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Abstract

Photoproducts can be formed rapidly in the initial phase of a marine oil spill. However, their
toxicity is not well understood. In this study, oil was irradiated, chemically characterized, and
tested for toxicity in three copepod species (A. tonsa, T. longicornis, C.finmarchicus). Irradiation
led to a depletion of polycyclic aromatic hydrocarbons (PAHs) and n-alkanes in oil residues,
along with an enrichment in aromatic and aliphatic oil photoproducts. Target lipid model-based
calculations of PAH toxic units (TU-PAH) predicted that PAH toxicities were lower in water
accommodated fractions (WAFs) of irradiated oil residues (“irradiated WAFs”) than in WAFs of
dark-control samples (“dark WAFs”). In contrast, biomimetic extraction (BE) measurements
showed increased bioaccumulation potential of irradiated WAFs compared to dark WAFs,
mainly driven by photoproducts present in irradiated oil. In line with the BE results, copepod
mortality increased in response to irradiated WAFs compared to dark WAFs. Low copepod
toxicities were observed for WAFs produced with photooxidized oil slicks collected during the
Deepwater Horizon oil spill. The results of this study suggest that while oil photoproducts have
the potential to be a significant source of copepod toxicity, the water solubility of these products
might mitigate their toxicity at sea.

Keywords: Photoproducts, oxygenated PAHs, copepod toxicity, target lipid model, biomimetic
extraction.

Synopsis: While oil irradiation leads to water-soluble photoproducts that can be toxic for
copepods, their water-solubility might mitigate their environmental effect at sea.

Introduction

The transformation of hydrocarbons into oxygenated species by photooxidation of oil on the sea
surface has been recognized as a major fate process of oil after the 2010 Deepwater Horizon
(DWH) oil spill."~® Of the approximately 4.1 million barrels (5.2 x 108 kg) of oil that was released
into the Gulf of Mexico during this spill,®” approximately 10% (5.2 x 107 kg) of that oil mass
formed an oil slick or sheen at the sea surface,® and an estimated 54% of that was transformed
from non-polar hydrocarbons into the polar fraction of oxygenated hydrocarbons (OxHC) within
5-25 days of being exposed to sunlight.? This OxHC fraction has been shown to enriched in
oxygen and contained oxygen-containing photoproducts such as oxygenated aromatic and
aliphatic compounds.’*°"" These photoproducts are currently not included in models for
assessment of oil spill risk or natural resource damage, which typically only consider polycyclic
aromatic hydrocarbons (PAHs), mono-aromatic compounds, and n-alkanes.'*"?

While PAHs are often considered the main contributors of toxicity in crude oi
oxygenated hydrocarbons produced by oil photooxidation are a significant contributors to
toxicity in irradiated oil."”"*" Amongst the potential photoproducts that are responsible for the
observed effects, oxygenated PAHs have often been the focus due to their increased toxicity
compared to their parent compounds.???® Additionally, oxygenated aliphatic compounds present
in tar sand processed water have also been found to be associated with ecotoxicity.?*-*
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Together, these studies suggest that the process of photooxidation of oil produces a
complex mixture of photoproducts that influences the toxicity of the oil residue. However, there
are still knowledge gaps regarding the importance of oil photoproducts to the overall oil toxicity.
For example, it is often not clear to what extent irradiation-induced changes in toxicity can be
explained by photoproducts vs. changes in the PAH profile caused by weathering, such as a
preferential enrichment of three-ring PAHs upon evaporative losses during photooxidation.'®
Furthermore, it is difficult to assess the degree of photooxidation that led to the reported toxicity.
The kinetics of oil photooxidation is dependent on many factors, including the light spectrum and
intensity, the oil type, and the oil film thickness.?3 Lastly, while there are several proven
approaches to predict toxicity of non-photooxidized oil—such as using PAH toxicity units (TU-
PAH) based on the target lipid model''® or biomimetic extraction methods (BE)***"—it is not
clear to what extent these methods can be applied to predict the toxicity of photooxidized oil.

To address these knowledge gaps and gain a better understanding of oil photo-products
formation and effects, we irradiated oil, performed detailed chemical characterization of the
resulting oil residues on a bulk and molecular scale, performed biomimetic extraction, predicted
toxicities using target lipid model, and created water accommodated fractions (WAFs) to
produce copepod toxicity assays. We chose three copepod species (Acartia tonsa, Temora
longicornis, Calanus finmarchicus) that range from coastal to offshore animals. Copepods are
the most numerically abundant multicellular zooplankton in the water column, are an important
link in marine food webs *+° and an established model organism used to assess aquatic
toxicities*.

