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• High-latitude oil spills were simulated 
under Cook Inlet, AK summer 
conditions. 

• Hydrocarbon oxidation products were 
characterized with orbitrap mass 
spectrometry. 

• Hydrocarbon oxidation product AhR 
activity was characterized with the 
CALUX assay. 

• Photo-products were predominantly 
oxidized alkyl PAHs containing 2–4 
rings. 

• AhR activation indicates photoproducts 
may pose a greater ecological risk than 
parent compounds.  
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A B S T R A C T   

With new oil and gas lease sales in high-latitude regions, there exists a need to better understand the chemical 
fate of spilled oil and its effects on biological life. To address this need, laboratory simulations of crude oil spills 
under sub-Arctic conditions were conducted using artificial seawater and exposure to solar irradiation to create 
Hydrocarbon Oxidation Products (HOPs). HOPs characterization and their biological effects were assessed using 
ultra high-performance liquid chromatography (UHPLC) with high resolution mass Orbitrap spectrometry and 
the aryl hydrocarbon receptor (AhR) chemically activated luciferase gene expression (CALUX) assay. Non-target 
UHPLC-Orbitrap mass spectrometry analysis identified 251 HOPs that were in greater abundance in light- 
exposed samples than dark controls. Oxidized polycyclic aromatic hydrocarbons were also detected, including 
phenanthrene quinone, anthraquinone, hydroxyanthraquinone, and 9-fluoreneone. The composition of HOPs 
were consistent with photo-products of alkylated two to four ring PAHs, primarily compounds between 1 and 3 
aromatic rings and 1–3 oxygens. The HOP mixture formed during photochemical weathering of Cook Inlet crude 
oil induced greater AhR activity than parent petroleum products solubilized in dark controls, indicating that 
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HOPs, as a complex mixture, may contribute to petroleum toxicity more than the parent petroleum compounds. 
These non-targeted approaches provide the most comprehensive analysis of hydrocarbon oxidation products to 
date, highlighting the diversity of the complex mixture resulting from the photooxidation of crude oil and the 
limitations of targeted analyses for adequately monitoring HOPs in the environment. Taken together, these data 
identify a critical “blind spot” in environmental monitoring and spill clean-up strategies as there is a diverse pool 
of HOPs that may negatively impact human and ecosystem health.   

1. Introduction 

New development of oil and gas resources in high latitude regions 
still continue today. Such development maintains drilling activity, vessel 
traffic, and the potential for future crude oil spills. As rapid sea ice melt 
progresses globally, more shipping vessels are taking advantage of ice- 
free lanes to transport crude oil through remote, cold, high-latitude 
areas (Pizzolato et al., 2014; Dawson et al., 2015; Zhang et al., 2019; 
Kapsar et al., 2023) and more maritime accidents are occurring (Fedi 
et al., 2020). For sub-Arctic areas such as Cook Inlet, Alaska, current 
models of summertime marine crude oil spills predict 24% of spilled oil 
to remain after 30 days (BOEM, 2016). Given ample time to weather in 
the presence of near-continuous sunlight, dissolved hydrocarbon 
oxidation products (HOPs) produced during the weathering of crude oil 
remain overlooked in spill predictions and mitigation efforts. Conti
nental shelf areas such as Cook Inlet have morphography, strong cur
rents, and large tidal changes that can rapidly distribute nutrients. These 
characteristics are essential in supporting productive commercial and 
subsistence fisheries, seabirds, marine mammal populations such as 
critically endangered populations of beluga whales (Spies, 2006; Goetz 
et al., 2012). However, these same reasons, an oil spill would result in 
rapid dispersal of hazardous materials that could threaten marine life 
(Spies, 2006; Hood and Zimmerman, 1987; Royer and Grosch, 2006; 
Weingartner et al., 2002; Whisenhant et al., 2022). 

HOPs are chemical compounds formed when spilled petroleum is 
photochemically and biologically weathered in the environment (Aeppli 
et al., 2012; Hazen et al., 2016; Townsend et al., 2003; Amos et al., 2012; 
McFarlin et al., 2014). These diverse pathways result in the production 
of a complex mixture of oxidized compounds, including oxidized poly
cyclic aromatic hydrocarbons (oxyPAHs), with greater water solubility 
and bioavailability than parent oil (Bekins et al., 2020; Essaid et al., 
2011; Zito et al., 2019a; Barron, 2017; Barron and Ka’aihue, 2001; 
Lampi et al., 2006; Knecht et al., 2013). These compounds are poten
tially toxic and can diffuse large distances in the water column to impact 
a much larger area than predicted for parent oil (D’Auria et al., 2008; 
Garrett et al., 1998). At higher latitudes, exposure time to sunlight is 
much higher in the summer months (up to 16 h per day for sub-Arctic 
Cook Inlet) which could lead to the accelerated formation of oxyPAHs 
and other HOPs. Therefore, responses should include careful consider
ation of the hydrocarbon characteristics, environmental factors, and 
remediation tools available. 

