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Environmental toxicologists and public health officials are responsible for assisting in 

the identification, management, and mitigation of public health hazards. As a result, 

there is a continued need for robust analytical tools that can aid in the rapid 

quantification and characterization of chemical exposure. In the first research phase, 

we demonstrated that a current tool for estimating human organophosphate pesticide 

exposure, measuring dialkyl phosphate (DAPs) metabolites in urine as chemical 

biomarkers of pesticide exposure, could represent exposure to DAPs themselves and 

not to pesticides. We showed that DAPs are metabolically stable, have high oral 

bioavailability, and are rapidly excreted in the urine following oral exposure. Results 

suggest that DAP measurements may lead to overestimates of human organophosphate 

pesticide exposure.  

In the second phase of research, a quick, easy, cheap, effective, rugged, and safe 

(QuEChERS) based analytical method was developed and validated for quantifying 



polycyclic aromatic hydrocarbons (PAHs) in biotic matrices with fat contents that 

ranged from 3 to 11%. Our method improved PAH recoveries 50 to 200% compared 

to traditional QuEChERS methods, performed as well or better than state of the art 

Soxhlet and accelerated solvent extraction methods, had sensitivity useful for chemical 

exposure assessments, and reduced sample preparation costs by 10 fold. The validated 

QuEChERS method was subsequently employed in a human exposure assessment.    

Little is known about how traditional Native American fish smoke-preserving methods 

impact PAH loads in smoked foods, Tribal PAH exposure, or health risks. Differences 

in smoked salmon PAH loads were not observed between Tribal smoking methods, 

where smoking methods were controlled for smoking structure and smoke source. 

PAH loads in Tribally smoked fish were up to 430 times greater than those measured 

in commercially available smoked fish. It is not likely that dietary exposure to non-

carcinogenic PAHs at heritage ingestion rates of 300 grams per day poses an 

appreciable risk to human health. However, levels of PAHs in traditionally smoked 

fish may pose and elevated of risk of cancer if consumed at high rates over a life time. 

Accurately estimating PAH exposure in cases where aquatic foods become 

contaminated is often hindered by sample availability. To overcome this challenge, we 

developed a novel analytical approach to predict PAH loads in resident crustacean 

tissues based on passive sampling device (PSD) PAH measurements and partial least 

squares regression. PSDs and crayfish collected from 9 sites within, and outside of, the 

Portland Harbor Superfund site captured a wide range of PAH concentrations in a 



matrix specific manner. Partial least squares regression of crayfish PAH 

concentrations on freely dissolved PAH concentrations measured by PSDs lead to 

predictions that generally differed by less than 12 parts per billion from measured 

values. Additionally, most predictions (> 90%) were within 3-fold of measured values, 

while state of the art bioaccumulation factor approaches typically differ by 5 to 15-

fold compared to measured values.   

In order to accurately characterize chemical exposure, new analytical approaches are 

needed that can simulate chemical changes in bioavailable PAH mixtures resulting 

from natural and/or remediation processes. An approach based on environmental 

passive sampling and in-laboratory UVB irradiation was developed to meet this need. 

Standard PAH mixtures prepared in-lab and passive sampling device extracts collected 

from PAH contaminated environments were used as model test solutions. UV 

irradiation of solutions reduced PAH levels 20 to 100% and lead to the formation of 

several toxic oxygenated-PAHs that have been previously measured in the 

environment. Site specific differences in oxygenated-PAH formation were also 

observed. The research presented in this dissertation can be used to advance chemical 

exposure estimation techniques, rapidly and cost-effectively quantify a suite of PAHs 

in biotic tissues, and simulate the effect of abiotic transformation processes on the 

bioavailable fraction of environmental contaminants. 
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Chapter 1 – Introduction 

1.1 Background 

 Traditionally, scientists perform active environmental or biomonitoring sampling, 

chemically analyze samples for target chemicals, and use the obtained sample data to 

assist in the estimation of human and environmental exposure to chemicals (1). The 

challenge of employing traditional approaches is that they are often costly, incapable 

of identifying the effect of natural and remedial processes on real-world bioavailable 

chemical mixtures, and result in the removal and mandatory destruction of biotic 

material. Furthermore, approaches that use chemical biomarkers to estimate human 

exposure to pesticides may over estimate exposure due to a lack of method validation 

(2). Recognition of these challenges led us to pursue the development and application 

of cost effective analytical methods to aid in chemical exposure assessment and risk 

evaluation.  

1.2 Overview of chapters 2 through 5 

Numerous investigations have been conducted to better understand the effect of low-

level chronic organophosphorus pesticide exposure on adverse birth outcomes and 

neurological development in children (3-5). Measurement of dialkyl phosphate (DAP) 

chemical biomarkers is generally the analytical approach used to estimate cumulative 

and aggregate exposure doses, but it has been demonstrated that DAPs are present in 
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foods as a result of environmental organophosphorus pesticide degradation (6-8). The 

second chapter of this dissertation describes original research that was published in 

2011 in the journal Xenobiotica. We report on a simple sample preparation and LC-

MS/MS method that was developed for the quantification of dialkyl phosphate 

organophosphorus pesticide degradation products in urine, blood, and microsome 

incubation samples. The method was subsequently applied to assess 

dimethylphosphate’s (DMP) metabolic stability in human and rat hepatic microsomes, 

and DMP pharmacokinetics, and bioavailability in the rat model. Study findings 

demonstrate the DAPs are metabolically stable, display high oral bioavailability, and 

are excreted in the urine following oral exposure. These results suggest that urinary 

dialkyl phosphate measurements may lead to over estimates of human exposure to 

organophosphorus pesticides.    

Much effort has been invested developing and validating analytical procedures for 

measuring chemical contaminants in the environment. However, methods aimed at 

measuring tissue concentrations of chemicals are often labor intensive, costly, and 

demand advanced training in analytical chemistry (9-11). In chapter 3, a fast, cost 

effective, and simple sample preparation  and GC-MS analytical procedure was 

developed and validated for 33 polycyclic aromatic hydrocarbons (PAHs) and PAH 

derivatives in high-fat smoked fish. Sample preparation procedures were based off of 

the Quick, Easy, Cheap, Effective, Rugged, and Safe (QuEChERS) methodology and 

modified for our applications (12). This work was published in 2011 in the Journal of 

 



4 
 

Agricultural and Food Chemistry. The optimized method recovered PAHs as well or 

better than ‘gold standard’ methods, achieved the sensitivity needed for measuring 

Food and Drug Administration defined PAH levels of concern, and reduced analytical 

costs by an estimated factor of 10 or more. These results expand the application of the 

QuEChERS methodology and provide researchers a cost effective tool for measuring a 

broad range of PAHs in fatty tissues.        

Although much attention has been paid to mitigating exposure to PAHs in petroleum 

impacted sea foods in the United States (13-16), far less attention has been given to 

evaluating PAH exposure and potential health impacts associated with consumption of 

smoke-cured food. Furthermore, little has been done to examine the effect of 

traditional subsistence food smoking processes on oral exposure to PAHs (17-19). In 

Chapter 4, a two factor study was designed and executed with tribal members of the 

Confederated Tribes of the Umatilla Indian Reservation to evaluate the effect of 

smoking structure (smoking shed or tipi) and wood type (apple or alder) on the profile 

and concentration of 33 individual PAHs in traditionally smoked meats. The results of 

this study demonstrate that neither smoking structure nor wood type accounted for 

PAH concentrations in traditionally smoked fish. Smoked salmon PAH concentrations 

were also used to estimate Tribal exposure and identify possible human health risks. 

This work provides convincing reasons for continuing to study the contribution of 

dietary PAH exposure to long term human health impacts. Results were published in 

2012 in the Journal of Agricultural and Food Chemistry. 
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Oxy-PAHs are currently of interest because several display increased toxicity 

compared to non-oxygenated homologues and may be linked to photo-enhanced 

toxicity associated with oil spills (20-21).It has also been demonstrated that PAHs can 

be photo-oxidized to ketone and quinone containing oxy-PAHs (22-24). However, it is 

not clear if oxy-PAHs can form from freely dissolved environmental mixtures of 

PAHs. Research presented in Chapter 5 describes the development of a rapid approach 

for modeling bioavailable PAH mixture photo-oxidation to oxy-PAH photo-products 

via the coupling of passive sampling and laboratory based UVB irradiation 

experiments. The analytical approach was demonstrated using standard PAH solutions 

alongside passive sampling extracts collected from PAH impacted field sites. 

Application of the method resulted in widespread PAH photo-degradation and 

simultaneous formation of several oxy-PAHs in a site specific manner. Study results 

provide evidence that coupling passive sampling with laboratory based 

physical/chemical oxidation experiments provides an analytical platform to better 

characterize environmental exposure to changing chemical mixtures.    

Obtaining accurate chemical occurrence data is of paramount importance for reliably 

estimating human exposure and subsequent health-based risks. In cases where seafood 

and/or shellfish become contaminated, such as after an oil spill or at a Superfund site, 

it is often necessary to assess the hazard associated with dietary exposure to 

contaminated organisms (1, 14).  However, it is often unfeasible to collect enough 

organism samples to capture a representative breadth of possible exposure scenarios 
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and requires sacrifice of organisms. Over the last 30 years, a handful of researchers 

have used passive samplers to predict levels of hydrophobic contaminants in aquatic 

organisms, resulting in predictive relationships that vary several orders of magnitude 

between sites and between studies for the same contaminant (25-26). In Chapter 6, a 

novel approach was developed for predicting PAH loads in resident crayfish from 

passive sampling devices (PSDs). Paired samples were collected from Willamette 

River within and outside of the Portland Harbor Superfund mega-site. Sampling 

locations were chosen in order to capture a wide range of chemical concentrations. 