Note that this toxicity of oil photoproducts discussed here is different from the photo-
enhanced (or photo-sensitized) toxicity that can be observed when aquatic organisms are
exposed to UV light after they have accumulated PAHs.?"*'*® Photo-enhanced toxicity is based
on cell damages resulting from photochemically-produce reactive species that are formed in the
organisms. In contrast, photoproducts can be formed in oil slicks that are irradiated by UV as
well as visible light,* and can subsequently be bioaccumulated and cause toxicity in the
absence of light.

Materials and Methods

Crude and Weathered Oil. DWH source oil (sample “MA”, collected from the barge
Massachusetts on August 15, 2010) and two DWH slick oils (sample “CTC”: also referred to as
“Slick A”, collected from Barge No. CTC02404 on July 29, 2010; and sample “JU”: also referred
to as “Slick B”, collected from the U.S. Coast Guard Cutter Juniper on July 19, 2010) were
obtained from BP and NOAA .*

Photooxidation of Crude Oil. Approx. 6 g of MA source oil was added to 90-mm glass Petri
dishes (without water) to create an approx. 1 mm thick oil slick. Dishes were left open to the
sunlight in a greenhouse with polycarbonate siding, which was transparent to sunlight >400 nm
(Fig. S1 in the Supporting Information, Sl). Dark-control samples were covered with aluminum
foil and treated like the other samples. The temperature and light intensity were measured
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during the experiment (Fig. S2 in the Supporting Information). At 11, 20, and 40 days, triplicates
samples of irradiated and dark dishes were removed (samples Day-11, Day-20, Day-40). The oil
residues were dissolved in dichloromethane (DCM), transferred to 120-mL jars, and the DCM
was evaporated under a gentle stream of N2 at 40 °C until constant weight. A second irradiation
experiment was conducted with a seven-day irradiation time (samples Day-7) using MA oil that
has been pre-evaporated at 98 °C for 23 h in a fume hood (resulting in 51% evaporation) before
irradiation.

WAF preparation. Filtered low-energy WAFs were produced using artificial seawater and an oil
loading of 1g L™ following published protocols*® with some modifications. First, water was
removed from the oil residues by phase separation in a separatory funnel after dissolving the oil
residues in DCM, followed by drying (NasSO4) and gently evaporating the organic phase under
a stream of N at 40 °C until constant weight. An oil residue loading of 1g L' was used. Due to
the high viscosity of some of the irradiated oil residues, all oil residues were dissolved in small
volumes of DCM, added to empty 2-L glass aspirator bottles, and dried with a gentle stream of
N2 until the DCM evaporated, forming a coating of the bottom of the bottles. Artificial seawater
(Sea Salt ASTM D1141-98; Lake Products Company LLC) was then added and gently stirred for
24 h with a magnetic stir bar following established protocols.***¢ The WAFs were collected from
the bottom outlet of the bottles, filtered using pre-combusted 0.47 mm GF/F filters, and used for
toxicity assays. The filtration step has been shown to remove the small amounts of oil droplets
that are potentially formed during low-energy WAF preparation.*” Our modified procedure led to
PAH concentrations that agreed with published values for JU WAFs (Table S5).

For chemical analysis, a volume of 500 mL of filtered WAF was spiked with o-terphenyl
as a recovery standard (10 pL of a 4.7 mg/mL solution) and liquid/liquid extracted three times
(using 15 mL, 10 mL, and 10mL of DCM). The combined organic phases were dried (Na>SO.)
and reduced to 1 mL volume for chemical analysis.

Bulk Analytical Methods for Bulk Characterization. For bulk analysis, any traces of water
were removed by dissolving the oil residues in DCM followed by evaporation of the organic
phase and repeating this procedure two times. The fractions of saturated, aromatic, and
oxygenated hydrocarbons (OxHC) in the extracts were quantified by thin-layer chromatography
- flame ionization detection (TLC-FID) as described previously.! The elemental oxygen content
was determined on an elemental analyzer at the UC Davis Stable Isotope Facility. The relative
intensity of carbonyl functional groups (“carbonyl index”) was measured on an FT-IR instrument
(ThermoFisher Nicolet iS10, diamond ATR crystal, 1 cm™ resolution) by normalizing carbonyl-
stretching peak areas (1712 cm™) to the CHa-peak areas (2926 cm™) following previously
published methods."?*® We used peak areas rather than peak heights since this has been
shown to improve accuracy.*

