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ABSTRACT: Atmospheric processes can affect the longevity of
harmful toxins in sea spray aerosols (SSA). This study
characterized the degradation of brevetoxin (BTx) in SSA under
different environmental conditions. The samples of seawater
collected during a Karenia brevis bloom in Manasota, Florida,
were nebulized into a large outdoor photochemical chamber to
mimic the atmospheric oxidation of aerosolized toxins and then
aged in the presence or absence of sunlight and/or O3. Aerosol
samples were collected during the aging process using a Particle-
Into-Liquid Sampler. Their BTx concentrations were measured
using an enzyme-linked immuno-sorbent assay (ELISA) and high-
performance liquid chromatography/tandem mass spectroscopy.
The BTx ozonolysis rate constant measured by ELISA was 5.74 ±
0.21 × 103 M−1 s−1. The corresponding lifetime for decay of 87.5% BTx in the presence of 20 ppb of O3 was 7.08 ± 0.26 h,
suggesting that aerosolized BTx can still travel long distances at night before SSA deposition. BTx concentrations in SSA decreased
more rapidly in the presence of sunlight than in its absence due to oxidation with photochemically produced OH radicals.
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■ INTRODUCTION

Karenia brevis is a dinoflagellate native to the waters of the Gulf
of Mexico and the Caribbean. It forms the primary component
of harmful algae blooms known as “red tide,” which recur in its
native regions and spread to neighboring coastlines during the
late summer and fall.1 The species produces a polyether
neurotoxin known as brevetoxin (BTx), which is then released
into surrounding waters via excretion and cell rupture.2 When
ingested, BTx displays an antagonistic effect on neurons by
binding to receptors on voltage-gated sodium channels, which
can result in severe gastrointestinal and neurological
symptoms.3,4

Excreted BTx can also be incorporated into sea spray
aerosols (SSA), particles formed from the bursting of bubbles
at the ocean’s surface.2 When inhaled at concentrations greater
than 3−4 ng/m3, BTx can induce cough, shortness of breath,
and other symptoms in the upper and lower respiratory
tracts.4−6 Atmospheric concentrations of BTx in coastal SSA
can exceed this level by approximately 1 order of magnitude
during red tide events.6,7 For example, SSA collected during a
red tide event on Siesta Key on the Florida Gulf Coast
contained BTx-2 + 3 concentrations of 35 ng/m3 in the
morning and 25 ng/m3 in the afternoon.7 Concentrations of K.
brevis in the surf ranged from 165,000 to 225,000 cells/L
throughout the day, with onshore winds averaging 10 km/h.7

Though a naturally occurring phenomenon, red tide events like

the one at Siesta Key have increased in severity and length
from the effects of local pollution and global climate change, as
K. brevis growth is sustained by excess nutrients from
agricultural, industrial, and urban runoff and by warmer
ocean temperatures year round.1 Exposure of aerosolized BTx
to coastal communities through the transport of SSA generated
from red tide events to nearby shores can result in significant
economic impacts from increased hospitalizations and
decreased tourism.8

BTx’s molecular structure is characterized by a long
polyether backbone with a single lactone group on a terminal
ring and a side chain on the other.9 Variants of BTx found
during a red tide event may possess one of two different
backbones found in the parent molecules, BTx A and BTx B
(Figure 1). Derivatives of BTx can have various functions,
ranging from increased neurotoxicity to antagonistic effects on
parental BTx compounds.9 BTx-2 and BTx-3 in the BTx B
class are the most abundant toxins observed during
blooms.10−12 BTx-3 is the most abundant variant observed in
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extracellular conditions due to its selection by the environ-
mental conditions of bulk seawater.10−12 Previous studies have
demonstrated the ability of BTx to undergo transformation in
seawater from photodegradation and ozonation.13−15 How-
ever, the transformation of aerosolized BTx is currently
unexplored. Recent studies have shown that the ADDA unit
of aerosolized microcystin-LR in freshwater cyanobacteria can
undergo degradation during atmospheric aging.16 In a similar
manner, double-bonded moieties in rings and side chains of
aerosolized BTx may undergo transformation through
heterogeneous reactions with atmospheric oxidants such as
ozone (O3) and hydroxyl (OH) radicals.
Characterization of the phase state of SSA is necessary for

the identification of the reaction rate constants of BTx with
atmospheric oxidants. The ocean surface consists of a thin film
with a higher organic matter (OM) content than bulk seawater,
though the composition and size of the OM fraction in the
surface microlayer may vary based on bloom conditions.17,18

