jand 3.2 which may intersect in the natural ranged from 91 fg #t°°to 50+ 20 ng m?, the maximum
environment to promote the aerosolization of cyanotoxins @ssociated with water concentrations of 20 In sity
schematically representedrigure 3 the highest concentration of aerosolized MC ever reiaorted is

3.3. Evidence of Airborne CyanoHAB Cells and 23 ng m?® associated with water concentrations gfl5%>°
Compounds. 3.3.1. Picocyanobacteria in Aerodeicocya-  For NOD, up to 16.2 pg ri were measured in aerosol,
nobacteria, the smallest cyanobacterial cells (diameter &8sociated with water concentrations ofg9L9***

m),"®* are most commonly detected in aerosol because ofMay et al. (2018 found a direct relationship between
their sizé® '8’ In the airshed of small lakes around Newelevated phycocyanin levels and the enrichment of biological
England, U.S., airborne concentrations of picocyanobactesignatures inne LSA, suggesting that the composition of LSA
were measured in excess &f celils m3'®° although the s altered as result of increased cyanobacterial biomass in the
precise mechanism promoting the emission of picocyanobaater. In a similar study, Olson et al. (2Z6und increased
teria remains unclear. Unlike SSA and LSA numb&?OM and MC in the water column enhanced the production
concentrations, picocyanobacterial cell concentration in airdé LSA with ¢ < 100 nm. Moreover, congeners containing
not associated with wind speed and direction, disputinigydrophobic amino acids, such as MC-LR (-leucine-arginine)
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Table 3. Comprehensive List of Important Findings from Laboratory Experiments Examining CyanoHAB Compounds in
Aerosol

Quanti cation Aerosol generation
Cyanotoxin Important results from laboratory-based studies Collection methodsnethods method Reference
MC * MMAD peaks at 0.03 and 6.0, RH £n.d. cascade impactors; personaELISA Glass-dispersion tube 35
« MC [water] 50 g L %, yielded [aerosol] of 0.620.06 Sa&m lersQ = 300;
ng m3 10.6LPM)
MC « 23764 365011 cells M Gillian BDX-ii samplers ELISA No mechanical agitations °°
« aerosohotgenerated by bubble bursting (Q=2LPM)
« evaluated the passive emission of cyanobacterial cells
n.d. « heightened biological signatures in supermicron LW OFMS n.d. Plunging-jet apparatus 30
during HABs, RH 15% at measurement describeéi in May et al
« phycocyaninuorescence intensity correlates directly - (2016
with increasedne LSA production
« LSA with strong biological signatures is circular in
morphology
MC « direct association between aqueous POC, MC, andTOFMS LC-MS/MS  Plunging-jet apparatus 42
ultra ne LSA production described in May et al
« LSA size distributions resemble POC size distributions: - (2016

peaks at 46 and 270 nm, RHL.5%

« MC [aerosol] 50 ng m®

. M(%-LR [water] of 22.2g L *yielded [aerosol] 40 ng
m

« plunging-jet apparatus likely lysed cells, MC assumed
dissolved

¢« MC-LR and MC-LA enriched by a factor of 830 and
2000 in LSA, respectively

* MC-RR only enriched by a factor of 10

« hydrophobic amino acid side chains, e.g., leucine (L),
promote the adsorption of dissolved MC onto entrained
air bubbles

n.d. = not determineflQ= ow rate LPM = liters per minute.