In lower latitude regions, consideration of photochemical oxidation 
of crude oil has become more prevalent during spill response as oxidized 
oil may not be as easily recovered as fresh oil (Ward et al., 2018). Other 
recent efforts have extended to classifying oil properties such as vis
cosity, water-soluble content, and interfacial tension at low tempera
tures with high-light conditions (Freeman et al., 2023). However, HOPs 
remain a “regulatory blind spot” as they fall outside the window of many 
standardized compliance-based analytical techniques that are used to 
monitor petroleum-contaminated waters and ultimately inform regula
tory decisions. Quantification of total petroleum hydrocarbons (TPH), 
total petroleum hydrocarbons as diesel (TPHd), diesel-range organics 
(DRO), and/or PAHs in water is performed by solvent extraction with 
dichloromethane followed by gas chromatography (USEPA, 1996a, 
1996b, 2000). However, none of the aforementioned methods are spe
cific for HOPs; rather, the extraction method only captures the relatively 
non-polar analytes with boiling points between 170 and 430 ◦C (Zemo 

et al., 2013). Recent studies have shown that this “analytical window” 
misses the more-polar oxidized fraction of water-soluble petroleum 
(Mohler et al., 2020; Zito et al., 2019b). In contrast, recent methods of 
petroleum fingerprinting used to characterize HOPs in aquatic systems 
identify “chemical features” (e.g. condensed aromatic, aliphatic, poly
phenolic, etc.) and molecular formula rather than specific compounds 
and associated isomers (Bianchi et al., 2014; Zhou et al., 2013; Dvorski 
et al., 2016; Mirnaghi et al., 2019; Whisenhant et al., 2022). These ap
proaches include optical techniques and high-resolution mass spec
trometry methods, such as fluorescence spectroscopy and Fourier 
transform ion cyclotron resonance mass spectrometry, which are too 
broad of techniques to identify specific HOPs that may warrant inclusion 
into target screening lists for future monitoring efforts. 

Therefore, the overall goal of the project was to develop an improved 
method for the characterization of HOPs and establish a library of sus
pect compounds that correlate photochemical weathering patterns of 
crude oil in cold regions. Additionally, toxicological endpoints indica
tive of potential effects to both marine aquatic life and humans were 
assessed. To accomplish this, high latitude crude oil spills and progres
sive photo-oxidation were simulated in the laboratory such that HOPs 
were characterized via non-target ultra-high performance liquid chro
matography (UHPLC) with high-resolution Orbitrap mass spectrometry 
and relative aryl hydrocarbon receptor (AhR) activation via CALUX 
bioassay. 

2. Materials and methods 

2.1. Photochemical production of hydrocarbon oxidation products in 
laboratory simulated oil spills 

Cook Inlet crude oil was obtained from Blue Crest Energy (Anchor 
Point, AK) in July 2020 and stored in the dark at room temperature. The 
oil properties were measured by Alfa Chemistry Testing Lab (Ronkon
koma, NY) and are provided in the supporting information (Table S1). 
All glassware was acid-washed and combusted at 500 ◦C for 5 h. Water 
(18.2 MΩ cm) used to make artificial seawater (ASW) from Instant 
Ocean® (Blacksburg, VA) for experiments and for all chemical analyses 
was filtered to 0.22 μm. Films of crude oil at a load of 10 mg/L were 
added over ASW in thermostatically controlled 100 mL jacketed beakers 
(Chemglass USA), similar to described previously (Zito et al., 2020; 
Whisenhant et al., 2022; Harsha et al., 2023). Jacketed beakers were 
arranged in an Atlas Suntest XLS + solar simulator (1000 W xenon-arc 
lamp) and exposed to simulated solar irradiance of 250 W/m2, equiva
lent to the peak mean monthly radiation of Southcentral Alaska sum
mers (Dissing and Wendler, 1998) and previously documented by our 
group to mimic the natural solar spectrum of Southcentral Alaska 
(Redman et al., 2021). The photochamber air temperature was main
tained at 15 ◦C, the lowest achievable temperature to prevent failure due 
to ice-buildup, using an Atlas SunCool. Each jacketed beaker was ther
mostatically controlled at 12 ◦C (typical of Cook inlet summers) and 
represents a single sample. Samples were prepared in triplicate and 
collected after 0, 1, 4, 7, 10, and 14 days. Beakers were covered with 
quartz lids to allow for light transmittance and secured with Teflon tape 
to reduce evaporation; no condensation was observed on the quartz lids 
over the duration of the experiments. A UV-transparent fluorinated 
ethylene propylene (FEP) liner (Welch fluoropolymers) was placed in 
each beaker to minimize adhesion of aromatic residues to each reaction 
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flask (Krüger et al., 2014). Dark controls were prepared identically and 
incubated at 12 ◦C in an aluminum foil-wrapped box enclosure free of 
light. All treatments (light and dark at each time point) were conducted 
in triplicate. After incubation, each sample was sacrificed and the FEP 
liner containing the sample was removed from the jacketed flask. The 
water soluble fraction (WSF) was collected by separating undissolved 
fuel from WSF by cutting a slit in the base and allowing the WSF to drain 
into a 125-mL acid-washed high density polyethylene bottle. Samples 
were stored at −20 ◦C in the dark until analyzed. 