Spatial patterns and predictive models that relate PSD PAH concentrations to resident 

organism tissue levels were evaluated using principal components analysis and partial 

least squares regression. A two-factor regression model provided good predictive 

power with correlation coefficients generally > 0.80 and predictions that generally 

differed by less than a factor of 3 compared to PAH concentrations actually measured 

in resident crayfish. 

The scientific research presented in this dissertation can be applied to better interpret 

conclusions drawn from biomarker measurements, cost effectively measure legacy 

toxicants in food stuffs, rapidly study whole chemical mixture transformation 

processes, and predict chemical loads in aquatic organism tissues with reduced 

environmental impact and improved accuracy. 
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Chapter 2 - Organophosphorus pesticide degradation product in vitro metabolic 

stability and time-course uptake and elimination in rats following oral and 
intravenous dosing 
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2.1 Abstract 

Levels of urinary dialkylphosphates (DAPs) are currently used as a biomarker of 

human exposure to organophosphorus insecticides (OPs). It is known that OPs 

degrade on food commodities to DAPs at levels that approach or exceed those of the 

parent OP. However, little has been reported on the extent of DAP absorption, 

distribution, metabolism and excretion. The metabolic stability of O,O-

dimethylphosphate (DMP) was assessed using pooled human and rat hepatic 

microsomes. Time-course samples were collected over two hours and analyzed by LC-

MS/MS.  It was found that DMP was not metabolized by rat or pooled human hepatic 

microsomes. Male Sprague-Dawley rats were administered DMP at 20 mg kg-1 via 

oral gavage and I.V. injection. Time-course plasma and urine samples were collected 

and analyzed by LC-MS/MS.  DMP oral bioavailability was found to be 107 ± 39 % 

and the amount of orally administered dose recovered in the urine was 30 ± 9.9 % by 

48 hrs. The in vitro metabolic stability, high bioavailability and extent of DMP urinary 

excretion following oral exposure in a rat model suggests that measurement of DMP 

as a biomarker of OP insecticide exposure may lead to overestimation of human 

exposure.   

Introduction 

Organophosphorus insecticides (OPs) are among the most widely used insecticides in 

US and global agriculture. An estimated 60 million pounds of the roughly 40 currently 
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registered OPs are applied annually to US agriculture (1-2). They share a common 

mode of toxicity through the non-species specific inhibition of acetylcholinesterase 

(AChE) (3-4). The association between low-level lead exposure in children and the 

development of subtle neurologic effects in children led scientists to develop and 

investigate parallel hypotheses for OPs (5-7). Recognition of these ideas aided in the 

passage of the 1996 Food Quality Protection Act that charged the US Environmental 

Protection Agency with assessing the aggregate and cumulative exposure of OPs to 

humans with careful attention being paid to childhood exposure (8). 

The majority of OP insecticides registered with the US Environmental Protection 

Agency are metabolized to at least one of six dialkylphosphate (DAP) metabolites 

(Fig. 1) (9). Following human OP exposure and metabolism, DAPs are eliminated 

from the body in the urine (6,  10-13). Monitoring the levels of these six common 

dialkylphosphate urinary metabolites, rather than the individual parent OPs, has 

allowed researchers to develop a single analytical method with which to monitor 

human spatial and temporal exposure to OPs (1,  6,  8,  14-17). Additionally, it is 

becoming more and more common for researchers to employ the biomonitoring of 

DAPs to investigate associations between human OP exposure and the risk of 

developing adverse health effects (18-21). Though the measurement of DAPs offers 

several analytical and cost-effective advantages, their use as human biomarkers of OP 

exposure has limitations. 
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It has been demonstrated that OPs can degrade in the environment to DAPs and that 

DAPs are present in raw food stuffs at molar levels that approach or exceed those of 

the parent OP (2,  22-25). It has also been demonstrated that the ethylated DAP 

hydrolysis products of chlorpyrifos are excreted in the urine of rats orally dosed with 

O,O-diethylphosphate, DEP, and O,O-diethylthiophosphate, DETP (10,  26-27). 

Additionally, the afore-mentioned ethyl DAP toxicokinetic studies demonstrated that 

exposure to equal molar levels of ethylated DAPs and chlorpyrifos consistently 

resulted in higher urinary ethyl DAP excretion rates and cumulative urine levels in rats 

receiving oral doses of ethyl DAPs (26).  

There were three objectives in the current study; (1) to assess the metabolic stability of 

methyl DAPs to rat and human hepatic microsomes, (2) to investigate the absorption, 

metabolism and elimination of methyl DAPs in a rat model and (3) determine methyl 

DAP pharmacokinetic parameters following oral and I.V. dosing. Integration of results 

from the current study with those for the ethyl DAPs will provide quantitative 

information necessary for interpretation of biomonitoring data that employ the DAPs 

as chemical markers of OP insecticide exposure. 

2.3 Materials and methods 

2.3.1 Chemicals: O,O-dimethylphosphoric acid sodium salt (DMP, ≥ 95%) and O,O-

dimethylthiophosphoric acid sodium salt (DMTP, ≥ 96%) were purchased from 

AppliChem GmbH (Darmstradt, Germany) and O,O-dimethlyphosphoric acid was 

 



13 
 

purchased from AccuStandard (New Haven, CT, USA). Tramadol-hydrochloride (T-

HC) was obtained from Sigma-Aldrich Corp (St. Louis, MO, USA). HPLC-grade 

solvents were purchased from Fisher Scientific Co. (Fairlawn, NJ, USA). All other 

reagent chemicals were obtained from commercial sources and used without further 

purification.  

2.3.2 Metabolic stability assays: The metabolic stability of DMP was determined 

using rat and pooled human hepatic microsomes (BD Biosciences, San Jose, CA, 

USA). Incubation mixtures were prepared starting with 2455 µL of phosphate buffer 

(50 mM, pH = 7.4) and adding sequentially 225 µL of microsomal protein (20 mg mL-

1), 300 µL of NADPH (10 mM) and 20 µL of DMP (75 mM) to yield a solution with a 

final volume of 3 mL and DMP concentration of 0.5 mM. After a 0, 0.25, 0.5, 1, 2-h 

incubation at 37 °C with shaking, the reaction was terminated with an equal volume 

solution of ice-cold methanol with 0.5% (v/v) formic acid and DMTP (internal 

standard) at 0.5 mM. Proteins were precipitated by centrifugation at 12 000 g for 15 

min. Supernatant was diluted 1:50 for a final dilution of 1:100with methanol and the 

resulting solutions were stored at -20 °C until analysis. The experiment was carried 

out with four replicates. Positive control incubations were conducted with T-HC, a 

drug with a known metabolic profile, in the presence of all other reported incubation 

components (metabolism expected), while negative controls were conducted in the 

absence of NADPH (no metabolism expected). DMP and control incubations were 

carried out in tandem and underwent similar sample preparation.  
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2.3.3 Animal study: All procedures using animals were reviewed and approved by the 

Institutional Animal and Care Use Committee of Oregon State University. Male 

Sprague-Dawley rats with jugular catheters attached were purchased from Charles 

River Laboratories and Simonsen Laboratories and were acclimated to laboratory 

conditions for three to four days in metabolic cages designed to separate feces from 

urine. Rats were maintained on a 12-h light/dark cycle at the Oregon State University 

Laboratory Animal Resource Center. During acclimation rats were allowed free access 

to water and food (Teklad 8640). At the time of dosing, weight among rats ranged 

from 233 – 274 g.    

2.3.4 Dose selection and preparation: Weight specific dosing solutions (20 mg kg-1) 

were prepared by dissolving DMP in an appropriate amount of normal saline (0.9 % 

NaCl) such that rats received 100 µL and 500 µL dosing volumes during I.V. and oral 

dose administration respectively. Control rats were administered normal saline vehicle 

at the same dosing volumes as DMP treated rats. The 20 mg kg-1 dose level was 

chosen to increase the ability to detect chemicals in rat blood and urine over the time-

course of the study.   

2.3.5 Pharmacokinetic study: Rats were denied access to food from 1-h prior to dosing 

to 2-h post-dosing. DMP was administered intravenously via jugular catheter to 

manually restrained rats or by gavage to rats lightly anesthetized with isoflurane in a 

controlled chamber. Blood samples (~100 µL) from I.V. and orally dosed animals 
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were collected at 0, 5, 10, 20, 30, 40, 60, 75, 90, 120 min and 0, 20, 30, 40, 60, 90, 

120, 150, 180, 240 min post-dosing respectively from jugular vein catheters. The 

blood volume removed was replaced with an equal volume of normal saline followed 

by cannula blocking solution. Time-course urine samples were collected at 0, 1.5, 4.5, 

7.5, 14, 24, 36 and 48-h post dosing into 15 mL screw-top vials and excretion volumes 

were recorded. Average urine collection volumes for time points 1.5 – 4.5 h and 7.5 – 

48 h were 1.1 ± 0.9 mL and 2.7 ± 2.0 mL respectively (Table A.1.1 in Appendix 1). 

Rats were humanely sacrificed via CO2 asphyxiation following the final urine time 

point collection. Plasma and urine samples were placed on ice during sample 

collection and subsequently stored at -20 °C until sample preparation. 

2.3.6 Rat plasma and urine sample preparation: Time-course blood samples were 

dispensed into heparinized microcentrifuge tubes (50 units of heparin mL-1 blood) and 

underwent plasma separation via centrifugation at 10 000 g for 15 min. Plasma 

proteins were precipitated via a 1:5 dilution with methanol, vortexing for 10 s and 

centrifugation at 15 000 g for 15 min. Plasma samples were subsequently diluted with 

methanol for a final dilution of 1:100 – 1:1000 and spiked with DMTP as an internal 

standard.  