and MC-LA (-leucine-alanine) were preferentially enriched irespective limitations must be considered when designing a
LSA due to their increased adsorption to air bubbles. Thetudy and interpreting results. Spedly, the major issues
enrichment factors of MC-LR and MC-LA were, respectivelyith regard to CyanoHAB aerosol measurements are (1)
830 and 2000, relative to bulk seawater, whereas tldentifying the sample source, (2) determining spatiotemporal
enrichment factor for MC-RR (arginine-arginine) was onlyesolutions, (3) ensuring sample viability, and (4) collection
10%? A comprehensive list of importanmdings from e ciency. Assessment of the complications introduced by each
laboratory experiments examining CyanoHAB compounds @i these issues is of critical importance in designing and
aerosol are found ihable 3 Findings from Olson et al. executing aeld campaign to sample biological matter in SA.
(2020Y"? agree with measuremeittssity as Backer et al. 3.4.2. Ildentifying the Sample Sourdéven in remote
(2010)*° found that MC-LA was the congener most environments, itis deult to determine the extent to which an
commonly detected in aerosol produced in the airshed ofaerosol sample was emitted as S&ldrstudies, the source of
small lake in California, U.S.. Thus, there is convincingerosolized cyanotoxinse dargely assumed, based on
evidence to suggest that the occurrence of dissolved MZoximity to the waterbody in question. However, there are
contributes directly to the aerosolization of cyanotoxinseveral other potential sources of airborne microbial life in the
However, this is not to conclude that cyanotoxins arenvironmenty® *°* therefore necessitating miéive con-
exclusively aerosolized in dissolved form, as more data ammation of the aerosol source. This may be achieved by
necessary to support thisding in natural environments. surveying SA compositional characteristics such as distinct
Empirical evidence is currently lacking to demonstrate thehemical signaturés™® or particle size distributiois:*®
conditions under which cyanotoxins are most likely aerd-hus, eld-deployable, high-resolution, and real-time particle
solized, within cells or extracellularly. measurement instruments such as the Atomic Time-of-Flight
3.4. CyanoHAB Aerosol Sampling Methods. Mass Spectrometer (ATOFMS) are preferred, as this
3.4.1. Challenges for Sampling Cyanotoxins and CyanoHARechnology can accurately determine the origin of SA by
Cells in AerosolQuantifying cyanotoxins in SA is a simultaneously revealing particle composition, diameter, and
methodological challenge &ld settings. To date, most SA number concentration. Additionally, online mass spectrometry
research has focused on the climatic impacts associated witows for avoidance of potential artifacts from particle
global aerosol production at the aiater interface, and thus, desiccation onlters, sample degradation, and chemical or
less emphasis has been placed on human exposure potentiatabolic reactions over long sample collection péridds.
There is a pressing need to utilize robust sampling techniqu&sch high-resolution technology is very expensive, and to date,
to characterize dynamic SA produdtiosituto analyze the all studies which have utilized such equipment to examine
potential public health threats associated with aquatiCyanoHAB compounds in aerosol have been performed in a
pollutants in SA. This is not to say the methods explorelboratory setting? which have yet to adequately represent
herein should be avoided entirely but rather that theireld conditions.

52 https://dx.doi.org/10.1021/acs.est.0c06653
Environ. Sci. Techn@021, 55, 44 64


pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c06653?ref=pdf

Environmental Science & Technology pubs.acs.org/est Critical Review

Alternatively, more ardable, high-volume samplers which Utilizing “soft sampling techniques, such as impingement
impact aerosol ontdters, stages, or plates, may be paired witlnto liquid media, may better preserve sample integrity.
complementary real-time aerosolmeasurements and metediowever, culture dependent sampling techniques, e.g.,
logical conditions. *"**Mass concentrations can be detectedimpaction onto agar or other nutrient media, signily
in situ with Tapered Element Oscillating Microbalancesunderestimate the diversity of microorganisms in aerosol and
(TEOM), Beta gauges (BAM), Optical Particle Countersprovide poorly resolved mass concentraiori® avoid
(OPC)**®or nephelometet$3**°while wave activity and SA cultivation, molecular techniques involving DNA sequencing
emissions may be scaled by correlations of wind speatk better suited as they do not require the continued viability
measurements. However, it is important to note that whilef the sample, and furthermore, this method maytobe
wind speed may increase SA production, it may also leaddbility to better trace the origin via comparison to water sample
sample dilution and does not account for other sources &NA analyses. Another less abrasive bioaerosol collection
bubble burstint}4°987200 method has recently been made possible bgitt&pot