This OM fraction is preserved in SSA formed from wind and
wave motion, which consists of a salted aqueous core covered
by an organic coating (Figure 2).19−21 SSA form in the marine

boundary layer, where they deliquesce at a relative humidity
(RH) of 75.3%.22 As SSA are carried inland by sea breezes,
they lose mass through water evaporation until they effloresce
at approximately 10.8% RH.23 Phase separation between the
organic and aqueous content of SSA begins at around 90−92%
RH and is maintained as RH decreases.24,25 The phase of SSA
influences the rates of uptake and reaction of atmospheric
oxidants with BTx.

This study investigated the factors that influence the lifetime
of aerosolized BTx in various atmospheric environments.
Authentic seawater collected during a red tide event was
nebulized into the University of Florida’s Atmospheric
Photochemical Outdoor Reactor (UF-APHOR) dual chambers
and atmospherically aged in the presence of O3 or sunlight.
The rate and extent of BTx decay were characterized by
measuring its concentration in aerosol samples collected at
various stages of the aging process using an enzyme-linked
immuno-sorbent assay (ELISA) and liquid chromatography/
tandem mass spectroscopy (LC/MS/MS). Using calculations
from thermodynamic models based on group contribu-
tions,27,28 BTx was assumed to be predominantly located in
the organic layer of SSA. Consequently, the reaction rate
constant of BTx with atmospheric oxidants was estimated
based on this assumption. The impact of coexisting OM on the
rate and extent of BTx decay in SSA was also studied. Greater
knowledge of the factors that influence the decay of aerosolized
BTx can be used to better understand and predict the impact
of aerosolized red tide algae on nearby communities.

■ EXPERIMENTAL SECTION

Chamber Experiments. To study the degradation of
aerosolized BTx under different atmospheric conditions, SSA
containing BTx were introduced into the UF-APHOR dual
chambers (volume = 52/52 m3). Table 1 summarizes chamber
experimental conditions. Seawater was collected from a red
tide event in Manasota, Florida, on October 13, 2020, and
stored at −20 °C to prevent BTx decay between collection and
chamber experimentation. Prior to each experiment, 10 mL
aliquots of seawater were sonicated for 10 min to lyse algal
cells and diluted 10-fold to form an analogue of SSA containing
BTx.
To observe the effects of the OM fraction found in SSA in

Experiments H, J, K, and L in Table 1, a 9.26 mg spike of OM
was added to 10 mL of the diluted solution to simulate the
average composition of the OM fraction in SSA.26 The spike
consisted of α-D-glucose (96%, Sigma-Aldrich), stearic acid
(Fisher Scientific), and bovine serum albumin (BSA) (Fraction
V, Crystalline, Sigma-Aldrich) based on reported literature
values.26 These compounds were selected due to their
possession of functional groups found frequently in the OM
fraction of SSA. After preparation of the 10-fold diluted
solution, it was divided into 3 mL aliquots. To observe the
effects of photosensitizing OM on BTx transformation in
Experiment L, 3 μL of a 0.53 wt % chlorophyll (Chl) solution