2.2. Solid phase extraction of HOPs 

Total organic carbon analysis in mg/L was conducted courtesy of M. 
Harsha at the University of New Orleans and HOPs were concentrated to 
1000 mgC/L using established methods for solid phase extraction (SPE) 
of dissolved organic matter, both natural and petroleum-derived, from 
seawater (Zito et al., 2019b; Dittmar et al., 2008). This SPE method was 
previously shown to have good affinity for photochemically derived 
oxidized petroleum residues compared to liquid extraction methods 
(Zito et al., 2019a, 2019b). Briefly, Agilent PPL® cartridges were 
pre-washed with methanol, then equilibrated with one column of water, 
one column of LC-MS grade methanol and one column of acidified water 
(0.01 N HCl) prior to loading the acidified samples (pH 1.8–2.2, ~0.01 N 
HCl). The entirety of a sample was loaded when insufficient volume was 
available to achieve 1000 mgC/L, common to dark controls and samples 
exposed for one day. Cartridges were rinsed with three column volumes 
of acidified water (0.01 N HCl) to remove salts then eluted in two 
fractions: 3 mL of methanol to extract polar HOPs and 15 mL of 9:1 
chloroform:tetrahydrofuran to extract non-polar HOPs. Samples were 
then dried under nitrogen and eluted in 100 μL of methanol and trans
ferred to 200 μL glass inserts for analysis by ultra high performance 
liquid chromatography tandem quadrupole high resolution orbitrap 
mass spectrometry. Samples were stored at −20 ◦C before determination 
of AhR activity via AhR CALUX bioassay. 

2.3. Non-target UHPLC-orbitrap mass spectrometry analysis 

Ultra-high performance liquid chromatography (UHPLC) with high 
resolution orbitrap mass spectrometry analysis of solid-phase extracted 
HOPs was performed at the University of Alaska Anchorage Applied 
Science, Engineering, and Technology (ASET) lab using a Thermo 
Vanquish UHPLC system coupled to an Orbitrap Exploris 120. Briefly, 5 
μL of extract was injected onto a Phenomenex Kinetix C18 column (150 
× 2.1 mm; 1.7 μm) and eluted using a gradient of acetonitrile and water 
with 0.1% formic acid. Eluted compounds were ionized with positive 
mode atmospheric pressure chemical ionization, previously shown to 
effectively ionize oxyPAHs (Grosse and Letzel, 2007), for detection via 
high resolution orbitrap mass spectrometry (full scan 120–800 m/z, 120, 
000 resolution). Data-dependent acquisition of product ion spectra (30, 
000 resolution) were collected for oxyPAHs in the in-house library and 
the top three most abundant precursor ions using step normalized 
collision energies of 40, 60, and 100 eV. Raw data files were processed 
using Compound Discoverer (Thermo Fisher Scientific), including 
chromatogram alignment, compounds detection and grouping, back
ground removal, chemical formula assignment, and in-house library 
comparisons. The in-house library was developed from a mixture of 
thirteen available standards to provide retention times and mass spectra 
for oxidized PAHs of varying ring abundance and configuration, 
oxidation level, and functional group (carbonyl and alcohol); 1-naph
thol, 2-naphthol, 9-hydroxyfluorene, 9-fluorenone, phenan
threnequinone, anthraquinone, 1,4-anthraquinone, 1-hydroxy-9, 
10-anthraquinone, benzanthrone, 1-pyrenecarboxaldehyde, 1,4-chrys
enequinone, 5,12-naphthacenequinone, and benzanthraquinone. 

Following initial assignments, features were filtered to ensure only 
compounds with high peak rating (>7 in at least two replicates), mass 
accuracy (±1 ppm), and a product ion spectrum containing neutral mass 

losses indicative of oxidized functional groups (alcohols, carbonyls, and 
carboxylic acids) were considered. Double bond equivalents, H/C, and 
O/C ratios were calculated from molecular formulae to monitor the 
overall aromaticity and oxidation level of extracted Cook Inlet crude 
dissolved residues. Formulae were further classified using H/C and O/C 
ratios with a modified aromaticity index (AImod) as aliphatic (H/C ≥

1.50), unsaturated low oxygen (AImod < 0.50, H/C < 1.50, O/C < 0.50), 
unsaturated high oxygen (AImod < 0.50, H/C < 1.50, O/C ≥ 0.50), ar
omatics (0.50 ≤ AImod < 0.67), and condensed aromatics (AImod ≥ 0.67) 
(Koch and Dittmar, 2006). 