Analytical Method for Molecular Characterization. The concentrations of oil hydrocarbons

and select photoproducts (Table S1) in the oil phase were performed using gas chromatography
coupled to a mass spectrometer (GC/MS). The PAHs naphthalene (nap), 9H-fluorene (flu),
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phenanthrene (phe), dibenzothiphene (dbt), and chrysene (chr)—along with their C4 to Cs
alkylated congeners (nap-C1, nap-C2, nap-C3, flu-C1, etc)—and n-alkanes were quantified as
described previously.® Cs to C3o n-alkanoic acids were transformed into their methyl esters
before analysis as described in the Sl. The quantification of C12 to Cso 2-alkanones was
preceded by a clean-up step with an ion-exchange resin (see Section S1). Due to
chromatographic interference of (alkylated) 9H-fluorene and (alkylated) fluoren-9-one
congeners, these compounds were quantified using comprehensive two-dimensional gas
chromatography coupled to a time-of-flight mass spectrometer (GCxGC-TOFMS; Leco Pegasus
4D) as described in Section S1. The concentrations of oil hydrocarbons in the WAF phase were
performed using solid-phase microextraction (SPME) followed by thermal desorption and
GCxGC-TOF analysis, as described in the Sl (Section S1).

Biomimetic Extraction (BE). A SPME coupled to a gas chromatography-flame ionization
detection (GC-FID) instrument was used for BE measurements following established
protocols.®”* Briefly, 18 mL aqueous samples were extracted in 20-mL vials for 100 min at 30
°C with a polydimethylsiloxane (PDMS) coated SPME fiber (30 um coating, containing 0.132 pL
PDMS per fiber;®' Supelco #57289-U, Sigma-Aldrich) and an autosampler equipped with a
temperature-controlled agitator (CTC CombiPAL). In order to extract acidic organic compounds,
the samples were acidified to pH <3 by adding 50 pL H3PO4 (85%: Sigma-Aldrich). The fiber-
accumulated compounds were thermally desorbed in a GC inlet in splitless mode (3 minutes at
280 °C, using a 0.75 mm Topas glass liner). The GC was equipped with a 15-m column (Rtx-1
column, 0.53 mm i.d., 1.5 pym film thickness; Restek Corp.) and an FID detector (300 °C).
Helium carrier gas (17 mL min™) and the following temperature program was used: 3 min at
40°C, ramped to 300 °C at 45 °C min™ (held for 10 min). After each sample, this temperature
program was run for two more times without sample injection to prevent any carry-over and
ensure a stable FID baseline. The total area under the FID trace was integrated, calibrated
using 2,3-dimethylnaphthalene, and converted to PDMS concentrations by dividing by the
volume of the SPME fiber coating according to literature."->

Copepod Toxicity Assays. Acartia tonsa cultures (obtained from AlgaGen LLC; Vero Beach,
FL) were maintained in the lab for a minimum of two generations at 21 °C. Calanus finmarchicus
and Temora longicornis were collected off-shore in the Gulf of Maine using a 300 um and 150
Mm mesh plankton net, respectively, and sorted and maintained in the laboratory at 12°C for
several days before toxicity testing. All three copepod species were maintained on a 1:1 diet of
Rhodomonaus salina (CCMP 1319) and Thalassiosira weissflogii (CCMP 1051), obtained from
the National Center of Marine Algae and Microbiota (NCMA, Bigelow Laboratory, East
Boothbay, ME).

A. tonsa copepod toxicity was tested by incubating 20 adult females in 100 mL WAF (or
dilution thereof) in a glass jar for 24 h at room temperature. Each test was conducted in
triplicates, and controls were prepared using artificial seawater instead of WAFs. T. longicornis
toxicity assays were conducted at 12 °C but with otherwise identical conditions as A. tonsa. C.
finmarchicus toxicity assays were performed according to literature,>® by incubating 14
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copepods per L of seawater for 96 hours. The mortality was determined by counting moving and
non-moving copepods. Analysis of variance (Holm-Sidak method) was performed in SigmaPlot
(Systat Software Inc., San Jose, CA), and dose-response curve fitting was performed using the
drc R package (log-logistic function LL2.2).5

Toxicity Unit Calculations. Baseline toxicity effect concentrations (LCso;) of compounds i were
estimated based on the target lipid model,'*5* using a critical lipid concentration (Ccrit) and
liposome-water partition coefficients (Kijp-w,)) of compound i:

Ceri
LCso; = —<rit (eq.1)

Kiip—w,i

A Cqit of 100 mmol (kg lipids)” was used, which is a conservative estimate applicable for many
species of algae, fish and invertebrates.***" Kj,.» of hydrocarbons and photoproducts were
calculated using the COSMO-RS method as implemented in the COSMOtherm and COSMOmic
program suite (COSMOIlogic GmbH), as described in the Sl (Section S2.2 and Table S8).
Toxicity Unit (TU) values were calculated as the sum of TU; of all compounds i

Cia
TU = 3, TU; = ¥, -84 (eq.2)

LCso,i

Thereby, the aqueous concentration of compound i (C; ) was estimated from its concentration
in the oil phase using Raoult’s law (following approaches described in literature®®) and
COSMOtherm-calculated seawater solubilities (see Section S2 for details).