Figure 1. Structural backbones of BTx A and BTx B and R groups of variants.9,12

Figure 2. Atmospheric processes of aerosolized BTx on typical SSA.26
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(World Organic) was added to the aliquot. For the observation
of BTx transformation using LC/MS/MS in Experiment H
(Table 1), 10 μL of an external 0.5 mg/mL BTx-3 spike (BTx
PbTx-3, Ptychodiscus brevis, Sigma-Aldrich) was added to the
aliquot so that the BTx concentration exceeded the instru-
ment’s detection limit.
In Experiments A−C (Table 1), O3 was introduced into the

chamber using an ozone generator (Teledyne, Waterzone
5000, Thousand Oaks, CA). Then, 3 mL aliquots of the 10-
fold seawater dilution were nebulized into the UF-APHOR
dual chambers (V = 52/52 m3) in dark conditions to avoid
photochemical reactions. For all experiments, 200−400 μL of
CCl4 (Thermo Fisher Scientific) was added to observe
chamber dilution.
Chamber conditions were monitored over the course of the

experiment by various instruments. Figure S1 shows the time
profiles of chamber conditions for Experiments D−L, which
were conducted in the presence of sunlight. Particle number
concentration and population were measured by a Scanning
Mobility Particle Sizer (TSI, model 3080, Shoreview, MN).
The mass concentration of non-refractory particle fractions was
measured by an Aerosol Chemical Speciation Monitor
(Aerodyne, Billerica, MA). The geometric mean diameter of
the generated aerosol ranged between 200 and 250 nm and the
geometric standard deviation ranged between 15 and 17 nm.
The mass concentrations of ions in aerosol samples were
measured using an Ion Chromatograph coupled to a Particle-
Into-Liquid Sampler (PILS) (Metrohm, Herisau, Switzerland).
O3 and NOx concentrations were measured using a Photo-
metric Ozone Analyzer (Teledyne, model 400E, Thousand
Oaks, CA) and Chemiluminescence NO/NO2 analyzer
(Teledyne, model 200E, Thousand Oaks, CA), respectively.
Temperature and RH within each chamber were measured
using a Measurement and Control System (Campbell
Scientific, model CR1000, Logan, UT). Solar UV radiation
in each chamber was measured using a Total Ultraviolet
Radiometer (Eppley Laboratory, Inc., Newport, RI). The

organic carbon (OC) content in chamber-generated SSA was
measured by using an OC Analyzer (Sunset Laboratories,
model 4, Hillsborough, NC). The OC content in SSA of this
study was 0.7 wt % of dry SSA. The UV spectra of aerosol
particles collected on Teflon-coated glass fibers were measured
using a micro-UV spectrometer (Ocean Optics, Dunedin, FL).

Aerosol Collection and BTx Analysis. Aerosol samples
were taken using PILS (Metrohm, Herisau, Switzerland),
which collected aerosol at an air flow rate of 14−15 L/min.
The concentrations of particles in the collected samples were
calculated using the gas and liquid flow rates of the PILS,
SMPS data, and the aerosol density. The BTx concentration in
each sample was measured in triplicates using an ELISA kit
(Eurofins Analytics, Warminster, PA), which selected for BTx-
B variants. For ELISA analysis, samples were spiked to contain
0.1% Tween 20 (Thermo Fisher Scientific) to prevent loss of
BTx to vial surfaces and then stored at 4 °C. All samples were
analyzed using ELISA within 6 h of sample collection. The
reaction rate constants for BTx ozonolysis were calculated on
the assumption that ozonolysis occurs in a pseudo-first-order
reaction. The significant difference between rate constants for
ozonolysis under different conditions was evaluated using the
Student t-test. The reaction rate constants for BTx photolysis
were not estimated due to the contribution of multiple
oxidants to the reaction.
In Experiment F, BTx concentrations were measured using

both LC/MS/MS and ELISA to evaluate the accuracy of the
latter method in measuring BTx concentrations in aerosol. For
LC/MS/MS analysis, 300 μL aliquots of the PILS sample were
added to 1.2 mL methanol in the absence of Tween 20 and
stored at −20 °C. BTx analysis was performed using the
Thermo Electron Quantum Access LC/MS/MS system
(Thermo Fisher Scientific, Waltham, MA). The LC consists
of an Accela UHPLC pumping system (Thermo Fisher
Scientific, Waltham, MA), coupled with the Accela Autosam-
pler and Degasser (Thermo Fisher Scientific, Waltham, MA).
Mass spectral detection was obtained using the Quantum