Peak areas were log transformed and mean-centered prior to statis
tical analysis using Metaboanalyst v5.0. Statistical methods included 
hierarchical clustering analysis (HCA), principal components analysis 
(PCA), and partial least squares discriminant analysis (PLSDA). PLSDA 
model validation and accuracy are provided in the Supporting Infor
mation (Fig. S3). 

2.4. AhR CALUX bioassay 

The Aryl hydrocarbon Receptor (AhR) third-generation Chemically 
Activated LUciferase gene eXpression (CALUX) assay was used to mea
sure the potential of HOPs to induce biological effects. This assay has 
been previously applied to detect a range of chemicals in environmental 
extracts, including HOPs (Brennan et al., 2015; Bekins et al., 2020). 
Third generation stably transfected pGudLuc7.5 (an AhR-responsive 
luciferase reporter plasmid) rat (H4IIe7.5) and human (HepG27.5) 
hepatoma cell lines were generously donated by Dr. Michael S. Denison 
(University of California, Davis). Cells were grown in ɑ-MEM and 400 
mg/L G418 before being seeded in non-selective media in white 96-well 
plates at 7.5 × 104 cells/well (for H4IIe7.5’s) or 1.0 × 105 cells/well (for 
HepG27.5’s). Cells were grown to 100% confluence over 24-h for 
H4IIe7.5’s and 72-h for HepG27.5’s, then treated with 10 mgC/L of HOP 
extracts, determined to be the most suitable concentration for demon
strating differences in AhR activation between samples in preliminary 
experiments using archived photo-oxidized crude oil and diesel extracts 
from previous work (Supporting Information; Harsha et al., 2023). Ex
tracts were diluted in serum-free media (SFM) for treatment. With each 
set of plates, a β-Naphthoflavone standard calibration curve, SPE 
method blank, methanol blank, SFM blank, and cell blank (i.e. no cells) 
were also incorporated to ensure measured bioluminescence was 
attributable to induction of AhR activity by HOPs. Cells were incubated 
with treatments for 4 h at 37 ◦C in an atmosphere of air with 5% CO2 to 
maximize AhR activity (Bekins et al., 2020). After incubation, cells were 
lysed and luciferase activity was measured as described previously 
(Brennan and Tillit, 2018). Luciferase activity of lysates were normal
ized to protein concentrations of each well using the Pierce Rapid Gold 
BCA Protein Assay Kit. Luciferase activity per μg protein was then 
converted to percentage of the maximal induction by β-Naphthoflavone. 

Each individual extract was analyzed in triplicate and averaged to 
report AhR activity of an individual sample. Data was processed in 
Excel. R Studio was used for the construction of protein standard curves. 
Statistical analysis using one-way ANOVA and Tukey’s HSD for pairwise 
comparison was performed in JMP 16. 

3. Results and discussion 

3.1. Non-target analysis of photochemically produced HOPs for Cook 
Inlet crude oil 

An increase in total non-purgeable dissolved organic carbon (NPOC) 
was observed over the course of the experiments in irradiated samples, 
indicative of the photoproduction of HOPs from Cook Inlet crude oil 
(Fig. 1A). Overall, 2633 chemical features were detected; primarily 
consisting of condensed aromatic hydrocarbons (18%), aromatic hy
drocarbons (33%), and unsaturated low oxygen containing hydrocar
bons (48%). A minor portion of aliphatic compounds were detected 

Z.C. Redman et al.                                                                                                                                                                                                                              



Chemosphere 356 (2024) 141794

4

(1%); however, this class of compounds was intentionally filtered from 
the data set in order to focus our screening efforts on oxidized aromatic 
compounds. Irradiated samples contained a greater relative abundance 
of more oxidized compounds than those incubated in the dark, further 
confirming the photoproduction of unique aromatic and unsaturated 
HOPs (Fig. 1B). Finally, 9-fluorenone, anthraquinone, 1,4-anthraqui
none, and 1-hydroxy-9,10-anthraquinone were positively identified 
against the in-house library (minimum of two replicates) in the irradi
ated samples. These findings corroborate our previously reported char
acterization of Cook Inlet crude oil in which three-ring oxidized PAHs 
(anthraquinone and phenanthrenequinone) were positively identified 
via triple-quadrupole mass spectrometry while non-targeted analysis of 
HOPs showed the majority of chemical features unique to irradiated 
samples were oxidized condensed aromatics, aromatics, and unsatu
rated hydrocarbons (Harsha et al., 2023). 

Our previous targeted analysis also showed high abundance of 
methylated naphthalenes, indicating that the targeted analysis of 
oxidized PAHs was limited by both the availability of analytical stan
dards and the inherent complexity of the HOP mixture formed during 
the photooxidation of crude oil (Harsha et al., 2023). To investigate the 
presence of alkylated congeners further, Kendrick mass defects (KMD) 
were calculated to identify homologous series of compounds differen
tiated by CH2 and determine the relative abundances of non-alkylated 
(C0) and potentially alkylated aromatic hydrocarbons (C1–C10) in 
light and dark samples (Fig. 2). 