Results and Discussion

Changes in Bulk Oil Properties During Irradiation. The bulk oxygen content, carbonyl index,
and the polar oil fraction (“OxHC fraction”) of oil residues is an indicator of oil photooxidation.™
We observed increases in these metrics in the oil irradiated in our experimental system (Figure
1A). Oxygen content increased up to 500% in the Day-40 sample (relative to the original MA
oil), carbonyl index increased by 560%, and the relative amount of the OxHC fraction increased
by 160% (Table S2). In the dark controls the increase in these properties was consistent with
evaporation, but was less pronounced than that in the irradiated samples. The field-collected
slick samples the CTC oil reached similar degrees of oxygenation as our most oxygenated
samples based on these bulk properties (irradiated Day-40 sample), while the JU oil exceeded
this degree of oxygenation.

While our experimental system was able to approximate photooxidation processes that
occur at sea, it differed in four aspects. First, our experimental irradiance (average of 1.84 kW
m? d™") was approx. 3.6 times lower than that observed on the Gulf of Mexico sea surface
during the DWH oil spill (6.44 kW m™? d'; Fig S2). Our 40-day irradiation would, therefore,
correspond to 11 days on the Gulf of Mexico sea surface. Second, we used a film thickness of
approx 1mm, while the estimated average oil film thickness during the Deepwater Horizon was
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70 um, although the film thickness was likely heterogeneous and variable over time at sea.
The greater thickness of oil films diminishes light penetration? and decreases oxygen diffusion®
which reduces the rate of photooxidation. We, therefore, expect that our irradiated oil would
photooxidize slower than at sea during the Deepwater Horizon oil spill. Third, our experimental
irradiation was conducted in a greenhouse without contribution from UV light <400nm (Fig. S1).
We previously established that the majority (>80%) of oil photo-oxidation by sunlight is caused
by visible light (>400nm),? in line with other studies that found oil photooxidation using light in
the visible range,®®®" or at reduced UV irradiation (at 5 m depth in seawater or under 50 cm of
sea ice).%?® Fourth, we conducted the photooxidation experiments in the absence of water, in
line with previous laboratory experiments.® Since the source of oxygen incorporated into the oil
is mainly molecular O, rather than H,0,* the photooxidation mechanism is not expected to be
influenced by the absence of water. Furthermore, our oil residue will not lose any photoproducts
due to dissolution until WAFs are prepared. Overall, while our oil exposure differs from an oil
sheen at the sea surface, we still expect that the process of oil photooxidation in our system are
comparable to that at sea.

Molecular Changes During Irradiation: On a molecular level, samples had a lower
concentration of PAHs and n-alkanes after irradiation (Fig. 1C-D). This enhanced loss in the
irradiated samples was mainly related to loss of two-ring PAHs and lower-molecular-weight n-
alkanes, and resulted from the combined effects of photooxidation and evaporation. The
irradiated samples experienced a higher evaporative loss than the dark-control samples (31 to
35% and 36-45% evaporation based on gravimetry, respectively; Table S9), since the black oil
exposed to the sunlight led to a higher sample temperature when irradiated compared to the
aluminum foil-covered dark-control samples.

The relative depletion of compounds compared to the original MA oil showed that n-
alkanes followed an evaporation behavior, with lower-molecular compounds being more
depleted than higher-molecular weight compounds in dark as well as in irradiated samples (Fig.
S3). In contrast, a deviation from that behavior was observed for four-ring PAHs in irradiated
samples, with chrysene and its alkylated congeners being more depleted than expected based
on evaporation alone (Fig. S3). This depletion is in line with photochemical transformation of
PAHs and also agrees with changes in bulk properties (oxygen, carbonyl index, OxHC fraction)
in the irradiated samples described above.

Along with degradation of n-alkanes and PAHs, we observed increasing concentrations
of n-alkanoic acids, 2-alkanones, as well as fluoren-9-one and its alkylated congeners (Co to Cs-
oxFlu) with irradiation for all samples (Fig. 1B). While oxygenated oxFlu congeners can be
formed photochemically from fluorene precursors,'® n-alkanoic acids and 2-alkenones form
through photosensitized n-alkane photooxidation.®%¢®

Overall, the depletion pattern for PAHs and n-alkanes suggests that PAHs are more
photochemically reactive than n-alkanes. Such a behavior has been observed previously,®”
and is in line with a direct® or indirect photooxidation mechanisms of PAHs,*"%"" along with the
radial-mediated degradation of saturated compounds®7%73 as a minor side reaction. The
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appearance of aliphatic and aromatic photoproducts is evidence that both reactions are co-
occurring.