Table 1. Experimental Conditions of Atmospheric Oxidation Experiments Performed with Algal Aerosol in the UF-APHOR
Chambers

exp. date aliquot reaction
[SSA]0

b

(μg/m3)
[OM]0

c

(μg/m3)
[O3]
(ppb)

sunlight
(W/m2)

temp
(°C) RH (%) comments

A 2/20/2021 K. brevisa O3 2165.5 0.0 30 0 7−21 81−89 Figures 3 and S2
B 4/11/2021 K. brevis O3 3550 0.0 33 0 16−23 82−93 Figures 3 and S2
C 5/21/2021 K. brevis and OM spiked O3 2485 596.4 29 0 18−21 89−97 Figures 3 and S2
D 2/7/2021 K. brevis sunlight 2591.5 0.0 0−4 0−12 19−22 79−94 Figures 4 and S1
E 2/21/2021 K. brevis sunlight 1100.5 0.0 0−5 0−13 5−27 57−96 Figures 4 and S1
F 4/5/2021 K. brevis and BTx−3

spikee
sunlight 5467 0.0 0−10 0−22 9−31 34−93 Figures 4 and S1

G 4/30/2021 K. brevis sunlight 2165.5 0.0 0−21 0−35 19−46 23−87 Figures 5, S1 and
S5

H 4/30/2021 K. brevis and OM spike sunlight 3585.5 860.5 0−23 0−35 19−43 32−93 Figures 5, S1 and
S5

I 7/30/2021 K. brevis sunlight 1633 0.0 0−69 0−36 24−46 45−100 Figures 5 and S1
J 7/30/2021 K. brevis and OM spike sunlight 319.5 76.7 0−66 0−36 24−46 32−96 Figures 5 and S1
K 7/27/2021 K. brevis and OM spike sunlight 994 238.6 0−22 0−30 24−48 29−95 Figures 5 and S1
L 7/27/2021 K. brevis and OM/Chl

spikef
sunlight 1029.5 247.1 0−24 0−30 24−45 41−99 Figures 5 and S1

aK. brevis sampled from red tide event at Manasota, Florida, on October 13, 2020. b[SSA]0 is the initial dry mass concentration estimated by using
SMPS data, the density of aerosol, and aerosol water content at the corresponding RH and temperature. The aerosol water content (AWC) was
calculated using a regression equation estimated from data in literature:29 AWC = 0.5932e0.0041RH. [SSA]0 was calculated using the equation [SSA]0
= ρSSAVt(1 − AWC), where ρSSA is the reported density of dry sea salts (35.5 μg/m3) and Vt is the volumetric concentration measured by SMPS.
c[OM]0 = 0.24 × [SSA]0 when OM spike is added. dOM spike contains 72% glucose, 23% BSA, and 5% stearic acid by weight.26 eBTx-3 spike
consists of 10 μL of 0.5 mg/mL solution in acetonitrile. fChl spike is 3 μL of 0.53 wt % solution in water.
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Access triple quadrupole MS/MS (Thermo Fisher Scientific,
Waltham, MA). The analytical column was a Kinetex 2.6 μm
particle size (Phenomenex, Torrance, CA) with dimensions of
100 × 2.1 mm. The solvent gradient was composed of
acetonitrile with 0.1% formic acid (A) and HPLC water with
0.1% formic acid (B) with initial conditions of 50:50 (A/B) for
10 min to 95:5 for 5 min and a holdback to 50:50 for 5 min for
a total sample run time of 20 min at a flow rate of 200 μL/min.