Molecular formulae were grouped by (a) number of oxygens, (b) 

Kendrick series, and (c) degree of alkylation for comparative purposes. 
For example, a chemical feature with the label “O1 Series 1” is the 
grouping of all molecular formula (C0–C10) in the first Kendrick series 
(Series 1) containing one oxygen (O1). Meanwhile, the label “O1 Series 
1 C0” corresponds to a single molecular formula representative of the 
base formula with 0 alkyl substituents in the first Kendrick series (Series 
1), containing one oxygen (O1). Using this convention, the initial KMD 
analysis revealed that alkylated formulae, in particular C3H6 (C3), are in 
much greater abundance than non-alkylated formulae (C0) for both 
irradiated samples and dark controls. Follow-on principal components 
analysis (PCA, Fig. 3A), partial least squares discriminant analysis 
(PLSDA, Fig. 3B), and hierarchical clustering analysis (HCA, Fig. 4) 
showed clear separation of both polar and nonpolar fractions of the 
irradiated and dark controlled samples. These analyses reveal that 
irradiated samples rapidly become chemically distinct from the dark 
controls with increasing irradiation time. We observe that the variability 
between groups is primarily due to the increased abundance of Kendrick 
series containing one to three oxygens within the polar fraction of 
sample extracts (Figs. 3C & 4D) that become present within 24 h of light 
exposure. This is consistent with the hypothesis that aromatic compo
nents of crude oil are oxidized to more polar, and therefore more water 
soluble, and potentially bioavailable, products when weathered by 
sunlight. 

Statistical analyses were repeated to include all 2633 compounds, 
while the trends remain unchanged (Fig. 5A) we observe that 79% (201/ 
255) of individual compounds with a PLSDA VIP (Variable Importance 
in the Projection) score greater than or equal to one fall within a Ken
drick series with the top VIP scores. The majority of significant com
pounds were prevalent in irradiated samples (Fig. 5B), contained two 
oxygen (76% vs 48% relative abundance in the top VIP scores and all 
2633 compounds, respectively; Fig. 5C), and were normally distributed 
around Kendrick group C2 (Wilks-Shapiro, W = 0.935) while the darks 
typically contained very low abundance compounds in the highly 
alkylated C8 and C9 Kendrick groups (Fig. 5D). This indicates that 
photo-oxidation of crude oil results in a more heterodisperse mixture of 
lower molecular weight oxidation products compared to non-irradiated 
conditions. 

The significant chemical features, identified primarily in the irradi
ated samples, were consistent with the photochemical oxidation prod
ucts of two to four ring polycyclic aromatic hydrocarbons and their 
alkylated derivatives (Fig. 6) (Fan et al., 2022; Nguyen et al., 2020; Luo 
et al., 2021). 

Among the most significant compounds, 51% (130/255) belonged to 
two O2 Kendrick series with base formula C9H6O2 (O2 Series 8, n = 73) 
and C8H6O2 (O2 Series 9, n = 54) with the majority of features corre
sponding to Kendrick groups C0–C3 and C1–C3, respectively (Fig. 7A). 
The prevalence of formulae in these series are consistent with the 
anticipated formation of small oxidized ring opening products (Fig. 6 
Boxes 19, 20, and 23) with a high degree of alkylated isomers (Fig. 8) 
(Luo et al., 2021). For irradiated samples, the abundance of significant 
HOPs peaked at ten days in the polar extracts (Fig. 7B), after which 
production of HOPs from crude oil likely diminishes due to a combi
nation of limited remnant unweathered parent petroleum compounds 
and further degradation of HOPs to smaller products (Fig. 6 Box 45, 
further degradation structures not shown), as evidenced by the contin
uous increase in total dissolved organic carbon (Fig. 5A). 

The next most abundant series contained larger compounds con
taining one to three oxygen with Kendrick groups C0–C4 with base 
formulae C13H8O3 (O3 Series 4, n = 17, Fig. 6 Boxes 35 and 41), 
C12H8O2 (O2 Series 6, n = 12, Fig. 6 Boxes 14 and 15), C13H8O2 (O2 
Series 5, n = 10, Fig. 6 Boxes 11 and 43), and C10H8O (O1 Series 7, n =
9, naphthalene-4H-one, structure not shown); accounting for 19% (48/ 
255) of significant features. Additional series containing compounds of 
higher molecular weight were also observed (6%, 15/255), including 
C13H8O (O1 Series 4, n = 3, Fig. 6 Box 33), C13H10O (O1 Series 5, n =
6, fluorenol, structure not shown), C14H8O3 (O3 Series 3, n = 2, Fig. 6 

Fig. 1. Changes in DOC quantity and oxygenation. (A) Concentration of dis
solved Non-Purgeable Organic Carbon (NPOC) with increasing oxidation time 
for both light and dark treated samples. Error bars represent one standard de
viation. (B) Number of oxygen in HOP formulae identified in samples incubated 
in the light and dark. 