The field slick samples CTC and JU showed a similar evaporative depletion pattern of
PAHs and n-alkanes, along with a photodegradation depletion signal in PAHs, as our irradiated
samples (Fig 1C-D, Fig. S3). Interestingly, the photoproduct pattern of sample JU looked
somewhat different than our oxygenated samples: while comparable amounts of aliphatic
photoproducts were present, significantly less oxFlu was present in JU than in irradiated Day-40
sample. It is likely that these relatively water-soluble photoproducts were depleted though
dissolution in the field slick samples.

(A) Bulk Properties (B) Oxygenated Products
Day7 Day11 Day20 Day40 Field Day7 Day11 Day20 Day40 Field
= =08 I
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Figure 1: Chemical characterization dark-control (blue bars), irradiated (red bars) and and field-
collected DWH oil samples (green bars). (A) bulk properties showing the oxygen content
(oxygen), FT-IR determined carbonyl index (carbonyl), and TLC-FID determined OxHC fraction
(OxHC, right y-axis). (B) Concentration of quantified photoproduct in oil residues, including n-
alkanoic acids (acids), 2-alkenones (ketones), and Co to Cs fluorene-9-one congeners (oxFlu).
(C) PAH and concentrations in oil residues. Given are the sums of parent and alkylated
congeners of 2-ring PAHs (naphthalene congeners), 3-ring PAHs (fluorene, phenanthrene, and
dibenzothiophene congeners), and 4-ring PAHSs (chrysene congeners). (D) Concentrations of
groups of n-alkanes. Given are the carbon number groupings indicated in the legend.

Change in WAF Chemistry Upon QOil Irradiation. PAH concentration profiles of the WAFs
produced with the irradiated samples (“irradiated WAFs”) and with the dark-control samples
(“dark WAFs”) were in agreement with the corresponding oil concentrations. For example, since
dark and irradiated Day-7 oils (which were pre-evaporated) had similar PAH concentration
profiles (Fig. 1C), their WAF concentrations were also similar (17 and 21 ug L™ for the irradiated
and dark WAF, respectively; Fig 2A). The slightly lower PAH concentration in the irradiated oil
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samples and corresponding WAFs are consistent with the observed photooxidation and
increased evaporation of these oil samples (Fig 1C).

In contrast, WAFs prepared with the irradiated (but not pre-evaporated) Day-40 oils, had
a much lower total PAH concentration than the dark WAFs (17 ug L™ and 132 ug L™,
respectively; Fig 2B). This difference was driven by alkylated two-ring PAHs, which were
evaporated or photooxidized in the irradiated Day-40 oil samples (Fig. 1C). WAFs prepared with
the field-collected slick JU oil had the lowest total PAH concentration of approx. 2 ug L™, in
agreement with literature values in the range of 442 ug L™".*° In addition to photooxidation and
evaporation, the low concentration in JU oil can be attributed to loss of PAHs due to dissolution
of these relatively water-soluble PAHs during its ascent through the water column and its 7-9
days residence time on the sea surface prior to collection.®*

Day7

@ dark
W irrad.

nap

Figure 2. Measured concentrations of PAHs in water accommodated fractions (WAFs)
prepared with dark-control (blue bars) and irradiated (red bars) oil exposed for 7, 11, and 40
days and with the DWH source oil (MA; orange bars) and field-weathered JU oil (orange bar).
Naphthalene and three-ring PAH concentrations are given on different scales.

To further analyze the WAF concentrations, we predicted aqueous concentrations based
on the chemical composition of the oil residues and Raoult’s law (Fig. 3B). Thereby, we used
calculated PAH water solubilities and estimated average molecular weights of oil residues
(Section S2.3 and Table S9). The resulting concentrations agreed with measured
concentrations within an order of magnitude for 97% of the measurements (Fig. 3A). The
measured values were lower than the predicted ones by an average factor of 3.9+3.6 (n=100),
likely due to non-equilibrium conditions in the 18-h WAFs, evaporation of volatile compounds
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during WAF generation, or by overpredicted water solubility or average molecular weights of the
oil residues by the computational method. Still, the predicted PAH distribution profile agreed
with measured profiles, with two-ring PAH concentrations mainly driving the differences
between irradiated and dark WAFs (Fig 3B). Note that the lower measured vs. predicted
concentrations suggest that no oil droplets were present in our WAFs (or were removed during
the filtration process), as this would have resulted in increased measured values of n-alkanes
and water-insoluble heavy PAHSs.