Urine samples were vortexed for 10 s and centrifuged for 10 min at 10 000 g. One 

hundred µL of the supernatant was diluted 1:10 with methanol, vortexed for 10 s and 

centrifuged for 10 min at 10 000 g. The resulting supernatant was diluted to a final 
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dilution of 1:100 – 1:1000 with methanol and spiked with DMTP as an internal 

standard. Prepared samples were stored at -20 °C until analysis.  

2.3.7 Analytical instrumentation: All samples were analyzed using an Applied 

Biosystems/MDS Sciex 4000 Q-trap mass spectrometer (Applied Biosystems, Foster 

City, CA) equipped with a TurboV electrospray ionization source, Shimadzu 

Prominence HPLC solvent delivery system and a Shimadzu SIL-HTc autosampler 

(Columbia, MD, USA). Optimization of instrument sensitivity was achieved by 

performing infusion experiments with DMP, DMTP and T-HC and generating 

enhanced product ion mass spectrums in combination with Applied Biosystems 

Analyst 1.4.2 software (Foster City, CA, USA). The analytical methods for DMP, 

DMTP and T-HC and T-HC metabolites were adapted from Hernandez et al. and Wu 

et al. respectively (28-29). Optimized instrument parameters are presented in Table 

2.1. Samples were chromatographically resolved using a 150 x 3 mm Phenomenex 

Luna C18 column with a 4.6 µm internal diameter and 100 Å particle size (Torrence, 

CA, USA).   

2.3.8 LC-MS/MS analyses 

2.3.8.1 Microsome incubation samples: DMP and DMTP were chromatographically 

resolved from microsome samples using gradient elution with aqueous (A) and 

methanol (B) solutions of formic acid (0.1%, v/v). The elution program was as 

follows: 0 – 6 min, 20 – 50% B; 6 – 7 min, 50 – 90% B; 7 – 10 min, 90 – 90% B; 10 – 
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10.1 min, 90 – 20% B; 10.1 – 15 min, 20 – 20% B at a flow rate of 300 µL min-1 and 

an injection volume of 1 µL. DMP standard curves were prepared in methanol and 

spiked with the DMTP internal standard similarly to samples. 

T-HC and its major metabolites were chromatographically resolved using a 0 – 15 

min, 10 – 90% B; 15 – 16 min, 90 – 10% B; 16 – 22 min, 10 – 10% B gradient elution 

program at a flow rate of 300 µL min-1 and an injection volume of 10 µL. Metabolism 

of T-HC was assessed in terms of % T-HC remaining and presence of T-HC’s major 

metabolite O-desmethyl tramadol-hydrochloride (transition followed m/z 250 → 58). 

The analysis of DMP, DMTP, T-HC and O-desmethyl tramadol-hydrochloride were 

performed with the instrument in MRM mode following the transitions presented in 

Table 2.1. 

2.3.8.2 Rat plasma and urine samples: DMP and DMTP were chromatographically 

resolved from rat plasma and urine samples using the microsome HPLC gradient 

elution program modified to equilibrate from 10.1 to 18 min and with an injection 

volume ranging from 1-10 µL. For quantification, matrix matched standards were 

prepared from control plasma and blood samples. The instrument was run in MRM 

mode monitoring transitions described previously. The LC-MS/MS instrumental range 

for all DMP analyses was 0.001 – 1 µg mL-1 and yielded correlation coefficients 

greater than 0.999.  
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2.3.9 Pharmacokinetic analysis: DMP pharmacokinetic parameters were estimated 

using a two-compartment model to fit the experimental results following oral and I.V. 

administration. The oral (Eq. 2.1) and I.V. (Eq. 2.2) models were defined by the 

following equations: 

Oral administration: C(t) = Ae-αt + Be-βt + Ce-kat                    (Eq. 2.1) 

Intravenous administration: C(t) = Ae-αt + Be-β         (Eq. 2.2) 

where α is the first-order distribution rate constant, β is the first-order elimination rate 

constant and ka is the absorption rate constant; A and B are the intercepts for the 

respective phases and C(t) represents the concentration of DMP at a given time t. 

Maximum plasma concentration (Cmax) and the time to reach Cmax (tmax) were 

determined from the plasma concentration-time curves. Optimized estimates for the 

model parameters were obtained using nonlinear regression analysis (WinNonlin® 

5.0.1; Pharsight, Mountain View, CA, USA).  Estimates were further used to calculate 

values for apparent volume of distribution (Vd) and the apparent half-life of each phase 

(t1/2 α, β). Additionally, the total amount of DMP excreted in urine when excretion was 

complete (DMPU∞) was estimated by Method IIA (30). Bioavailability (F) was 

determined as the quotient of total DMPU∞ after oral and I.V. DMP administration, 

appropriately correcting for dose, and assuming that clearance remained constant.  

 

 

 



19 
 

2.4 Results 

2.4.1 Metabolic stability: Quality control incubations were carried out in tandem with 

DMP incubations. In positive controls, the % T-HC decreased 41 – 50% over the 2-h 

rat hepatic microsome incubation and the total peak area for T-HC decreased by ~ 

35%, while it increased for its major reported O-desmethyl metabolite. Conversely, 

there was no statistically significant decrease in T-HC over the 2-h incubation and no 

metabolites detected in negative rat controls (Figure A.1.1 in Appendix 1). The same 

procedure was carried out for pooled human hepatic microsomes. The percentage of 

T-HC remaining for positive controls after two hours of incubation was 86 - 90%, 

while its percentage of total peak area decreased by ~ 5% and its major metabolite 

increased ~ 5%. Similarly to the rat hepatic microsomes, there was no statistically 

significant decrease in T-HC over the 2-h incubation and no metabolites detected in 

negative human controls (Figure A.1.2 in Appendix 1).  

The percentage of DMP remaining in rat hepatic microsome incubation mixtures was 

followed for two hours and assessed by LC-MS/MS (Figure 2.2). No statistically 

significant difference was detected between time points (p-value = 0.35 from a one-

way ANOVA with 19 d.f.). Similarly, the percentage of DMP remaining in pooled 

human microsome incubations did not display a trend that suggested it was being 

metabolized (p-value = 0.14 from a one-way ANOVA with 19 d.f.). Additionally, 

there was no statistically significant difference detected between the mean percentage 
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of DMP remaining in rat and human DMP microsome incubations (p-value = 0.15 

from a two sample t-test with 38 d.f.).  

2.4.2 DMP pharmacokinetics: The concentrations of DMP in plasma following both 

oral and I.V. administration are shown in Table 2.2, while the time-course of DMP 

excreted in urine from both dosing groups are presented in Figures 3A and B.  

Pharmacokinetic models (two-compartment) were developed to describe the time-

course of DMP in plasma and the best fitting model parameter values are listed in 

Table 3. The volume of distribution (Vd) suggested extensive distribution of DMP in 

the body (6970 ± 905 mL kg-1 for I.V. and 6973 ± 691 mL kg-1 for oral dose). 

Following oral administration, peak plasma DMP levels of 3.3 ± 0.27 mg mL-1 were 

reached within 0.5-h post dosing, and DMP was undetectable 2-h post dosing. The 

plasma time-course of DMP was bi-exponential with a rapid distribution phase (α) and 

a slower elimination phase (β). The half-lives for each phase were estimated to be 0.17 

h (t 1/2, α) and 6.2 h (t 1/2, β), respectively. The absolute bioavailability of DMP was 

determined to be 107 ± 39%. In comparison to DMP, we analyzed the DEP and DETP 

plasma concentration time curve data from Timchalk’s et al. (26) paper using our 

methods of WinNonlin® software to estimate the pharmacokinetic parameters of these 

metabolites (Table 2.3). 

The interval urinary excretion rates (dDMP/dt), amount of DMP remaining to be 

excreted in urine (DMPU∞ - DMPU), dose normalized cumulative amount of DMP 
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(DMPU/dose) and cumulative DMP in urine normalized to total mass excreted (DMPU 

/ DMPU∞) for both administration routes are presented in Figures 2.3A, 2.3B, 2.4A and 

2.4B respectively. In accordance with observed plasma pharmacokinetics, the urinary 

elimination of DMP following I.V. dosing also appears to be biphasic (Figure 2.3A). 

Peak urinary DMP excretion rates (104 ± 32 µg h-1) were attained between  10 – 20 h 

post oral dosing (Figure 2.3A) and excretion is almost complete after 40 – 50 h for 

both dosing groups (Figures 2.4A and 2.4B). However, the estimated total recovery of 

DMP (DMPU∞ / Dose) in the urine was relatively low for both oral (30 ± 9.9 %) and 

I.V. dosing (36 ± 15 %) as compared to the calculated bioavailability. This may 

indicate that urine is not the only elimination pathway for DMP.   

2.5 Discussion 

General population level exposure to OP insecticides occurs mostly through the diet 

where the majority of chemical metabolism is facilitated by first pass hepatic 

metabolism. It is known that hepatic CYP450s play an integral role in phase I 

metabolism of environmental chemicals and drugs (31-33). While it has been shown 

that cytochrome P450s, CYPs, participate in the detoxification of OPs via the 

hydrolysis of the OP phospho ester bond to yield DAPs, it has also been demonstrated 

that CYP-mediated bioactivation of OPs to oxons is a major contributor to overall OP 

toxicity (3,  27,  34-37). In light of the importance of CYP-mediated bioactivation to 

the toxicity of OPs, it was hypothesized that they may play an equally important role 
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in DAP metabolism. However, our results suggest that neither rat nor human hepatic 

microsomes are major contributors to the metabolism of DMP under CYP-mediated 

conditions. Additionally, our results provide an initial platform for comparing rat and 

human DAP metabolism.   