Fig. 2. Relative abundance of non-alkylated (C0) and alkylated (C1–C10) hy
drocarbon oxidation products in light and dark incubated samples. 
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Box 12), and C15H10O2 (O2 Series 4, n = 3, Fig. 6 Boxes 4, 25, and 27). 
These larger, less diverse chemical species are consistent with interme
diate photooxidation products of three and four ring PAHs and alkyl- 
PAHs including benzanthracene (Fig. 6, Compound a), 4H-cyclopenta 
[def]phenanthrene (Fig. 6, Compound d), anthracene (Fig. 6, Com
pound b), fluorene (Fig. 6, Compound e), and phenanthrene (Fig. 6, 
Compound f). Previous work has shown that alkylated derivatives of 
PAHs, particularly C1–C3, are in high abundance in crude oil and 
degrade quickly when subject to photoxidation (Garrett et al., 1998; Al 
Darouich et al., 2005). While our previous targeted efforts support this 
observation through the identification of oxidized anthracene and 
phenanthrene products, targeted analyses were limited by the 
complexity of the crude oil mixture stemming from the prevalence of 
alkylated PAHs and limited availability of analytical standards (Harsha 
et al., 2023). Overall, this non-targeted approach provides the most 
comprehensive analysis of hydrocarbon oxidation products to date, 
highlighting the diversity of the complex mixture resulting from the 
photooxidation of crude oil and the limitations of targeted analyses for 
adequately monitoring HOPs in the environment. 

3.2. AhR activity of photochemically produced HOPs for Cook Inlet crude 
oil 

Across the 14-day period of this study we see a trend towards 
increased AhR activity after one day exposed to simulated sunlight 

(Fig. 9). This AhR activation persists throughout the study period, 
indicating that degradation of crude oil by sunlight results in HOPs that 
persist in inducing a xenobiotic response in vitro. Toxicity response is 
likely initially driven by HOPs that significantly (VIP >1) drive the 
separation of light vs. dark HOP pools; largely compounds with two 
oxygens normally distributed around Kendrick series C2 (Fig. 5C and D). 
These compounds are consistent with oxidation products from the most 
common and acutely toxic PAHs in petroleum products which are 
naphthalenes (two-ring) and phenanthrenes (three-ring) (Neff, 1988; 
Fan et al., 2022; Nguyen et al., 2020). Since these “significant” HOPs 
contribute most to the differentiation of the light and dark HOP pools 
and we observe less AhR activation in the dark samples, it’s possible that 
these compounds result in increased AhR activity and thus toxicity. After 
10 days, AhR activity persists as the relative distribution of alkylation of 
significant HOPs remains unchanged up to 14 days (Fig. 9). While 
further degradation of HOPs results in a small decrease in the absolute 
abundance of significant HOPs, all samples with which cells were 
treated were concentrated to the same dissolved organic carbon con
centration to determine AhR activity based upon sample composition 
rather than sample concentration. Thus, the relative distribution and 
AhR activation by significant HOPs remains unchanged after 14 days. 

Further photooxidation of HOPs may result in compounds such as 
aldehydes, ketones, alcohols, peroxides and fatty acids which could also 
contribute to the persistence in toxicity of the day 14 samples (Neff, 
1988; Fan et al., 2022; Yang et al., 2018; Nguyen et al., 2020; Lee, 2003). 

Fig. 3. (A) PCA and (B) PLSDA biplots show clear separation of light (open symbols) and dark (filled symbols) incubated samples, as well as polar (circle) and 
nonpolar (triangle) extracts, based upon loadings from identified Kendrick series ( × ’s). Artificial seawater controls (ASW, gray symbols) group with samples 
incubated with crude oil in the dark. Numerical labels for polar extracts of irradiated samples (open circles) indicate incubation time (days). (C) Variable importance 
in the projection (VIP) scores for the significant (VIP score >1) Kendrick series and (D) volcano plot show that HOP series responsible for the variation between 
samples are primarily composed of photooxidation products containing 1–3 oxygen. To annotate implicit features that account for the variance in the dataset, we 
present chemical features grouped by number of oxygens (e.g. O1, O2, etc.) and Kendrick series (Series1, Series2, etc.). 
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These types of compounds may also accumulate in dark-treated samples 
over time and result in AhR activity as indicated by day 14 of the study. 
However, as supported by our NPOC data (Fig. 1A), the naturally 
occurring abundance of compounds resulting in AhR activity in 
dark-treated samples may not be high enough to result in toxic effects. 
According to pilot data, a minimum concentration of approximately 5 
mg C/L is required for AhR activation (Fig. S1, Supporting Information). 
The concentration of NPOC in dark-treated samples never exceeded 1.5 
mgC/L. Similarly, a study that examined the relationship between 
non-volatile dissolved organic carbon concentration and sample toxicity 
in terms of distance from a crude oil source found that low levels (<5 
mgC/L) induced minimal AhR activity and that background carbon 
(1.42 mgC/L) did not induce AhR activity (Bekins et al., 2020). Irradi
ated samples from this study accumulated up to 21.4 mgC/L on average 
after 14 days, which is high enough to activate AhR in vitro according to 
our preliminary study (Supporting Information). Furthermore, this 
concentration of dissolved organic carbon matches levels measured at 
other spill sites (Bekins et al., 2020; Zito et al., 2020; Bianchi et al., 2014; 