Predicted PAHs Toxicities. We used a target lipid model'*** to estimate the PAH toxicity of
WAFs produced with the investigated oil residues (Fig. 3C). The lipid-accumulated mass was
calculated from WAF concentrations and lipid-water partition coefficients, and related to a
critical lipid concentration that would result in 50% lethality (LCso) or other effect in the
organisms. The toxicity of a WAF is expressed as toxicity unit (TU), with a TU = 1 representing a
summed aqueous concentration of all bioaccumulating compounds that lead to the critical lipid
concentration (see Methods Section and Section S2.3). Since individual oil hydrocarbons have
varying lipid-accumulation properties, the use -of TU is superior in predicting toxicities than the
use of the total dissolved PAH concentration (tPAH).”*7

Our calculated TU values predict that dark WAFs have higher toxicities than irradiated
WAFs for all time points (Fig. 3C). The difference in toxicity between dark and irradiated WAFs
of any time point was mainly driven by two-ring PAHs, while the contribution of three-ring PAHs
was comparable in irradiated and dark WAFs. Due to their low aqueous solubilities, the four-ring
PAHSs played an insignificant role in the calculated PAH-TUs. For field-collected oil residues,
WAF produced with the more oxygenated JU oil (JU-WAF) had lower TU values than the CTC-
WAF. Overall, the calculation predicts that the PAH-associated toxicity decreases with
photooxidation of oil samples. This would be in line with decreasing toxicities as oil weathers
through evaporation, as has been shown before.'®®

Caution has to be applied when interpreting the time series of dark-control WAFs. Note
that evaluating toxicity associated with weathering processes can be complicated by employing
our approach of using constant oil loading to prepare WAFs, without correcting the oil mass for
evaporative oil losses. As previous studies have shown, using a fixed loading of a series of
evaporated oils leads to an apparent increase in toxicity with increasing evaporation due to the
preferential enrichment of the bioaccumulative PAHs with evaporation of lighter compounds.””®
Since we did not correct for evaporative losses, an apparent increasing PAH toxicity can be
seen in our dark WAFs along the time series of Day-11 to Day-40 (Fig 3C). However, given that
our dark and irradiated oil residues had comparable degrees of evaporative loss at each time
point (Table S9), comparing dark to irradiated WAFs at any time point is still valid despite
constant oil loadings in all WAFs.
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Figure 3. (A) Comparison of predicted and measured PAH concentrations in WAFs. (B)
Predicted aqueous PAHSs concentrations based on measured oil concentrations. Two-, three-,
and four-ring PAHSs are given in different shades. (C) Corresponding calculated contributions of
PAHs to toxicity (expressed as PAH toxicity units, TU-PAH), based on the chemical composition
of oil residues and a target lipid model.

Biomimetic Extraction Reveals Bioaccumulative Photoproducts: An alternative to the
theoretical TU calculation is the experimental determination of compounds that can accumulate
in hydrophobic phases (such as lipids). This can be accomplished using the BE method, which
is based on equilibration of compounds between an aqueous phase and a thin hydrophobic
phase (30 um PDMS) bound to a fiber by using solid-phase microextraction (SPME).”®8
Biomimetic extraction methods have been successfully used to assess the toxicity of WAFs that
contain hydrocarbons as well as carboxyl-containing petroleum-derived products for a range
aquatic species.’"?’

We performed biomimetic extraction measurements using WAFs produced with Day-7,
Day-11, Day-40, and JU oil (Fig. 4). In contrast to the TU-PAH predictions, we found that the
irradiated WAFs led to an equal or greater mass of compounds accumulated on the fiber for all
investigated time points than the dark WAFs (Fig. 4A-C). These biomimetic extraction results,
along with measured PAH concentrations, implies that bioavailable non-PAH compounds are
present in irradiated WAFs. The GC-FID chromatograms from Day-40 show that the non-PAH
bioaccumulative compounds are mainly part of an unresolved complex mixture (UCM)-like
hump in the chromatogram (Fig. 4C). This hump disappears when the biomimetic extraction is
performed at pH-neutral rather than acidic conditions (pH < 2; Fig. 4C, black FID trace). Such a
pH-depended sorption of compounds has previously been observed in oil sand process water
(OSPW) with carboxyl-containing petroleum-derived products.®' While these organic acids sorb
into polymer-coated fibers only in their neutral form,® but are still bioaccumulative in their
ionized form due to the charged nature of biological membranes.®® Our BE results suggest the
presence of organic acids in irradiated WAFs. The increased carbonyl index (Fig. 1A) and n-
alkanoic acid content in our irradiated oil residues (Fig. 1D) would support the presence of such
compounds.