3.4.3. Determining Spatiotemporal Resolutiofise time  bioaerosol sampler (Aerosol Devices A This novel
and locations spent collecting aerosol should be carefutchnology cers the direct collection of aerosol into water or
monitored, as both cyanobacterial blooms and SA productida er solution, esctively concentrating the samples with real-
at the air water interface are highly dynamic. As explored itime particle size assessment and improved viability. To the
Section 3.2,3SA production is greatly irenced by wind  best of our knowledge, this instrument has never been used to
speed, direction, and other weather conditions, but thestudy biological material in SA. More research is necessary to
factors may also lead to strong biases in microbial occurrermaluate the use of BB®Spaods an e cacious tool to measure
in aerosot/4?°*29? Cyanobacterial blooms are also subject toairborne CyanoHAB compounds.
changes based upon weather conditions. Wind and turbulent3.4.5. Collection Eciency.Current ndings suggest that
ows have been demonstrated to disperse surfacé§¢lims high-volume sampling is necessary to meet cyanotoxin LOD in
which may aect the incorporation of CyanoHAB compoundsaerosol. The studies which previously utilized low-volume
into SA. Furthermore, under favorable conditions buoyastamplers seldom yielded enough biomass to quantify
cyanobacteria become increasingly active at the surfacganotoxin in aerosotl.®’ 38> However, low-volume
especially in the early morning, when they rapidly accelera@mplers such as the Gillian BDX-ii (Sensidyne, LP) used in
photosynthetic activ'rté?zo“zo5 Thus, over the course of an Murby & Haney (2016§°and Trout-Haney et al. (2020}
aerosol sampling event, the metabolic state of a bloom are portable and capable of collecting intact cells. If qualities of
surface cell concentration could change markedly, leading taieborne cyanobacterial communities are being investigated,
disproportionate representation of aerosol containing Cyanwithout a need for swcient biomass for cyanotoxin
HAB compounds in a sample. These points also reiterate thaanti cation, such methods may be useful, as theolow
benet of utilizing online mass spectrometry methods whemate imposes less stress on the cells coffecfedddition-
possible, given that such tools allow for real-time spatioterity, low-volume samplers are often battery powered and
poral variability to be examiriéd-*° require much less energy compared to high-volume samplers

Con ning sampling periods to4 h and integrating them which generally require at least 120 V electricity. As such,
over a 12-h sampling event may work to better understand thertable, low-volume samplers may prove advantageous for
time of day when cyanotoxins are most likely to becomsampling campaigns in remote locations and when meeting
airborne if limits of detection (LOD) are met. Alternatively, toLOD is not a concern.

e ciently capture the ecological processes occurring in theFrom an analytical perspective, high-resolution cyanotoxin
water column, the bloom should be monitored frequently oveyuanti cation techniques are preferred to commercial Kkits,

the course of aerosol collection. Noticeable changes in pH such as the enzyme-linked immunosorbent assay (ELISA).
dissolved oxygen in the water could indicate changes in blo&hlSA kits tend to overestimate cyanotoxin concentration due
metabolic staté? to matrix eects’* and moreover, their minimum detection

3.4.4. Ensuring Sample Viabilitif. aerosol is being limitis 0.1 g L . For aerosol samples on the magnitude of 0.1
collected over multiple days, sample degradation is alwaypgalL !, the ELISA detection limit is therefore too low and
concern. As aquatic organisms, toxigenic cyanobacteria &amild require intensive sample concentration. While ELISA
unlikely to survive long-term in aerosol or desiccation on an &its may be useful in rapid water quality monitoring, in order

lter. However, the extended viability of airborne CyanoHAB better investigate the occurrence of cyanotoxin in aerosol,
genera has yet to be formally investigated. As explored rivore rened instrumentation is needed. As demonstrated in
Section 3,lcyanotoxins are chemically robust; hence, theitBambaro et al. (2012}0 the higher resolution available
nuisance in aquatic ecosystems. MC can persist in thierough high performance liquid chromatography tandem
environment for weeks to months before fully biodegradnass spectrometry (HPLC-MS) approaches mentively
ingZ***' Thus, the loss of toxin sample oftex is likely to be  reveal environmentally relevant concentrations of cyanotoxins
minimal. in aerosol and can further specify isoforms present.

CyanoHAB colonies, eMicrocystr Dolichospermuare 3.5. Toxicological Impacts Associated with Cyano-
naturally found in long chains or agglomerates of°Cells. HAB Inhalation. 3.5.1. Epidemiological Outcoméumer-

Upon aerosolization, microbes such as cyanobacteria may extist case studies have reported the cytotexits essociated

in an aggregated state, especially during bloom condfitionswith cyanotoxin ingestion, intraperitoneal injection, or dermal
Moreover, cyanotoxins may adsorb to suspended particles sachtact®**2** #**put more pertinent to this review, there are
as sediment, cell fragments, or detritus. Therefore, if impactiorany anecdotal reports of respiratory irritation in recreational
breaks up these particles, it may proveuttito accurately lake users following exposure to CyanoHABS.*’ As
guantify the concentration of cells in aerosol or the truelemonstrated in a systematic review by Stewart et al.
characteristics of the aerosol. (2006)7*° respiratory symptoms are among the most
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Figure 4.A conceptual diagram depicting the potential pathways which may contribute to adverse health outcomes associated with the inhalatic
of cyanotoxins. Areas where research is linmtkdgs are unknown, and more work is necessary are indicated with a question mark.