Lunel, 1998). 
In addition to polar compounds, we treated cells with nonpolar HOP 

extracts for both light and dark treatments. Unfortunately, concen
trating the non-polar compounds to 10 mgC/L resulted in cell death for 
most treatment wells. Nonpolar extracts were not available for the pilot 
study of the AhR CALUX bioassay (Supporting Information), so we were 
unaware of the increased cytotoxicity of these samples in vitro. Due to 
limited sample volume, assays could not be repeated. The composition 
of nonpolar extracts likely contains compounds that are more acutely 
toxic to cells in comparison with polar compounds. To be clear, this non- 
polar fraction is composed of water-soluble HOPs that were still rela
tively polar compared to parent petroleum. Similarly, marine sediment 
extracts tested on H4IIe cells resulted in only 50–60% cell viability after 
treatment with non-polar compounds vs. >80% with polar compounds 
at the same concentration (Mennillo et al., 2020). AhR activation was 
also found to be strongest amongst non-polar aromatic substances, 
including PAHs, extracted from suspended particulate matter from flood 
events in Germany (Wölz et al., 2010). In particular, substances with 

Fig. 4. Heirarchical clustering analysis (HCA) reveals distinct grouping of samples according to extract polarity (eg. polar-P vs nonpolar-NP), light exposure (eg. 
light-L vs dark-D), and illumination time (eg. day 1-D01 vs day 10-D10); artificial seawater controls are labeled Nul_D00. Boxes highlight Kendrick series with VIP 
scores greater than 1. Significant Kendrick series contain features characteristic of HOP photochemical production containing one to three oxygen that are more 
prevalent in the polar extracts of irradiated samples. 
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more than 16 aromatic C-atoms drove the highest AhR activity. Likely 
the decreased availability of oxygen and exposure to sunlight of the 
compounds stored in the sediment of this study result in preservation of 
higher molecular weight PAHs which resulted in high toxicity. In com
parison, our dataset focuses on oxyPAHs which may have fewer aro
matic carbons, but their transformation to oxidized species still poses a 
potential threat as indicated by increased AhR activity after just 4 days 
of light exposure. 

These potential toxicological effects are of concern, because it seems 
that the HOP pool resulting from photooxidation of crude oil persists in 
activating AhR for up to two weeks. Future work would benefit from 
increasing the duration of the experiment up to 21 days or longer to 
determine when toxicity of HOPs begins to decline as they are further 
mineralized, in addition to measurement AhR activity for identified and 
suspect oxyPAHs and their alkylated derivatives. AhR plays a role in 
xenobiotic metabolism including the cytochrome P450 (CYP450) sys
tem, which serves as a biomarker for exposure to certain environmental 
contaminants in addition to endogenous and exogenous drug meta
bolism (McDonnell and Dang, 2013; da Silva et al., 2020). For example, 
increased concentrations of alkylated PAHs are correlated with an in
crease in CYP4501A catalytic activity (including ethoxyresor
ufin-O-deethylase and methoxyresorufin-O-demethylase activity) in 
greenling fish close to oil-spill sites (Bak et al., 2019). These same PAHs 
also activated AhR in vitro at concentrations lower than those found in 
fish tissues in vivo. Similarly, bioaccumulation of PAHs in S. rivulatus gill 

and liver tissue is associated with CYP450 induction (Gaber et al., 2021). 
AhR bound to PAHs combines with AhR Nuclear Translocator in the 
nucleus to activate genes such as CYP1A1 which play a role in meta
bolically activating aromatic hydrocarbons into reactive metabolites 
(Androutsopoulos et al., 2009; Nakano et al., 2020). These metabolites 
can be biologically harmful leading to DNA and tissue damage 
(Androutsopoulos et al., 2009; Coelho et al., 2022). Thus, the AhR 
activation by HOPs from this study indicates a potential to result in 
adverse biological effects. Further studies should investigate the effects 
of photooxidized Cook Inet crude oil on other CYP450 biomarkers in 
vitro and in vivo to more specifically determine its toxicological impact. 