All animals orally treated with DMP excreted DMP in their urine. As expected, no 

DMP was detected in any of the control animal blood or urine samples. These results, 

in conjunction with data showing extensive and rapid urinary excretion of DEP and 

DETP within 72 hours following DEP and DETP dosing, suggest that oral exposure to 

DAPs leads to significant urinary DAP levels (26). Evaluation of the time-course 

cumulative DMP in urine plot (Figure 2.4A) suggests that approximately 30% of the 

oral dose was excreted in the urine within 48 hours, which could signify that DMP has 

additional elimination pathways. Observing that urine samples collected after 48 hours 

had levels of DMP below detection suggested that comparison of the % cumulative 

DMP in urine normalized to total amount of DMP collected over 48 hours (Figure 

2.4B) would be appropriate. Assessment of urinary DMP levels under these 

assumptions demonstrates that the majority of DMP excretion occurs within 24 hours 

and is terminal by 48 hours.  

The distribution phase half-life for DMP (0.17 h) was comparable to the 0.2-h estimate 

previously reported for O,O-diethylphosphate (DEP), while the reported elimination 

half-life of DEP was greater (6 h  versus 52 h), Table 3. The discrepancy in DMP and 
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DEP elimination half-lives may be related to the ethoxy groups of DEP interacting to a 

greater degree with biomolecules than the methyl groups of DMP. However, this 

explanation fails to account for differences between DMP, DEP and DETP, where 

DETP has been reported to display single compartment pharmacokinetics and an 

elimination half-life that falls intermediate to DMP and DEP (26). Observing that 

DMP, DEP and DETP are partially excreted in the urine, it is reasonable to assume 

that differences in DAP pharmacokinetics may also be attributed to structure specific 

incorporation of the DAPs into in vivo systems (26).    

The large volume of distribution, rapid distribution and slow elimination of DMP 

following oral dosing demonstrate that DMP is efficiently removed from plasma, 

distributed throughout the body and slowly and partially eliminated in the urine. 

Though pharmacokinetic results demonstrate that DAPs can remain in the body from 

hours to days, few studies have been published investigating the toxicity of DAPs. It 

has been shown that DAPs are cytotoxic and immunotoxic to human peripheral blood 

mononuclear cells and that DETP and DEDTP induce genotoxic effects in human 

embryonic hepatic and hepatocarcinoma cells under metabolic conditions when 

assessed by single cell gel electrophoresis (38-39). Considering the volume of OPs 

applied each year in the U.S. and that OPs degrade to DAPs in produce, a better 

understanding of human DAP pharmacokinetics and toxicodynamics is warranted. 
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2.6 Conclusion 

The goal of the current work was to investigate the metabolic stability of a model DAP 

and characterize its pharmacokinetics in an animal model. Toward this end, the extent 

of DMP metabolism in rats and humans was investigated using hepatic microsomes. 

Results suggested that DMP was not metabolized over a 2-h incubation by rats or 

humans. Similarities in rat and human DMP metabolic stability profiles also suggest 

that rats and humans may display similar trends with regards to DMP 

pharmacokinetics. Additionally, it was demonstrated that DMP has high oral 

bioavailability and is excreted in the urine of rats following oral environmental 

exposure. Assuming that humans display similar pharmacokinetics, the measurement 

of DMP as a biomarker of OP insecticide exposure may lead to overestimation of 

human exposure.   
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Figure 2.1 - DAPs commonly used in biomonitoring studies and specific examples 
of DAPs found in urine following exposure to the OPs phosalone (A) and 
azinphos-methyl (B). Abbreviations: DEDTP, O,O-diethyldithiophosphate; 
DETP, O,O-diethylthiophosphate; DEP, O,O-diethylphosphate; DMDTP, O,O-
dimethyldithiophosphate; DMTP, O,O-dimethylthiophosphate; DMP, O,O-
dimethylphosphate. 
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Figure 2.2 - Percentage of DMP remaining in male Sprague-Dawley 
and pooled human hepatic microsome incubations. Error bars 
represent S.D. of four replicates. Statistical significance for intra-
species and inter-species differences, *p < 0.05. 
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Figure 2.3 - Time-course of DMP excretion rate (A) and amount of DMP 
remaining to be excreted in urine (B) following oral and IV administration of 20 
mg kg-1 dose to male Sprague-Dawley rats. Data represents mean ± S.E. of 3 – 4 
rats.  
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Figure 2.4 - Time-course of dose normalized cumulative amount 
of DMP (A) and cumulative DMP in urine normalized to total 
mass excreted (B) following oral and IV administration of 20 mg 
kg-1 dose to male Sprague-Dawley rats. Data represents mean ± 
S.E. of 3 – 4 rats. 
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Table 2.1 - Mass spectrometry parameters used in the determination of  DMP, DMTP, tramadol-HCl and O-
desmethyl tramadol-HCl 

 
Compound Precursor ion 

(m/z) 
Product ion 

(m/z) 
Declustering 

potential 
Entrance 
potential 

Collision 
energy 

Collision cell exit 
potential 

 DMP 125ac 79 -35 -10 -35 -5 
 

 
125ad 63 -35 -10 -35 -5 

 DMTP 141ac 126 -46 -10 -20 -5 
 

 
141ad 95 -46 -10 -36 -5 

 

 
141ad 79 -46 -10 -20 -5 

 Tramadol-HCl 264bc 58  46  10  27  9  
O-desmethyl tramadol-HCl 250bc 58  46  10  27  9  
               
a Mass spectrometer operated in negative mode; source temperature, 550 °C; ion spray voltage, -4200 V. 

 b Mass spectrometer operated in positive mode; source temperature, 450 °C; ion spray voltage, 5500 V. 
 c Quantification transition 

     d Confirmation transition 
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Table 2.2 - Concentration of DMP in plasma following single I.V. and oral 
administration of 20 mg kg-1 dose to male Sprague-Dawley rats (µg mL-1) 

Time post-dosing  (h) 
Plasma concentration (µg mL-1)  

Intravenous Oral 

0.08 138 ± 99.6 - 
0.17 93.7 ± 57.7 ND 
0.33 36.1 ± 21.9 2.05 ± 0.65 
0.5 18.9 ± 11.8 1.54 ± 0.63 

0.67 4.71 ± 3.85 0.86 ± 0.55 
1 4.05 ± 1.88 1.25 ± 0.66 

1.25 1.41 ± 1.15 - 
1.5 1.14 ± 0.93 ND 
2 0.59 ± 0.53 0.73 ± 0.63 
4 ND ND 
8 ND - 

ND, non-detected; (-), no sample 

Data represents mean ± S.E. for n = 3-5. 
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Table 2.3 - Pharmacokinetic parameters of DMP following a single I.V. and oral 
dose of 20 mg kg-1 to male Sprague-Dawley rats in comparison with results from 
Timchalk et al. (26) DEP (dose = 21.6 mg kg-1) and DETP (dose = 23.8 mg kg-1) 
data. 

 

NA, not applicable. 

Data represents mean ± S.E. for n = 3 - 5. 

†The parameters presented were determined using the plasma concentration time curve data in 
Timchalk et al. (26) paper and WinNonlin® software. 

 

 

 

 

 

Parameters Units Intravenous Oral DEP (Oral)† DETP (Oral)†  

α (Distribution) h-1 4.5 ± 0.79 4.6 ± 0.79 3.5 0.17 

t 1/2, α h 0.17 ± 0.03 0.17 ± 0.03 0.20 4.2 

β (Elimination) h-1 0.12 ± 0.01 0.12 ± 0.01 0.013 0.12 

t 1/2, β h 6.2 ± 0.62 6.2 ± 0.62 52 5.8 

ka (Absorption) h-1 NA 0.26 ± 0.08 1.3 4.2 

t 1/2, a h NA 3.6 ± 1.0 0.51 0.16 

Vd/F mL kg-1 6970 ± 905 6973 ± 691 29 680 10 086 

Cmax mg mL-1 3.3 ± 0.27 NA 0.31 2.0 

tmax h 0.39 ± 0.06 NA 1.0 0.80 
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3.1 Abstract 

A fast and easy modified QuEChERS (quick, easy, cheap, rugged and safe) extraction 

method has been developed and validated for determination of 33 parent and 

substituted polycyclic aromatic hydrocarbons (PAHs) in high-fat smoked salmon that 

greatly enhances analyte recovery compared to traditional QuEChERS procedures. 

Sample processing includes extraction of PAHs into a solution of ethyl acetate, 

acetone and iso-octane followed by cleanup with dispersive SPE and analysis by GC-

MS in SIM mode. Method performance was assessed in spike recovery experiments 

(500 μg/kg wet weight) in three commercially available smoked salmon with 3 – 11% 

fat. Recoveries of some 2, 3 and 5-ring PAHs were improved 50 – 200% over 

traditional methods, while average recovery across all PAHs was improved 67%. 

Method precision was good with replicate extractions typically yielding relative 

standard deviations < 10% and detection limits were in the low ng/g range. With this 

method, a single analyst could extract and cleanup ≥ 60 samples for PAH analysis in 

an 8 hour work day.      

3.2 Introduction 

Polycyclic aromatic hydrocarbons (PAHs) and their substituted derivatives are 

widespread environmental contaminants that may originate from petrogenic or 

pyrogenic sources.  PAHs are present in smoke as combustion by-products (1-3) and 

display a range of toxic, mutagenic and carcinogenic properties (4-5). It has been 
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demonstrated that PAH burdens are generally higher in smoked foods than in the 

corresponding non-smoked foods (6-8) and that PAH profiles in foods are combustion 

material specific (9). Bio-analytical methods that allow for the rapid monitoring of 

these residues in lipid-rich foods are therefore important for monitoring human dietary 

exposure to PAHs.    