■ RESULTS AND DISCUSSION

Distribution of BTx in Different Phases of SSA. SSA is
composed of inorganic salts and OM, which are immiscible
and form two different phases within aerosols below 90−92%
RH.24,25 As RH decreases, the salt concentration in SSA
increases.30 Knowledge of the distribution of BTx across these
two phases is fundamental for the characterization of its
degradation kinetics, as reaction rates may be impacted by the
uptake of oxidants into each phase and their interactions with
surrounding compounds. The Hansen group’s contribution
method27 and the AIOMFAC inorganic thermodynamic
model28 were used to determine the distribution of BTx
among the phases of SSA. Using Hansen’s method, the
estimated activity coefficient of BTx in the OM of SSA
(γBTx‑3,OM) is 0.569, suggesting that BTx is highly soluble in
this phase.27 Using the AIOMFAC model, the estimated
activity coefficient of the compound in the aqueous salt core of
SSA (γBTx‑3,aq) is 1.43 × 1019, suggesting that BTx is insoluble
in this phase.28 The large difference in magnitude between
these values indicates that BTx largely partitions to the organic

layer. Thus, the reaction between BTx and atmospheric
oxidants can be assumed to mainly occur within the OM of
SSA.

BTx Decay under O3 Exposure. Figure 3A−C shows that
the exposure of BTx-containing SSA to O3 alone results in a
large decrease in BTx concentrations, as the decrease between
successive measurements exceeds the standard error of the
preceding measurement. O3 is present at a stable concentration
in the chamber at the time of the introduction of SSA, resulting
in BTx decay occurring immediately after its nebulization into
the chamber. In the absence of O3 and sunlight, BTx
concentrations do not change by an amount greater than the
standard error (Figure 3D).
Ozonolysis of BTx can be expressed by the following

second-order reaction

t
k

d BTx
d

O BTxBTx,O 3 OM3

[ ] = − [ ] [ ]
(1)

where [O3]OM represents the concentration of O3 dissolved in
the OM of the aerosol, and [BTx] represents the concentration
of BTx in the aerosol. As shown in Figure 3, the concentration
of ozone in the chamber remained relatively constant
throughout the entirety of each experiment. Thus, the
ozonolysis of BTx can be assumed to occur through a
pseudo-first-order reaction in which [O3]OM has a constant
value, while [BTx] varies throughout the course of the
reaction. [O3]OM is estimated by multiplying the measured
gaseous O3 concentration with the partitioning constant of O3

onto OM (KP,O3−OM in mol/m3·Pa).31 Currently, few

Figure 3. Degradation of BTx in chamber-generated SSA in the presence of O3. Each point represents the average of triplicate measurements taken
with competitive ELISA. Error bars represent the standard error for the mean BTx concentration at each time point when α = 0.95.
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experimental values for the Henry’s law constant of O3 in
organic solvents is available in the literature.32 A 2014 IUPAC-
NIST data series found that the solubility (c1,liq/c1/gas) of ozone
in five different organic solvents at 273.15 K ranged from 1.5 to
2.0, on average 5.5 times higher than the solubility of ozone in
water at the same temperature.33 Using this ratio, KP,O3−OM can
be estimated to be 7.11 × 10−3 mol/m3 Pa.31,33 From the
above equation and assumptions, the average reaction rate
constant of BTx ozonolysis (kBTx,O3

) is 5.74 ± 0.21 × 103 M−1

s−1 (Figure S2).
To identify the reactivity of potential functional groups of

BTx with ozone, the theoretical rate constant for BTx
ozonolysis was estimated using the quantitative structure−
reactivity relationship (QSRR) method described by Atkinson
and Carter in 1984.34 O3 reactions with organic compounds
are mostly limited to reactions with alkenes, although some
nitrogen functional groups in proteins can undergo the
reaction with O3.