While showing trends of increased AhR activity with photooxidation, 
high variation in luciferase activity between treatment replicates limited 
our findings of significant differences. It’s possible that by highly 
concentrating all samples to 1000 mgC/L, the fluctuation in background 
dissolved organic carbon amongst samples resulted in high variation. 
Since samples with dark exposure and ASW controls had very little 
dissolved organic carbon present in the water soluble fraction, samples 
had to be concentrated and reconstituted in very small volumes (~6 μL). 
Limited sample volume meant that we did not have enough of the ASW 
controls and several of the dark samples to reach 10 mgC/L. Because of 
this issue, the day 4 dark data was removed from the dataset. To resolve 
the issue of limited sample volume and high background variation, 
future studies should test the AhR activation and toxicity of photo
oxidized crude oil at the concentrations that occur naturally in the 

Fig. 5. (A) PCA scores plot for samples incorporating loadings from all 2633 detected compounds shows similar separation of light (open symbol) and dark (closed 
symbol) incubated samples, as well as polar (circle) and nonpolar (triangle) extracts. Artificial seawater controls (ASW, gray symbols) group with samples incubated 
in the dark. Numerical labels for polar extracts of irradiated samples (open circles) indicate incubation time (days). (B) Volcano plot of significant HOPs (VIP score 
>1) shows the majority are more abundant in irradiated samples. (C) Relative abundance of significant HOP formulae containing one to six oxygen. (D) Total relative 
abundance of non-alkylated (C0) and alkylated (C1–C10) congeners of significant HOPs in light and dark incubated samples. 
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samples. AhR activation, although strongly associated with toxicity 
response, is also not a guarantee of adverse health impacts. Several other 
studies also demonstrate the toxicity of oxyPAHs by mortality, malfor
mations and oxidative stress in aquatic organisms (Barron, 2017; Lampi 

et al., 2006; Knecht et al., 2013). Future work should assess biological 
impacts of photooxidized Cook Inlet crude oil intermediates in vivo. 
Despite these considerations, it is clear that HOPs formed during the 
photooxidation of crude oil have the potential to harmfully impact 

Fig. 6. Proposed HOP formation pathways (arrows) from model parent petroleum compounds benzanthracene (compound a), anthracene (compound b), naph
thalene (compound c), 4H-cyclopenta[def]phenanthrene (compound d), fluorene (compound e), and phenanthrene (compound f). Bold green outlines indicate 
detected compounds that were matched to the in-house library. Colors indicate different chemical processes including ring opening (red), oxidation (blue), bond 
cleavage (gold), photoisomerization (aqua), and cyclization (purple) that may account for the production of numerous HOPs from crude oil. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. (A) Van Krevlen diagram for significant compounds (VIP score >1) with circle size scaled to compound VIP scores. Prevalent Kendric series are highlighted 
and C1–C3 labels corresponding to the alkylated Kendrick groups for O2 Series 9, base formula C8H6O2 (see Fig. 6 Boxes 19, 20, and 23 for representative 
structures), are provided. (B) Average abundance (n = 3, Day 14 n = 2) of detected compounds within O2 Series 9 (molecular formulae C(8+n)H(6+2n)O2 where n is the 
degree of alkylation, eg. n = 0 for C0) over time further shows the accumulation of significant HOPs peaks at ten days, with the majority of detected features present 
as alkylated congeners. Artificial seawater controls (ASW) confirm that significant HOP features were not detected in the absence of crude oil. Error bars represent 
one standard deviation. 
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organisms; coupled with increased mobility and bioavailability relative 
to parent petroleum, HOPs may pose a significant ecological risk that 
should be considered post-spill. 

4. Conclusions 

This non-targeted approach provides the most comprehensive anal
ysis of hydrocarbon oxidation products to date, highlighting the di
versity of the complex mixture resulting from the photooxidation of 
crude oil and the limitations of targeted analyses for adequately moni
toring HOPs in the environment. Our previous work concluded that 
targeted methods are inadequate for the characterization of petroleum 
residues and HOPs due to the inherent complexity of the mixture and 
relatively limited availability of reference standards and libraries. To 
address this, we developed a non-targeted analysis for HOPs formed by 
the photooxidation of Cook Inlet crude oil using ultra-high performance 
liquid chromatography coupled to orbitrap high resolution mass spec
trometry. The photooxidation of Cook Inlet crude oil produces HOPs 
consisting primarily of condensed aromatic hydrocarbons, aromatic 
hydrocarbons, and unsaturated low oxygen containing hydrocarbons. 
Compounds from the light-treated samples had higher levels of oxida
tion compared to dark-treated controls with differences between the two 
treatment groups being primarily driven by compounds containing 1–3 
oxygens and being C2-3 alkylated. These results are consistent with the 
photochemical oxidation products of two to four ring PAHs and their 
alkylated derivatives to oxyPAHs. Overall, coupled CALUX bioassays 
indicate that HOPs generated by photochemical weathering of Cook 

Inlet Crude may pose a greater ecological risk than parent petroleum 
compounds due to the greater mobility and bioavailability of oxidized 
products. 
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