Interestingly, the JU WAF did not appear to contain significant amounts of
bioaccumulative organic acids (Fig. 4D). As discussed above, the water solubility of these
compounds likely led to their depletion during the estimated 8 to 9 days this slick spent on the
sea surface.?
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Figure 4: Biomimetic extraction (BE) results. Shown are SPME-GC-FID chromatograms of
WAFs prepared with dark-control (blue lines) and irradiated (red lines) oil residues collected at
(A) timepoint D7, (B) timepoint D11, (C) timepoint D40, and (D) with Juniper oil (JU green line).
Given is the total mass of compounds sorbed to the SPME fiber, representative of
bioaccumulative compounds. For the D7 and D40 timepoint, more compounds accumulated in
the irradiated WAF than in the dark-control WAFs. This additional accumulation disappeared in
the D40 timepoint when the irradiated WAF was extracted at neutral pH (w/o0 acid; black line).
This is consistent with carboxylic acid-containing photoproduct being bioaccumulative products.
WAFs prepared with JU seem to contain little such photoproducts.

Enhanced Copepod Mortality of WAFs Produced with Irradiated Oil. We tested the acute
copepod toxicity of dark and irradiated WAFs. First, we acquired dose-response curves using
dilution series of WAFs produced with the Day-7 oil samples (Fig. 5A). The irradiated and dark
oils of this time point, as well as the resulting WAFs, had similar PAH profiles and
concentrations as the irradiated oil (Fig 1C, Fig 2A, Tables S3 and S4). Despite the similar PAH
concentrations, we found significantly higher toxicity of irradiated WAF than dark WAF for all
three tested copepod species (A. tonsa, T. longicornis, and C. finmarchicus; Fig. 5A). Fitted
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In(LCso) values were significantly different between the two treatments for both A. tonsa and T.
longicornis, and the dark and irradiated 100% WAF treatments were significantly different in the
C. finmarchicus experiment (p < 0.05; Tables S6-S7). We conclude that oil irradiation led to the
molecular changes that resulted in a significant enhancement of copepod toxicity across
different species. Based on the TU-PAH calculation, this toxicity enhancement was not caused
by PAHs (Fig 3A).

To assess the impact of degree of photooxidation on copepod toxicity, we then tested
the A. tonsa toxicity using undiluted (i.e., 100%) WAFs produced with the time series of
irradiated and dark oil residues Day-11, Day-20, and Day-40 (Fig. 5B). In line with the results
using the Day-7 WAFs, all WAFs produced with irradiated oil exhibited significantly higher
mortality than the WAFs produced with dark-control oil (p < 0.05; Fig. 2B, Table S6). This higher
mortality was despite lower total PAH concentrations (Fig. 2, Table S5) and lower predicted TU-
PAH (Fig. 3C, Table S10) in all irradiated WAFs than in the dark WAFs. Again, the PAH
concentration was not the driver of copepod toxicity in the irradiated samples.

WAFs produced with the field-collected CTC and JU oil slicks led to low toxicities (Fig.
4B), even though these oil residues had a similar or higher degree of photooxidation than our
irradiated Day-40 oil sample, based on bulk properties (Fig. 1A). This finding of low mortality of
these slick oils are constant with published results.®*

Page 13 of 23



423
424

425
426
427
428
429
430
431
432
433
434
435
436
437

(A) Copepod Mortality in Day-7 WAFs

100% -

Mortality

75%

50% 4

25% 4

A. tonsa T. longicornis C. finmarchicus
> )y
100% WAF:
TP=17
3R=13

100% WAF:

TP=21

3R=1|3

@ ¢ i

0%

[

0 5 10 15 20

0 5 10 15 20

tPAH conc. (ug/L)

0 5 10 15 20

(B) A. tonsa Mortality in 100% WAFs

100% -

Mortality

Result
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with the 7-day irradiated (red) and dark-controls (blue) oils using three copepod species. Lines
are fitted using a log-logistic dose-response function. Measured total PAHs (TP) and three-ring
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Contribution of Photoproducts to Copepod Toxicity. Given that PAHs are not the primary
toxins in our laboratory-generated samples, we examined the potential contribution of oil
photoproducts for observed copepod toxicity. In contrast to TU-PAH values, trends in the
biomimetic extraction were in a general agreement with the toxicity results (Fig. 5C). For
example, the irradiated WAFs produced higher fiber accumulation than the dark WAFs for the
Day-7 and the Day-40 time point, in agreement with the observed toxicity results. We also
calculated TUs based on the quantified oxygenated photoproducts (“TU-ox”). Thereby, LCso
values were estimated based on predicted lipid-water partition coefficients in the same way as
we calculated TU-PAH values for PAHs (see Section S2 for details). Resulting TU-ox values
suggest that for each time point, the irradiated WAFs have a higher toxicity contribution from
photoproducts than for dark WAFs, in line with observed copepod toxicities (Fig. 5C). Amongst
the analyzed compounds, oxFlu had a greater contribution to TU-ox than 2-alkanones or n-
alkanoic acids Table S10). This observation might point to the greater relative contribution of
PAH photoproducts than aliphatic photoproducts to the overall toxicity of photooxidized oil.