35 Figure S3 illustrates the predicted reaction
rate constants of three different alkene units in BTx-3 with
ozone in gas phase. The functional group predicted to undergo
reaction at the fastest rate with ozone is the cis unsaturated
carbon−carbon bond on ring 8. In the body, BTx acts as a
voltage-gated sodium channel activator through the binding of
its polyether backbone to site 5 of the channel receptors.36 The
ozonolysis of the unsaturated carbon−carbon bonds within the
backbone may lead to ring opening, affecting the binding of
BTx to the receptors and modulating its perceived toxicity.9,37

BTx Decay under UV Exposure. Figure 4 shows the
decay of BTx in SSA exposed to sunlight, with “ELISA”
indicating the measured change in concentrations and
“Sim_BTx” indicating the expected change in concentrations
estimated by O3 concentrations and the kBTx,O3

value calculated
above. The data from all four experiments in Figure 4 show a
large difference between the measured decay and that
predicted in “Sim_BTx,” which increases as the aerosol ages.
This discrepancy suggests that oxidants other than O3 must
contribute to the decay of BTx in the presence of sunlight. The
difference between the BTx concentrations predicted by
“Sim_BTx” and measured by ELISA for Experiments D and
E and those for experiment F can be attributed to the
differences in UV irradiation by each experiment (Figure S1).
Due to the incidence of less UV radiation in experiment F, BTx
decay occurs to a greater extent from ozonolysis, resulting in a
smaller difference to the decay predicted by “Sim_BTx” than in
the previous two experiments. LC/MS/MS generally has a
higher accuracy of measurement than ELISA. The similar trend
in [BTx]t/[BTx]0 measured by ELISA and LC/MS/MS during

Experiment F indicates that ELISA can measure BTx
concentrations to a similar degree of accuracy as high-
performance analytical instruments.
In the morning, OH radicals are produced under sunlight

from the photolysis of chemical species present in ambient air
at trace concentrations, such as HONO, HC(O)H, CH3(O)H,
and H2O2.

38 In the chamber, HONO is heterogeneously
produced from reactions with the chamber walls. Trace
concentrations of HC(O)H, CH3(O)H, and H2O2 are present
in the chamber from slight intrusion of ambient air over the
course of the experiments (2.6% change). In addition to
photolysis, these species can form OH radicals through
photochemical reactions in the presence of NOx, which is
present at less than 3 ppb in the chamber and 25−35 ppb in
coastal Southwest Florida.38,39 During daytime conditions,
photolysis of O3 produced from these photochemical reactions
with NOx and hydrocarbons is the major source of OH
radicals.38 Additionally, OH radicals formed from the
photolysis of O3 can react with Cl− ions in SSA to form
HOCl.40 Dissociation of HOCl in the process of chlorine
offgassing from the SSA results in the formation of Cl and OH
radicals, which can further contribute to the photochemical
oxidation of BTx.40 The potential reactivity of functional units
in BTx with OH radicals was evaluated by using the rate
constant in the gaseous phase, which was predicted by the
quantitative structure−reactivity relationship method (QSRR)
described by Kwok and Atkinson in 1995.41 Figure S4 shows
the estimated reaction rate constants of BTx-3 functional
groups with OH radicals using this method. OH radicals can
react with more functional groups in BTx than O3, such as
through H-atom abstraction from aliphatic C−H and O−H
bonds or through radical addition to olefinic groups or
aromatic rings.35 The reactions of the aliphatic groups in BTx
with OH radicals are also of importance because alkoxy groups
in ether linkages can increase their reactivity (Figure S4).
Based on this structure−reactivity relationship, the three
carbon−carbon double bonds contribute to 26% and the
tertiary aliphatic carbons with alkoxy substituents contribute to
68% of BTx reactions with OH radicals. OH radical addition to
the unsaturated C−H bonds and OH abstraction of C−H
bonds can result in ring opening and the formation of
oxygenated derivatives, resulting in modulation of the
compound’s toxic effects.9,37

Effects of OM on BTx Decay. Previous studies on the
photodegradation of BTx in seawater suggest that their decay
in the presence of sunlight is increased by the presence of
OM.13,14,42 Highly conjugated organic compounds ubiqui-

Figure 4. Degradation of BTx in chamber-generated SSA in the presence of sunlight. Each point represents the average of triplicate measurements
taken with competitive ELISA. Error bars represent the standard error for the mean BTx concentration at each time point when α = 0.95.
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tously found in seawater, such as chlorophyll and humic
compounds, can absorb sunlight and enter an excited state.13