Analytical methods have been developed for assessing PAH residue loads in many 

matrices with the distinguishing factor being the mode of sample preparation. 

Common preparation techniques include solid-liquid extraction, soxhlet extraction, 

sonication assisted extraction or accelerated solvent extraction coupled to a sample 

cleanup procedure using solid-phase extraction or gel permeation chromatography (6-

13). However, these methods are often labor, time and solvent intensive, require 

advanced analytical expertise and lab equipment and rely on the use of chlorinated 

extraction solvents. To overcome these challenges, QuEChERS (quick, easy, cheap, 

effective, rugged and safe) based sample processing procedures have been 

investigated.  

Traditionally, the QuEChERS method has been used for the rapid (< 15 min/batch) 

determination of pesticide residues in fruits and vegetables where sample extraction 

involves addition of acetonitrile and subsequent liquid-liquid partitioning of residues 

through the addition of magnesium sulfate, sodium chloride and various pesticide 

specific pH buffering agents such as sodium acetate or sodium citrate. Sample cleanup 
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is then achieved using various dispersive solid-phase extraction materials and 

magnesium sulfate to remove polar matrix components and water (14). The stream-

lined nature of the QuEChERS procedure has led to its implementation in the analysis 

of veterinary pharmaceuticals in animal tissues, mycotoxins in breakfast cereals and 

flours, phthalates in fruit jellies and oil dispersion surfactants used in the 2010 

Deepwater Horizon oil spill (15-19). Furthermore, several QuEChERS methods have 

been developed for the analysis of PAHs in seafood such as shrimp, scallops, mussell 

and finfish (20-25).  

Though several QuEChERS based PAH methods have been previously described, 

none have been validated in high-fat bio-matrices (> 3.5% fat) or with substituted 

PAHs. Application of traditional QuEChERS methods to PAH extraction from high-

fat salmon led to poor recoveries, typically averaging only 61 – 68%. Most 

QuEChERS methods are validated using only 16 EPA priority pollutant PAHs in low-

fat National Institute of Standards and Technology standard reference materials, such 

as mussel tissue. Given the unmet need for a robust PAH method in high-fat bio-

matrices, we sought to develop a fast, selective and sensitive analytical method that 

combined the QuEChERS high throughput attributes with an extended 

characterization of PAHs in high-fat bio-matrices. Using two developed modified 

QuEChERS methods, three high fat salmon were characterized for 33 PAHs. The fat 

profile ranged from 3 – 11% fat; the highest known values reported for a QuEChERS 

based PAH extraction method.  
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3.3 Material and methods 

3.3.1 Chemicals and food products: A stock solution of 33 PAHs and substituted 

PAHs was prepared by combining 16 EPA priority pollutant PAHs, a custom PAH 

mix and individual PAHs and diluting to volume with iso-octane (see Table 3.1). In 

addition to EPA priority pollutant PAH residues, selected PAHs included retene for 

use as a marker of certain types of wood combustion material (1), substituted PAHs 

due to high levels reported in smoked fish (7) and dibenzo[a,l]pyrene because of its 

recent identification in NIST SRMs associated with urban combustion pollution (26). 

Furthermore, exposure to these compounds has been associated with an increased risk 

for developing adverse health effects (26-27). All pre-made mixtures and individual 

PAHs were purchased from AccuStandard Inc. (New Haven, CT) and were guaranteed 

to be greater than 97% pure. Working standards were prepared by dilution of the stock 

standard with iso-octane and stored in the dark at 4 °C.  

Perylene-D12 and indeno[1,2,3-cd]pyrene-D12 were purchased from Cambridge 

Isotope Laboratories, Inc. (Andover, MA) and used as internal standards for  

instrumental quantitation. High purity Optima acetonitrile, ethyl acetate, acetone, 

hexane and pesticide grade iso-octane were purchased from Fisher Scientific 

(Pittsburgh, PA) and used throughout the study. Glacial acetic acid was from J.T. 

Baker (Phillipsburg, NJ) and high purity water was supplied by a Barnstead 

EASYpure UV compact ultrapure water system (Dubuque, IA). Commercially 
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available Sampli-Q QuEChERS AOAC (6 g of magnesium sulfate, 1.5 g sodium 

acetate/package) and EN (4 g of magnesium sulfate, 1 g of sodium chloride, 1 g 

sodium citrate, 0.5 g sodium hydrogencitrate sesquihydrate/package) extraction salts 

and 2 mL AOAC fatty sample dispersive SPE tubes (50 mg PSA, 50 mg C18EC and 

150 mg magnesium sulfate) were obtained from Agilent Technologies (Santa Clara, 

CA). 

Three commercially available smoked salmon fillets (~113g wet weight) were 

purchased from local grocery stores. Salmon fat content was determined and reported 

by the manufacturer in the product nutrition label.  Salmon were homogenized via 

freeze fracture using a Robot Coupe Blixer® 2 food processor (Ridgeland, MS) and 

liquid N2, transferred into amber glass screw-top jars and stored in the dark at -20 °C. 

All sample preparation equipment and machinery were washed with soap and water 

and rinsed with high purity water, acetone and hexane prior to use and between 

samples.   

3.3.2 GC-MS analysis: All standards and samples were analyzed using an Agilent 

5975B GC-MS (Santa Clara, CA) with electron impact ionization (70 eV) utilizing 

selective ion monitoring (SIM) in positive ion mode and a DB-5MS column (30 m 

length, 0.25 µm film thickness, 0.25 mm I.D., Agilent J&W). The instrument injection 

port was operated in the pulsed splitless mode, fitted with a 2 mm glass liner with 

deactivated glass wool and delivered a 1 µL injection to an inlet maintained at 300 °C. 
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Chromatography of PAHs was achieved using the following program at a column flow 

rate of 1 mL/min using helium as the carrier gas: the initial oven temperature was 70 

°C, 1 min hold, ramp to 300 °C at 10 °C/min, 4 min hold, ramp to 310 °C at 10 

°C/min, 7 min hold for a total run time of 36 min. Mass spectrometer transfer line, 

source and quadrapole temperatures were  280 °C, 230 °C and 150 °C respectively. 

PAH SIM ions are presented in Table 3.1 along with retention times and coefficients 

of determination. 

3.3.3 Sample preparation and fortification: Sample preparation followed a modified 

QuEChERS methodology (14). For PAH spike and recovery experiments, 1 g of 

salmon homogenate (wet weight) was weighed into a 15 mL conical centrifuge tube 

using a Brinkmann Instruments Inc. Sartorius 1202 MP analytical balance (Westbury, 

NY) and allowed to come to room temperature. Spiked samples were fortified with 50 

μL of a 10 μg/mL composite of 33 PAHs (500 ng/g) directly onto the fish matrix and 

allowed to acclimate for 2 minutes. Matrix blanks were prepared similarly but were 

not fortified. Samples were then extracted by one of four methods.    

3.3.4 Sample extraction procedures – see Table 3.2 for summary: Four extraction 

methods (E1, E2, E3 and E4) were used in the study. Schemes E1 and E2 represent 

methods commonly referred to as the ‘traditional QuEChERS methods’ and employ 

AOAC and EN salts respectively. Full details for extraction schemes E1 and E2 are 

described elsewhere (20, 22-24). Briefly, E1 samples received 4 mL of H2O followed 
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by vigorous shaking/vortexing for 1 min. To this slurry was added 5 mL of 1% acetic 

acid in acetonitrile and the resulting mixture was mixed for 1 min. Next, 2.5 g of 

AOAC extraction salts were added and the mixture was shaken/vortexed for 1 min and 

centrifuged at 3800 g for 5 min with an Eppendorf 5810R centrifuge (Westbury, NY). 

E2 samples received 1 mL of H2O and were shaken/vortexed for 1 min. Then 2 mL of 

acetonitrile was added and the resulting mixture was mixed thoroughly for 15 min. 

Samples were subsequently treated with 1.3 g of EN extraction salts, shaken/vortexed 

for 15 min and centrifuged at 3,800 g for 5 min.  

Two new extraction schemes, E3 and E4, were developed as modifications to E1 and 

E2. Scheme E3 and E4 samples received 1 mL of H2O followed by vigorous 

shaking/vortexing for 1 min. The resulting slurries were treated with 2 mL of a 

solution of high purity acetone, ethyl acetate and iso-octane (2:2:1; v/v/v) and 

thoroughly mixed for 5 min. Then, samples were treated with either 1.3 g of AOAC or 

EN extraction salts, shaken/vortexed for 5 min and centrifuged at 3,800 g for 5 min. 

Samples treated with AOAC and EN salts are denoted as schemes E3 and E4 

respectively.  

3.3.5 Sample clean-up and internal standard addition procedure: All extracted 

samples were subject to dispersive solid-phase extraction as it has been previously 

demonstrated to improve PAH recoveries in shrimp and sample drying (14, 21). 

Extracts (1 mL) were aliquoted into commercially available 2 mL Sampli-Q AOAC 
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fatty sample dispersive SPE tubes, shaken/vortexed for 5 min and centrifuged at 

13,600 g for 5 min with an Eppendorf 5415C microcentrifuge (Westbury, NY). 

Aliquots of the resulting supernatant (200 μL) were transferred to autosampler vials 

fitted with small volume inserts, spiked with perylene-D12 and indeno[1,2,3-

cd]pyrene-D12 internal standards, vortex mixed and stored in the dark at -20 °C until 

analysis. All spike-recovery experiments and matrix blank determinations were 

conducted in replicates of four and three respectively.    