frequently recorded complaints. Spespiratory reactions must come from the inhalation of aerosol containing
related to CyanoHAB exposure include cough, sore throat, acghnobacterial cells or cyanotoxins.
hay fever, suggesting that the inhalation of cyanobacteriaFollowing acute exposure to MC in aerosol, dose-dependent,
compounds in aerosol may activatenmmatory responses in microscopic lesions were observed in the nasal cavity of mice;
the human body. In a prospective cohort study conducted such lesions typically enhance absorption into the bloodstream.
southeastern Queensland and New South Wales, Australia &wvever, no hepatoxicity was observed following inhalation,
south Florida, U.S., Stewart et. al (206®&und that study  suggesting that MC was not mobilized from the lung to the
participants were 2.1 (95% Cl: ¥D) times as likely to liver from the respiratory tract,again suggesting that MC
report mild respiratory symptoms when exposed to Cyanoay not readily cross the blood-air barrier in the lungs. These
HABs than those who were not exposed. However, concretsults are especially interesting, because in this study, the
evidence to conm cyanotoxins as the causation of numerousnedian mass aerodynamic diameter (MMAD) of the aerosol
health outcomes including respiratory irritation is oftergenerated (d= 0.53+ 0.01 m) should have allowed for
lacking. Most epidemiological investigations in regard teposition in the lower respiratory tract in Afftehere
cyanotoxin exposure rely on self-reported activities arood-oxygen gas exchange o¢cu@onversely, Facciponte
symptoms, and therefore, exposures often go underreporetdal. (2018)° found cyanobacteria in the bronchoalveolar
or misdiagnosed?*?° Studies which have examined cyano-lavage uid of several study participants, suggesting that
toxin exposure via inhalation failed to detect cyanotoxins in ti@yanoHAB cells may be deposited in the lower respiratory
bloodstream of any participafitS® meaning cyanotoxins tract. The authors speculated theets of MC inhalation were
may not cross the blood-air barrier in detectable concewnly noted in the upper respiratory tract due to the presence of
trations, or the parent compound is potentially transformed forotein phosphatase 2A in the olfactory epithéffum.
an unknown metabolite via this uptake route. Ultimately, ouowever, recently Bnman et al. (2026%° found that two
epidemiological understanding of the acute and chronic heattfpes of human bronchial epithelial (HBE) cells express genes
impacts from CyanoHABs is just beginfiihg. encoding organic anion transport proteins that are capable of
3.5.2. In Vivo FindingsCurrent toxicological studies MC-LR cellular uptake. Moreover, Oliveira et al. (2015)
involving the inhalation of cyanotoxins have been limited tdemonstrated that lung tissues were negatively impacted while
MC. MC is a potent inhibitor of serine/threonine type 1 andnasal epithelial cells remained ect@d following intranasal
2A protein phosphatases (PP1 and PP2A, respe?:%/iuétdy). instillation of MC-LR in micé’ Thus, exposure assessments
many other toxins, the median lethal dosegyLédncen- should be conducted to evaluate where aerosol containing MC
tration for MC is lowest when inhaled (43kg ! in mice) in is potentially deposited in human lung @elisve perhaps
comparison to other routes of expoStrEurthermore, MC  involving aerosol deposition modeling when invasive proce-
may impact a derent suite of organs when assimilated in thedures in human participants such as BAL are impractical.
respiratory system. Whiledammatory responses to MC may  3.5.3. In Vitro Finding#n in vitrostudy examining the
extend to lung tissues, the toxin itself less frequently ect of MC-LR on Alveolar type Il (ATIl) cells, which are
metabolizes to the lung when ingested or absorbed intrpresent in the lower respiratory tract, revealedcsighinjury
peritoneally>® #*> Thus, direct lung cell exposure to MC to these tissues when treated with concentratiortafM
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MC-LR. Transepithelial electrical resistance in ATII cells wagnerated to accurately assess toxin dosages, body burdens,
markedly down-regulated in response to MC-LR treatmentand ultimate public health implications.