Transfer of energy from the excited compound to triplet
oxygen results in the formation of singlet oxygen or reactive
radicals (i.e., hydroxyl, peroxy, and alkoxy radicals), which then
contribute to the further degradation of BTx.13,14

The K. brevis solution was obtained from bulk seawater,
which has a much smaller OM fraction than the surface
microlayer from which SSA are usually generated. Spikes of
non-photosensitizing (proteins, polysaccharides, and lipids)
and photosensitizing (chlorophyll) OM were added to the
solution to understand the impact of co-existing OM on BTx
degradation. The impact of OM on BTx ozonolysis was
negligible, as the reaction rate constant of BTx ozonolysis in
the presence of OM (kBTx,O3−OM = 5.96 ± 0.22 × 103 M−1 s−1,
Figure S2c) was insignificantly different from that found in the
absence of OM (kBTx,O3

= 5.74 ± 0.21 × 103 M−1 s−1, Figure
S2a,b). Some functional groups in OM found in SSA can react
with O3, such as olefinic side groups in amino acids or alkenes
in long fatty acid chains.43 Ozonolysis can also form hydroxyl
or alkyl radicals, which can further oxidize algal OM. The
insignificant difference between the kBTx,O3

values in the
presence and absence of OM indicates that BTx decay through
ozonolysis occurs through direct reaction with O3.
In Experiments G-J, BTx decay in the absence and presence

of non-photosensitizing OM (Figure 5) occurs at a similar rate,
as the BTx concentration at each time point of one condition is
within the standard error of its counterpart in the other
condition. BTx in SSA containing 24 wt % OM appears to
degrade at a slightly slower rate than BTx in SSA with a much
smaller OM fraction (0.7 wt %). In Experiment H, SSA with
non-photosensitizing OM are aged within the west UF-
APHOR chamber, while in Experiment J, SSA with non-
photosensitizing OM are aged within the east UF-APHOR
chamber. The east chamber receives slightly greater UV
irradiation than the west chamber throughout the morning.
Thus, the delay in the rate of BTx decay observed in SSA with
added non-photosensitizing matter can be attributed to its
aerosol characteristics instead of its chamber location. Unlike
ozone, the OH radical produced in daytime is less selective and
reacts with various organic species on the surface of SSA. The
slight deceleration of BTx decay in the presence of non-
photosensitizing OM suggests that it can compete with BTx for
heterogeneous reactions with OH radicals to a very small
extent.

In addition to changes in BTx concentrations, the
composition of SSA dynamically changes under sunlight. For
example, Figure S5 shows the change in chemical composition
within the inorganic salt phase of SSA. Oxidation of OM in
SSA forms carboxylic acids. Alkaline cations, mainly compris-
ing sodium ions, can interact with these carboxylic acids to
form carboxylate salts, resulting in the depletion of chloride ion
from SSA through the release of gaseous HCl.44−46 The greater
decrease in the Na/Cl molar concentration of SSA with a large
OM fraction relative to that with a small OM fraction under
sunlight suggests that faster degassing of Cl from SSA occurs
due to the aging of OM.47

Experiments K and L examine the degradation of BTx in the
presence of chlorophyll, a photosensitizing compound
abundant in seawater (Figure 5). The small difference in
[BTx]t/[BTx]0 ratios between the two chamber conditions
indicates that the photosensitization of chromophores
apparently does not contribute to BTx degradation in SSA,
unlike conditions observed in seawater.
Figure S6 depicts the UV spectra of chlorophyll a-containing

cyanobacteria at various times of the day. The gradual decrease
of the absorbance peaks at 450 and 680 nm from early
morning to early afternoon indicates that chlorophyll a
undergoes degradation in the presence of sunlight.48,49 Upon
the depletion of these chromophores, the photosensitization
mechanism of degradation cannot occur. In a similar manner,
other humic-like chromophores can be bleached under
sunlight.