3.3.6 PAH and substituted PAH quantification: Following extraction, cleanup and 

internal standard addition, all samples were quantified for PAHs and substituted PAHs 

using GC-MS. Purchased native standards were used to accurately identify and 

quantify PAHs and their substituted derivatives. Analyte concentrations were 

determined from calibration curves of relative response factors of analytes to internal 

standards. Calibration curves were generated from seven calibration standards 

prepared in iso-octane with a concentration range of 1 – 1,000 pg/μL. Extractions of 

non-spiked salmon matrix were performed in replicate (n = 3) for PAH background 

determination. Method recoveries (%) were subsequently background subtracted.    

3.3.7 Quality assurance/control: Each analytical batch contained a minimum of 15% 

quality control samples, including solvent blanks, check standards and over-spikes. 

Instrument stability was assessed by analyzing continuing calibration verification 

standards every 6 – 8 samples. The accuracy and precision of continuing calibration 
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verification standards were typically within ± 15% of expected values. Additionally, 

inter-day/batch accuracy and precision over four analytical batches run on four 

different days were typically within ± 10% of expected values. Finally, the presence of 

artifact PAHs arising from laboratory associated procedures was assessed through the 

analysis of laboratory reagent blanks. Parent and substituted PAH residues were not 

detected in any laboratory reagent blank samples.  

3.4 Results and discussion 

Figure 3.1 is an example chromatogram generated from salmon spike-recovery 

experiments demonstrating sufficient separation/detection of 33 PAHs and substituted 

PAHs by GC-MS in 36 minutes at a sample overspike concentration of 500 ng/g (wet 

weight). Table 3.1 summarizes native PAH and deuterated internal standard GC-MS 

instrumental parameters and detection limits. Benz[a]anthracene was the only 

compound that had a coefficient of determination (r2) less than 0.99 (r2 = 0.983); all 

others had coefficients ≥ 0.99 within the calibration range of 1 – 1,000 pg/μL, 

demonstrating excellent method linearity. Parent and substituted PAH instrumental 

detection limits were assigned to PAH molecular ions when their lowest abundance 

confirmation ion signal-to-noise (S/N) ≥ 3 as determined by the signal-to-noise script 

of the Agilent MSD ChemStation data analysis software, version E (Santa Clara, CA). 

Samples used in the determination of instrumental detection limits were standard 

solutions analyzed from several batches over several days. The instrumental detection 
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limits for quantified analytes ranged from 1 to 5 pg/μL. Analytes were considered 

quantitative when they calibrated with r2 ≥ 0.98, their lowest abundance confirmation 

ion had S/N > 3 and had reproducible and accurate quantitation (± 20% of their true 

value) as assessed from continuing calibration verification standards. All parent and 

substituted PAHs met these criteria. Sample residues that met all criteria but had S/N 

< 3 were designated below detection limit (BDL), while those that did not meet one or 

more of the above criteria were designated non-detectable (ND).  

Table 3.3 summarizes PAH spike recoveries obtained for traditional acetonitrile based 

QuEChERS extraction methods E1 and E2 from smoked salmon with 3, 8, and 11% 

fat content. Recoveries from smoked salmon using extraction scheme E1 (1% acetic 

acid in acetonitrile and AOAC salts) yielded low recoveries, on average less than 67%, 

with individual PAH recoveries typically ranging from 35 to 87%. Extraction scheme 

E2 (acetonitrile and EN salts) performed equally poorly, with average PAH recoveries 

being less than 68% and individual PAH recoveries ranging from 24 to 88%. Both 

extraction scheme E1 and E2 were especially poor at recovering 2-, 3-, 5- and 6-ring 

PAHs, where average recoveries across this subgroup of PAHs were 57% and 56% 

respectively.  

Variant QuEChERS solvent systems have been described for the analysis of pesticide 

residues in fruits (14, 28). Additionally, the individual and combined performance of 

various ratios of ethyl acetate, acetone, hexane, methylene chloride, acetonitrile, 
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cyclohexane and iso-octane have been reported for multiple residue pesticide methods 

and EPA methods for extraction of nonvolatile and semivolatile organic compounds 

from solid and semi-sold samples (10, 12-13, 28). Of interest were solvent systems 

with improved selectivity for non-polar PAH residues and that were lower in cost than 

acetonitrile. It was found that a three-component variant solvent system of acetone, 

ethyl acetate and iso-octane (2:2:1; v/v/v) met these criteria. 

Table 3.4 summarizes PAH recoveries obtained from smoked salmon using modified 

QuEChERS extraction schemes E3 and E4. Extraction scheme E3 (acetone, ethyl 

acetate, iso-octane and AOAC salts) led to good recoveries, on average 90% over all 

fish tested. Notable performance gains were made for 2-, 3- and 5-ring PAHs where 

recoveries were improved 50 – 200%, while recoveries of 4- and 6-ring PAHs were 

slightly improved by ~ 30 – 45% as compared to acetonitrile. Extraction scheme E4 

(acetone, ethyl acetate, iso-octane and EN salts) performed equally well, with an 

average PAH recovery of 87% across all fish and individual PAHs displaying the 

same range of improvement as extraction scheme E3. Additionally, both extraction 

scheme E3 and E4 displayed good extraction precision with relative standard 

deviations typically less than 10% for all fish tested.      

It is well understood that the planar hydrophobic chemical structure of PAHs leads to 

their association with fatty components of biological matrices (i.e. waxes, lipids, 

steroids and pigments). Extraction conditions that disrupt these associations should 
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give rise to enhanced extraction performance. A solvent’s ability to disrupt 

interactions may be assessed by comparison of solvent and PAH octanol-water 

partition coefficients (log KOW), where solvents with coefficients similar to PAHs 

should display enhanced selectivity. The log KOW for PAHs used in this study ranged 

from 3.3 for naphthalene to 7.7 for dibenzo[a,l]pyrene. Acetonitrile has a reported log 

KOW = -0.34, while values for acetone, ethyl acetate and iso-octane are -0.24, 0.73 and 

4.1 respectively. It has also been demonstrated that extraction of various food stuffs 

with acetonitrile resulted in limited extraction of hydrophobic matrix components (14, 

29). This information coupled to our results suggests that the three component 

extraction solvent used in extraction schemes E3 and E4 possesses physicochemical 

characteristics that allow it to interact more intimately with fatty fish matrices. At the 

molecular level, extraction with acetone, ethyl acetate and iso-octane may lead to 

improved recoveries by allowing water miscible acetone and ethyl acetate to recover 

PAHs trapped in water-sealed matrix pores and making them available for transfer to 

iso-octane. 

It is also known that increased extraction temperatures can disrupt analyte-matrix 

interactions by decreasing the activation energy required for analyte desorption 

processes and decreasing solvent viscosity, facilitating better solvent-matrix 

penetration (12). It was found that addition of magnesium sulfate containing extraction 

salts generated sample extraction temperatures of 45 - 50°C that persisted for the 

duration of the extraction/partition procedure (data not shown). Extraction 
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temperatures in the range observed have been by reported by others and should 

increase solvent capacity for PAHs (12, 14). The findings presented indicate that the 

improved extraction performance of schemes E3 and E4 likely resulted from the 

combined influence of enhanced solvent selectivity and elevated sample extraction 

temperatures. 

In order to evaluate the effectiveness and utility of the modified QuEChERS methods 

developed in this study, a comparison to other published extraction techniques is 

presented (Table 3.5) (13). Compared to soxhIet extraction with hexane, it was found 

that modified QuEChERS methods substantially improved average recovery of all 15 

PAHs by roughly 38% and led to individual gains of 50 – 125% for naphthalene, 

anthracene, benz[a]anthracene, benzo[k]fluoranthene and dibenz[a,h]anthracene. 

Similar overall improvements were demonstrated when compared to accelerated 

solvent extraction (ASE) with hexane. Interestingly, the performance of modified 

QuEChERS methods was comparable to a validated dichloromethane and acetonitrile 

(1:1; v/v) based ASE extraction method in average recovery across all PAHs. 

However, modified QuEChERS methods showed improved recoveries in lower 

molecular weight PAHs, while ASE performed better at recovering 

benzo[g,h,i]perylene. Estimated method detection limits (MDL) for modified 

QuEChERS methods are presented in Table 3.6 in relation to FDA PAH levels of 

concern in shrimp, crab, oysters and finfish (25). MDLs were defined as the product of 

the analyte instrument detection and the method dilution factor, which was a factor of 
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2 in this case. MDLs were all well below levels of concern in these food stuffs, 

demonstrating the potential utility of the developed methods (see A.2.1, Figure A.2.1, 

and Table A.2.1 in Appendix 2 for further details). If needed, additional method 

sensitivity could be achieved through the introduction of a solvent reduction procedure 

prior to instrumental analysis.             

A comparison of PAH levels measured in commercially available smoked salmon 

using both modified QuEChERS extraction schemes E3 and E4 is presented in Table 

3.7. Results for the two methods were quite similar across all fish in terms of PAH 

profile, quantitation, extraction precision and sum of quantified PAHs (ΣPAHs). 

Naphthalene, 2-methylnaphthalene, 1-methylnaphthalene, phenanthrene, fluoranthene, 

pyrene and benzo[g,h,i]perylene were consistently detected. Anthracene was observed 

only in 3% fat salmon, but was not quantified because it did not meet signal-to-noise 

limits.  Levels of individual PAHs typically fell in a range of 5 – 60 ng/g wet weight 

with fluoranthene and benzo[g,h,i]perylene displaying the lowest levels and 

naphthalene, 2-methylnaphthalene and pyrene consistently accounting for > 70% of 

total PAH mass recovered. Extraction schemes E3 and E4 also performed equally well 

with regards to extraction precision (RSD < 20%) and produced nearly identical 

ΣPAH values within and across the fat levels used. Results from this study are 

comparable to other studies in terms of PAH profile, range and summed residue loads 

and, together with spike-recovery experiments, demonstrate that choice of extraction 

solvent is crucial to extraction performance (6-7, 13).   