indicating the adverseeet of MC-LR on tight junctions and  There are many studies which have detected toxigenic
cell-to-cell communication in the IGifyEpithelial-mesen- cyanobacterial genera in the airshed of small freshwater
chymal-transition (EMT) proteins were also impacted, as thgystems such as creeks, lakes, or stormwater ponds, despite
expression of cytokeratin 18 (C18), cytokeratin 19 (C19)the absence of an obvious aerosolization mechanism. We
surfactant protein C (SP-C), occludin (OCLN), E-cadherinsuspect that sources of bubble bursting such as microbial
(CDH1), and tight junction protein-1 (ZO-1) was decreasedprocesses or recreational activity could explain the presence of
alongside the upregulation of vimentin (ViMpctivation of ~ small cyanobacterial cells in the airshed of systems with short
phosphoinositide 3-kinase/protein kinase B (PI3K/AKt) andfetches, low wave action, and frequent surface scum
mitogen-activated protein kinase (MAPK)/extracellular signafermations. More research is necessary to better understand
regulated kinase (ERK) signaling pathways were also notéte small-scale processes which may promote the emission of
leading to apoptosis in lung cefldVC-LR also aected cell primary aerosol from small waterbodies, as there is a growing
signaling pathways and growth in HBE cells; after exposurerteed to examine SA produced in aquatic systems other than
20 M MC-LR, protein adducts were formed in HBE itells the ocean. We recommend the use of the ‘tepnay aerosol
vitrg??® con rming the possible uptake of MC-LR into these(SAY’, to widely encompass aerosol produced via diverse
cells which exist in the lower respiratory tract. However, risubble bursting processes in seawater, freshwater, brackish, or
major cytotoxic @cts were revealed within 96 h, and onlymanmade systems.

minor disruptions to MAPK (ERK1/2 and p38) activities were An e ectual approach to characterize aerosol containing
reported”® Zhao et al. (2016) found more proteins involved cyanotoxins in natural environments must consider (1) the
inin ammatory response, cytoskeletal functions, and energetfietabolic state of the CyanoHAB, (2) the dynamic
metabolism to be signantly altered following sublethal lung physicochemical conditions of the ecosystem, (3) SA size
exposure to ME?> These ndings suggest that changes in thedistribution and its relevance for human exposure, and (4) the
levels of many protein signaling pathways could potentially tixicological escts of cyanotoxins at environmental concen-
monitored as biomarkers for human exposure to MC-LR itrations.

aerosol, and a special focus should be placed on monitoringt.1. Metabolic State of the CyanoHAB Cyanobacterial

tight junction activity in the lungs. More research utilizing cells are positioned at the surface of the water column, where
vitroapproaches should be conducted to better understand tiifey may easily interact with entrained air bubbles. The
impact of chronic exposure to airborne cyanotoxins, argerosolization of intact cells or cell fragments may be
furthermore, an emphasis should be placed on examining theuenced by ecological and morphological characteristics

cytotoxic eects at environmental concentrations. such as cell size, concentration at the surface, or the presence
of cell aggregations. The size and morphology of a CyanoHAB
4. DISCUSSION AND FUTURE DIRECTION cell should be considered as a factor which manoe its