Atmospheric Implications and Uncertainties. Between
late afternoon and midnight, O3 is the dominant oxidant
present in the atmosphere. During these times in the summer,
wind blows inland due to sea surface temperatures remaining
lower than land surface temperatures. Along the Florida Gulf
Coast during the red tide season (July−October), suburban
areas have average O3 concentrations of 20 ppb, while urban
areas have average O3 concentrations of 50 ppb.50,51

Additionally, during this season the average nightfall wind
speed is 5 knots (9.26 km/h) and the average nightfall
temperature is approximately 21 °C.52 Using these meteoro-
logical values and the BTx ozonolysis rate constant (kBTx,O3

=
5.74 ± 0.21 × 103 M−1 s−1), the atmospheric lifetime of BTx in
nighttime conditions for 87.5% decay (three half-lives) of BTx
without dispersion is 7.08 ± 0.26 h in suburban areas and 2.83
± 0.10 h in urban areas. In applying a Gaussian dispersion
model to predict the transport of aerosolized BTx from red tide

Figure 5. Change in BTx concentrations in SSA in the presence and absence of OM upon exposure to sunlight. Each point represents the average
of triplicate measurements taken with competitive ELISA. Error bars represent the standard error for the mean BTx concentration at each time
point when α = 0.95.
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events, dispersion can be assumed to occur mainly in the
vertical direction due to the formation of aerosols from a line
source.53 During clear nighttime conditions in urban areas,
85% of aerosolized BTx undergoes dispersion within
approximately 2 km from the bloom. Using the lifetime
estimated above, an additional 15% of remaining BTx
undergoes decay via ozonolysis within this distance in urban
areas.
During daytime conditions, aerosolized BTx undergoes

greater reduction in concentrations because of greater
degradation under sunlight (Figure 4) and greater dispersion.
A single red tide bloom lasts an average of 6 weeks in the Gulf
of Mexico, and UV irradiation or cloud cover can vary greatly
between days during this period.54 With more extensive cloud
cover, greater inland transport of BTx before degradation by
sunlight can occur.
The conditions of the chamber experiments conducted in

this study do not fully represent real-life conditions in which
aerosolized BTx is found. The OM fraction used in this study
consists of proxy compounds that were chosen to represent
functional groups commonly identified in aerosolized OM, as
the specific organic compounds found in SSA have not yet
been widely identified.26 Though they share similar structural
features, the OM fraction used here is “inauthentic” and may
not wholly encapsulate natural processes found in naturally
occurring SSA. Additionally, the Florida Gulf Coast contains
several heavily populated areas with high daytime NOx and
hydrocarbon concentrations, which may serve as a source of
oxidants, which can undergo reactions with BTx in SSA. Such
reactions are not accounted for in this study, which focuses on
only two major atmospheric oxidants. Studies on BTx decay in
SSA collected in situ along coastal areas during various times of
the day can allow for a more accurate characterization of BTx
degradation under environmental conditions.
Additionally, the ELISA employed in this study is mainly

sensitive to BTx variants with a BTx B structural backbone,
namely, BTx-2 and BTx-3. These two variants naturally occur
the most outside of the cell, so the reaction rate constant
calculated based on ELISA measurements can be considered a
fair approximation of actual atmospheric processes.10,11

However, uncertainty in the rate constants’ validity remains
due to their lack of accounting for the decay of variants with a
BTx A structural backbone, such as BTx-1. The use of multiple
ELISAs measuring both BTx A and BTx B variants will allow
for a more accurate characterization of BTx atmospheric
processes.
Furthermore, the degradation of BTx does not necessarily

result in the reduction of toxicity. Derivatives formed from BTx
oxidation in SSA can have widely varying functionalities,
ranging from increased toxicity to antagonistic behavior toward
BTx.9 The travel distances stated earlier may not reflect the full
geographic range in which BTx can cause adverse health
effects. Toxicology studies characterizing the functions of these
oxidation products would allow for an increased understanding
of the hazards of aerosolized BTx after atmospheric aging.
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