 



50 
 

The goal of the current study was to develop and validate a multi residue method for 

the analysis of PAHs and their substituted derivatives in high-fat smoked salmon. The 

data presented strongly indicate that a QuEChERS based analytical platform 

implementing a three-component acetone, ethyl acetate and iso-octane extraction 

solvent in a 2:2:1 (v/v/v) ratio coupled to dispersive SPE sample cleanup and GC-MS 

is a fast, selective, efficient and precise method for the determination of PAHs in high-

fat smoked fish products. The modified QuEChERS methods described show good 

potential for use in monitoring levels of PAHs in lipid-rich fish.  
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Figure 3.1 - Representative selective ion monitoring total ion current (TIC) for PAHs in smoked salmon with                  
a 500 ng/g wet weight overspike. PAHs corresponding to chromatogram numbers can be found in Table 3.1. 
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Table 3.1 - Retention times, monitored quantitation and confirmation ions, and 
instrument detection limits (IDL) for 33 PAHs by GC-MS.  
 

PAH 
Corresponding 
chromatogram 

# 

DB5 
Rt 

(min) 

Target compound 
monitored SIM ions 

(m/z) r2 IDLa              
(pg/μL) 

Quant Confirm 

Perylene-D12 ISTD 1 25.72 264 260, 265   
Naphthalene 1 8.77 128 127, 129 0.999 1 
2-Methylnaphthalene 2 10.30 142 141, 115 0.999 1 
1-Methylnaphthalene 3 10.52 142 141, 115 0.999 1 
1,6-Dimethylnaphthalene 4 11.97 156 141, 153 0.999 1 
Acenaphthylene 5 12.34 152 151, 150 0.999 1 
1,2-Dimethylnaphthalene 6 12.35 141 156, 115 0.999 1 
Acenaphthene 7 12.75 153 154, 152 0.999 1 
Fluorene 8 13.96 166 165, 167 0.999 1 
Dibenzothiophene 9 15.91 184 139, 185 0.999 1 
Phenanthrene 10 16.21 178 176, 179 0.999 5 
Anthracene 11 16.33 178 176, 179 0.996 5 
2-Methylphenanthrene 12 17.42 192 191, 165 0.998 5 
2-Methylanthracene 13 17.53 192 191, 165 0.992 5 
1-Methylphenanthrene 14 17.67 192 191, 165 0.999 5 
9-Methylanthracene 15 18.00 192 191, 165 0.999 5 
3,6-Dimethylphenanthrene 16 18.43 206 191, 205 0.999 1 
Fluoranthene 17 19.01 202 203, 200 0.999 1 
2,3-Dimethylanthracene 18 19.09 206 191, 205 0.996 5 
Pyrene 19 19.53 202 200, 203 0.999 1 
9,10-Dimethylanthracene 20 19.60 206 191, 205 0.998 1 
Retene 21 20.27 219 220, 234 0.999 1 
1-Methylpyrene 22 20.86 216 215, 217 0.999 1 
Benz[a]anthracene 23 22.37 228 226, 229 0.983 5 
Chrysene 24 22.45 228 226, 229 0.994 1 
6-Methylchrysene 25 23.49 242 241, 226 0.999 1 
Benzo[b]fluoranthene 26 24.78 252 253, 250 0.994 1 
Benzo[k]fluoranthene 27 24.85 252 253, 250 0.992 1 
Benzo[e]pyrene 28 25.44 252 250, 253 0.999 1 
Benzo[a]pyrene 29 25.57 252 253, 250 0.996 1 
Indeno[1,2,3-cd]pyrene-D12 ISTD 2 28.78 288 284, 289 

  Indeno[1,2,3-cd]pyrene 30 28.86 276 277, 274 0.997 1 
Dibenz[a,h]anthracene 31 28.95 278 279, 276 0.998 5 
Benzo[g,h,i]perylene 32 29.63 276 277, 274 0.999 1 
Dibenzo[a,l]pyrene 33 33.91 302 300, 303 0.998 1 

a IDL assigned when PAH lowest abundant confirmation ion S/N  > 3 for standards prepared in iso-
octane. 
 



 
 

Table 3.2 - Summary of tested QuEChERS extraction conditions for recovery of 33 PAHs 
from smoked salmon. 
 

 Extraction 
scheme Extraction solvent (vol) Extraction salt 

  Type and composition (g) 
Amount 

used 
(g) 

E1 1% (v/v) acetic acid in acetonitrile (5 mL) AOACa - MgSO4 (6g), NaC2H3O2 (1.5 g) 2.5 

E2 Acetonitrile (2 mL) ENb - MgSO4 (4 g), NaCl (1 g), NaC6H7O7 (1 g), 
Na2C6H8O8 (0.5 g)c 1.3 

E3 2:2:1 (v/v/v) acetone, ethyl acetate, iso-octane 
(2 mL) AOAC 1.3 

E4 2:2:1 (v/v/v) acetone, ethyl acetate, iso-octane 
(2 mL) EN 1.3 

    a Commercially available extraction salt packets developed by the Association of Official Analytical Chemists (AOAC). 
 b Commercially available extraction salt packets developed  by the European Committee for Standardization (EN). 
 c Na2C6H8O8 = sodium hydrogencitrate sesquihydrate. 
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Table 3.3 - Traditional QuEChERS method performance in recovering 33 PAHs (mean ± RSD; n = 4) from 
increasing fat content smoked salmon fortified at 500 ng/g wet weight. 
                                      

 Recovery (%) 

  E1a   E2a 
 Fat content 3% 8% 11% 3% 8% 11% 

PAH                                     
Naphthalene 39.6 ± 47.7 30.0 ± 5.5 45.5 ± 8.4 34.3 ± 45.6 38.7 ± 5.8 43.3 ± 12.7 
2-Methylnaphthalene 48.8 ± 32.2 42.5 ± 2.2 53.2 ± 5.3 42.2 ± 35.1 47.5 ± 5.0 49.6 ± 10.4 
1-Methylnaphthalene 47.0 ± 29.5 44.1 ± 0.9 54.2 ± 5.7 43.1 ± 31.9 47.5 ± 3.0 50.3 ± 9.5 
1,6-Dimethylnaphthalene 55.0 ± 21.9 51.2 ± 0.5 58.5 ± 3.9 48.8 ± 28.2 52.0 ± 3.6 54.2 ± 7.8 
1,2-Dimethylnaphthalene 62.3 ± 26.5 61.4 ± 3.8 60.7 ± 3.1 49.7 ± 26.8 56.6 ± 1.8 55.4 ± 7.8 
Acenaphthylene 56.5 ± 21.9 57.1 ± 2.1 58.2 ± 4.5 50.2 ± 25.0 58.0 ± 2.3 55.6 ± 6.9 
Acenaphthene 56.1 ± 21.2 55.0 ± 1.5 56.9 ± 3.7 47.8 ± 25.5 55.1 ± 1.7 54.0 ± 7.5 
Fluorene 60.6 ± 18.5 62.7 ± 1.5 65.0 ± 3.6 54.5 ± 22.0 64.6 ± 1.7 61.8 ± 5.6 
Dibenzothiophene 62.7 ± 12.7 68.1 ± 2.1 62.8 ± 2.7 58.9 ± 15.0 71.4 ± 1.6 62.4 ± 4.0 
Phenanthrene 65.4 ± 13.4 74.2 ± 2.0 66.8 ± 2.3 63.0 ± 12.2 76.0 ± 2.0 66.0 ± 3.5 
Anthracene 71.0 ± 10.2 82.0 ± 1.6 73.6 ± 2.5 67.1 ± 13.3 82.4 ± 2.0 70.3 ± 3.6 
2-Methylphenanthrene 73.0 ± 8.1 83.2 ± 1.8 70.8 ± 3.0 71.5 ± 8.6 85.1 ± 1.6 71.9 ± 2.7 
2-Methylanthracene 71.1 ± 10.1 66.3 ± 44.5 33.9 ± 5.3 73.4 ± 11.8 93.5 ± 2.3 74.4 ± 3.8 
1-Methylphenanthrene 72.8 ± 8.8 84.6 ± 1.0 69.0 ± 3.7 66.9 ± 8.4 79.3 ± 1.1 68.3 ± 2.5 
9-Methylanthracene 76.3 ± 6.2 83.7 ± 2.2 73.2 ± 1.9 70.8 ± 8.5 83.6 ± 1.3 70.0 ± 2.6 
3,6-Dimethylphenanthrene 74.0 ± 5.2 77.0 ± 1.4 68.4 ± 2.5 68.6 ± 7.9 77.9 ± 1.3 66.4 ± 2.5 
Fluoranthene 75.0 ± 4.2 84.4 ± 2.1 69.6 ± 2.4 72.1 ± 5.3 85.3 ± 0.4 69.1 ± 1.3 
2,3-Dimethylanthracene 74.1 ± 3.8 79.8 ± 1.8 67.8 ± 2.6 70.7 ± 6.2 80.3 ± 1.0 66.2 ± 2.1 
9,10-Dimethylanthracene 76.7 ± 3.3 79.3 ± 2.1 70.6 ± 2.4 72.4 ± 5.1 79.0 ± 0.8 66.7 ± 1.8 
Pyrene 73.2 ± 4.5 83.4 ± 2.7 67.1 ± 1.9 71.1 ± 4.5 82.1 ± 0.5 65.8 ± 1.4 
 

a See Table 3.2 for method specifics. 
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Table 3.3 - Continued  
                                      