Diverse lines of evidence suggest that CyanoHAB cells afgorporation into aerosol.
their chemical constituents are capable of incorporation into The release of cyanotoxins into the water column increases
SA produced in the airshed of aquatic ecosystems. Howeubg fraction of toxin available for chemical interactions with air
interpreting the physicochemical and ecological controls dnbbles. We speculate that processes which promote cell lysis
the aerosolization of cyanotoxins remains a complex problemnd increase dissolved toxin concentrations, may lead to higher
There is a pressing need to further investigate the enviropencentrations of toxin in aerosol. CyanoHABs nearing
mental concentration of cyanotoxins in aerosol, as well as $gnescence, treated with algaecide, infected with viruses, or
associated human body burden to determine if cyanotox@iecurring along estuarine gradients may contribute most
inhalation guidelines should be implemented and whegreatly to cyanotoxin enrichment in aerosol, and the period
intervention would be best served. Herein, several knowledgéer which toxin degradation occurs could reveal the amount
gaps were presented regarding the environmental concefitime dissolved toxin is available for aerosolization.
tration of cyanotoxins in aerosol and the related public healthCYN, which is proposed to be actively transported outside
threats Figure 3. the cell, may more likely be available for incorporation into
Largely, the primary form in which cyanotoxins are detectekrosol. However, given that CYN is extremely hydrophilic, we
in aerosol is unknown, i.e., intra- or extracellularly. Teuspect its anity for air bubbles is likely too low for its
accurately model the potential dosage of cyanotoxins wheigni cant incorporation into aerosol. We speculate that the
inhaled, cyanotoxin concentration and form in aerosol must lbganotoxins with hydrophobic properties, e.g., MC-LA, ATX-
determined. We reference publications to suggest thafs), and STX, are more likely to occur in aerosol when
cyanotoxins may be transported in aerosol within intact @ompared to those which are more hydrophilic in nature, e.g.,
fragmented cells, adsorbed to POM or sediments, or dissolM@dN, ATX-a, and homo-ATX-a.
in Im or jet drops. Future studies should place a higher 4.2. Dynamic Physicochemical Conditions of the
emphasis on the potentialeets of aerosolized cells since Ecosystem.Numerous meteorological conditions should be
cyanobacterial cells do not easily lyse under ambienonitored during CyanoHAB aerosol sampling campaigns.
conditions; the general lack of dissolved toxins in natur&llevated wind speeds, large fetches, PAR, and RH may
systems may explain the low concentration of cyanotoxinsiin uence cyanotoxin aerosol number concentrations and
aerosol reected in current data. Further investigation shouldherefore the concentration of airborne cyanotoxins which
aim to better characterize the form in which cyanotoxins exigach human populations. Our understanding of SA
in aerosol, as the size, composition, and concentration whigfoduction in freshwater systems and its implications on air
reach human populations may vary greatly between dissolepality is in its infancy. At present, it is unclear how
toxins and intact cells. Furthermore, this information must hghysicochemical, ecological, and meteorological factors inter-
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act to inuence freshwater SA production and mixing stateg ictions such as chronic obstructive pulmonary disease and
however, sucient evidence suggests that wave breaking @sthma are predisposed to heightened reactions and adverse
alternative bubble bursting processes produce SA which niegalth outcomes associated with cyanotoxins in aerosol. This
carry CyanoHAB compounds. information is needed to develop spea@nd accurate
Regarding CyanoHAB ecology and spatiotemporal dynammhalation and air quality exposure guidelines regarding
ics, the seasonality of airborne cyanotoxins should lyanotoxins with special considerations for susceptible
investigated. Ambient conditions such as precipitatiopopulations.
turbulent ows, and winds blowing away from shore may Several knowledge gaps exist regarding the public health
disperse surface blooms, decreasing the amount of biomasks associated with the inhalation of airborne cyanotoxins.
available at the surface for enrichment in aerosol. Th&hile there is no deitive evidence presented herein to
hydrodynamics and biogeochemistry of an ecosystem a&ggest that exposure to cyanotoxins in SA should be
also important regarding the fate of dissolved toxins in thieimediately regulated, much work remains to evaluate the
environment, as these conditionsiémce the degradation holistic impacts of CyanoHABs on human respiratory health.
rates and ability of cyanotoxins to adsorb to suspendédere, we examined current knowledge on cyanotoxin fate in
particulate matter. As such, these dynamic processes shoulthiee environment, biological incorporation into SA, existing
monitored in attempt to observe the environmental factorgdata on cyanotoxins in SA, relevant collection methods, and
which may promote the aerosolization of CyanoHABhe public health concerns with CyanoHAB inhalation. With
compounds. the expansion of CyanoHABSs, the health risks associated with
4.3. SA Size Distribution and Its Relevance for chronic exposure to cyanotoxins will trend upward near
Human Exposure.Though it is unclear whether cyanotoxins systems as large the Laurentian Great Lakes and as small as
are more frequently aerosolized within or jet drops, backyard stormwater ponds. Thus, cyanotoxin incorporation
CyanoHAB compounds have been detected in aerosol ovsto respirable aerosol may increase across the globe and
land, suggesting they exist in respirable size fractions, a@hwuld be further investigated in order to safeguard the health
therefore may adverselg@ human and animal populations of human beings, animals, and the environment.
living onshore. We speculate that dissolved toxin is more likely
enriched in ne SA via Im drop formation, whereas intact AUTHOR INFORMATION
cells, which are too large to comprigeaerosol size fractions, corresponding Author
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