The calculated TU-ox values were roughly 50 times lower than calculated TU-PAH. The
small TU-ox values is partially a result of the quantified photoproducts being only a small
fraction of the total amount of oxygenated oil compounds present in the samples,® whereas a
more comprehensive characterization of PAHs and n-alkanes was possible. For example, the
total concentration of quantified oil photoproducts was 1.3 mg g for the Day-40 irradiated
sample, which was <1% of its OxHC fraction (Fig. 1 and Tables S2 and S4). Therefore, the
calculated TU-ox would not reflect of the toxicity of all photoproducts. As is evident from the
broad and unresolved peaks in the biomimetic extraction results (Fig. 4), photoproducts are a
complex mixture of compounds that are inherently difficult to quantify on a molecular level. Due
to their polarity and thermal lability, many photoproducts are outside the analytical window of the
employed analytical techniques (GC/MS, in combination with chemical modification).®® A larger
spectrum of oil photoproducts was identified in irradiated oil using liquid chromatography® or
direct infusion followed by high-resolution MS.*""8” However, these methods are not yet able to
quantify these products. Our calculated TU-ox values are, therefore, a proxy for toxicity rather
than a representation of the entire photo-product toxicity. For a more accurate determination of
TU-ox, quantitative methods to measure a larger fraction of the photoproducts will have to be
developed.

In contrast to experimentally irradiated oil, WAFs produced using DWH slick oil residues
showed relatively low copepod mortality (Fig. 2B), even though DHW slick samples have a high
degree of oil photooxidation (Fig 1A). The difference in toxicity between our laboratory-irradiated
and the field-collected oil samples likely originates from the depletion of water-soluble
compounds that occurred when the slick samples were on the sea surface for 5 to 25 days.?
The oxygenation of hydrocarbons decreases their hydrophobicity as measured by the octanol-
water partition coefficient by 1-2 orders of magnitude,® likely leading to a depletion of these
products after formation. Our irradiated samples were generated in the absence of water,
preserving soluble photoproducts in the oil phase until the generation of the WAFs. These
soluble compounds contributed to a large fraction of the bioaccumulative compounds, as can be
seen from comparing the biomimetic extraction results of Day-40 and JU (Fig. 4). Furthermore,
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biodegradation of oil hydrocarbons or photoproducts might have occurred on the sea surface.
Although octadecane/pristane ratios in DWH slick samples did not point to extensive oil
biodegradation,? increased microbial oxygen consumption under DWH oil slicks suggests active
microbial oil hydrocarbon degradation at sea.®®

Implications for the Toxicity of Photooxidized Oil. The enhanced toxicity of irradiated oil has
implications for the assessment of the risk and damage of marine oil spills and for further
research on the fate and effect of oil photoproducts. First, the observed toxicity of oil
photoproducts on copepods raises questions about toxicity towards other aquatic organisms.
While Increased fish toxicity of the more photooxidized JU relative to the CTC oil residue has
been attributed to preferential enrichment of three-ring PAHs,®-*3 oil photoproducts might also
play a role in fish toxicity.?” More research to quantify the toxicity contribution of oil photoproduct
to various aquatic organisms is necessary.

Second, since polar and ionized compounds have been shown to contribute to baseline
toxicity in a similar way as PAHs,*®** photoproducts should be included when using a TU
approach to predict toxicity of weathered oil based on its composition. In order to accurately
predict the toxicity of photooxidized oil from its chemical composition, quantitative analytical
methods and reference materials need to be developed to quantify a larger proportion of oil
photoproducts. Alternatively, approaches like the biomimetic extraction method may provide a
suitable tool for estimating the toxicity of photooxidized oil towards aquatic organisms.

Third, the reduced toxicities of DWH field samples (JU and CTC) compared to our
laboratory-irradiated samples suggests that the dissolution and potentially biodegradation of oil
photoproducts can mitigate the toxicity of the oil slicks on the sea surface. However, the extent
and time scale in which dissolution and biodegradation determines the environmental fate of oil
photoproducts still need to be constrained better in future research.
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