 Recovery (%) 

  E1a   E2a 
 Fat content 3% 8% 11% 3% 8% 11% 

PAH                                     
Retene 73.1 ± 2.9 74.5 ± 2.0 66.1 ± 3.6 69.4 ± 5.2 76.0 ± 1.1 64.4 ± 1.7 
1-Methylpyrene 69.2 ± 2.5 78.4 ± 1.9 65.2 ± 7.6 66.8 ± 3.7 77.0 ± 0.5 63.9 ± 1.5 
Benz[a]anthracene 87.6 ± 3.8 96.0 ± 2.0 80.0 ± 2.7 88.9 ± 2.8 95.9 ± 0.4 80.4 ± 0.7 
Chrysene 75.9 ± 3.3 83.6 ± 2.2 69.5 ± 2.7 77.4 ± 2.8 83.0 ± 0.6 69.7 ± 0.8 
6-Methylchrysene 73.2 ± 2.0 72.5 ± 2.0 62.8 ± 2.2 71.7 ± 3.8 71.9 ± 0.6 62.9 ± 0.9 
Benzo[b]fluoranthene 68.6 ± 3.8 70.8 ± 2.3 61.4 ± 2.9 73.4 ± 2.4 70.9 ± 1.1 63.6 ± 0.8 
Benzo[k]fluoranthene 66.2 ± 4.5 68.4 ± 2.0 59.3 ± 3.8 72.6 ± 2.6 69.1 ± 0.9 62.2 ± 1.1 
Benzo[e]pyrene 66.4 ± 3.1 65.3 ± 2.1 57.1 ± 2.8 65.1 ± 2.3 63.2 ± 0.8 56.6 ± 1.2 
Benzo[a]pyrene 64.0 ± 4.4 63.8 ± 2.0 55.6 ± 3.0 67.0 ± 2.5 60.8 ± 1.0 56.4 ± 1.5 
Indeno[1,2,3-cd]pyrene 53.2 ± 4.0 54.6 ± 1.3 47.6 ± 2.5 62.0 ± 1.6 53.8 ± 1.1 51.3 ± 1.6 
Dibenz[a,h]anthracene 63.5 ± 2.9 66.6 ± 0.5 55.6 ± 2.6 68.9 ± 1.2 62.7 ± 0.6 59.0 ± 1.4 
Benzo[g,h,i]perylene 51.7 ± 2.2 47.7 ± 1.6 44.0 ± 2.7 56.7 ± 1.5 47.2 ± 0.4 46.2 ± 2.0 
Dibenzo[a,l]pyrene 62.6 ± 4.5 34.2 ± 4.2 45.0 ± 8.7 71.5 ± 1.3 24.5 ± 8.6 46.7 ± 2.0 
Average recovery across all PAHs 
(%) 66 67 61 64 68 61 

                   a See Table 3.2 for method specifics. 
                  

 

57 



 
 

Table 3.4 - Modified QuEChERS method performance in recovering 33 PAHs (mean ± RSD; n = 4) from 
increasing fat content smoked salmon fortified at 500 ng/g wet weight.   
                                      

 Recovery (%) 

  E3a   E4a  
Fat content 3% 8% 11% 3% 8% 11% 
PAH             
Naphthalene 72.4 ± 2.5 98.3 ± 3.4 76.4 ± 1.6 73.4 ± 7.0 96.0 ± 3.1 70.0 ± 3.4 
2-Methylnaphthalene 77.5 ± 3.1 102.7 ± 2.5 82.3 ± 1.8 79.1 ± 7.4 96.5 ± 2.2 76.0 ± 2.7 
1-Methylnaphthalene 73.8 ± 3.5 98.7 ± 2.7 80.5 ± 2.5 75.6 ± 7.3 94.6 ± 3.7 73.6 ± 2.1 
1,6-Dimethylnaphthalene 80.9 ± 3.5 107.4 ± 2.6 85.6 ± 1.6 83.2 ± 7.0 102.1 ± 3.7 77.9 ± 2.0 
1,2-Dimethylnaphthalene 81.1 ± 2.4 108.0 ± 3.1 81.2 ± 2.2 82.9 ± 6.1 102.3 ± 3.4 74.6 ± 2.2 
Acenaphthylene 77.7 ± 3.6 103.0 ± 2.5 80.3 ± 1.3 80.0 ± 6.9 98.0 ± 3.5 73.1 ± 1.7 
Acenaphthene 76.8 ± 3.5 103.4 ± 2.6 79.2 ± 1.4 78.6 ± 7.0 97.4 ± 3.2 71.3 ± 1.8 
Fluorene 81.9 ± 3.7 107.9 ± 2.8 86.9 ± 1.5 84.1 ± 7.0 102.2 ± 3.7 79.8 ± 1.9 
Dibenzothiophene 79.2 ± 3.8 105.2 ± 2.4 82.6 ± 1.5 82.3 ± 6.9 100.1 ± 4.1 76.9 ± 1.8 
Phenanthrene 80.5 ± 3.8 107.8 ± 2.8 85.1 ± 1.6 82.3 ± 7.2 101.9 ± 3.8 78.4 ± 2.0 
Anthracene 89.9 ± 4.2 120.4 ± 2.8 95.4 ± 1.6 92.7 ± 7.2 113.5 ± 4.0 87.8 ± 2.0 
2-Methylphenanthrene 88.2 ± 4.0 122.0 ± 2.8 88.8 ± 12.0 90.9 ± 6.8 113.7 ± 3.9 85.8 ± 2.1 
2-Methylanthracene 76.6 ± 6.8 128.7 ± 12.5 84.5 ± 13.4 93.7 ± 4.0 75.1 ± 5.4 79.9 ± 2.4 
1-Methylphenanthrene 85.0 ± 3.9 115.1 ± 1.8 92.5 ± 1.5 88.6 ± 8.2 111.2 ± 3.6 86.2 ± 2.4 
9-Methylanthracene 90.7 ± 3.9 117.4 ± 2.4 95.6 ± 1.4 92.8 ± 7.4 110.7 ± 3.7 87.9 ± 1.5 
3,6-Dimethylphenanthrene 85.3 ± 3.2 108.9 ± 2.6 89.2 ± 1.5 88.1 ± 7.8 104.3 ± 3.7 84.5 ± 1.7 
Fluoranthene 84.6 ± 3.6 111.9 ± 2.7 88.5 ± 2.0 86.4 ± 6.9 105.5 ± 3.6 81.1 ± 1.9 
2,3-Dimethylanthracene 91.4 ± 3.7 115.4 ± 2.8 94.9 ± 1.8 93.7 ± 6.9 108.3 ± 3.9 88.9 ± 1.7 
9,10-Dimethylanthracene 89.9 ± 3.3 113.6 ± 2.3 94.6 ± 1.6 91.8 ± 7.0 107.4 ± 3.8 87.8 ± 1.9 
Pyrene 84.2 ± 3.8 117.0 ± 2.6 87.8 ± 3.3 86.2 ± 6.7 106.0 ± 3.1 79.9 ± 2.4 

                   a See Table 3.2 for method specifics. 
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Table 3.4 - Continued   

                                      

 Recovery (%) 

  E3a   E4a  
Fat content 3% 8% 11% 3% 8% 11% 
PAH             
Retene 90.1 ± 3.3 112.9 ± 2.5 97.0 ± 1.7 92.2 ± 6.4 106.4 ± 3.7 90.2 ± 1.8 
1-Methylpyrene 83.5 ± 3.3 106.8 ± 2.4 92.3 ± 1.7 84.2 ± 7.3 100.6 ± 3.5 83.2 ± 1.7 
Benz[a]anthracene 102.2 ± 3.9 130.4 ± 2.6 106.0 ± 1.5 105.1 ± 6.9 122.6 ± 4.0 98.1 ± 1.9 
Chrysene 89.8 ± 3.8 114.1 ± 2.8 92.9 ± 1.6 92.1 ± 6.9 107.1 ± 3.9 86.0 ± 1.8 
6-Methylchrysene 82.7 ± 2.8 98.9 ± 2.4 84.6 ± 1.5 84.5 ± 7.5 93.6 ± 3.7 79.3 ± 2.1 
Benzo[b]fluoranthene 87.2 ± 3.9 97.1 ± 1.9 85.9 ± 1.6 89.5 ± 6.3 92.4 ± 3.8 80.3 ± 2.2 
Benzo[k]fluoranthene 87.9 ± 4.2 96.7 ± 0.7 85.7 ± 1.6 89.6 ± 5.8 92.4 ± 4.1 79.8 ± 2.6 
Benzo[e]pyrene 78.3 ± 3.0 83.4 ± 1.6 75.4 ± 1.0 79.6 ± 6.3 80.7 ± 2.8 70.3 ± 1.4 
Benzo[a]pyrene 85.3 ± 3.3 89.2 ± 1.7 82.0 ± 1.0 87.4 ± 6.7 85.4 ± 3.2 76.2 ± 1.2 
Indeno[1,2,3-cd]pyrene 80.1 ± 2.3 82.5 ± 2.6 79.6 ± 2.5 83.5 ± 6.1 77.9 ± 4.4 72.9 ± 1.1 
Dibenz[a,h]anthracene 83.2 ± 2.5 84.0 ± 2.3 81.4 ± 1.4 86.6 ± 6.3 79.6 ± 4.3 74.9 ± 1.3 
Benzo[g,h,i]perylene 74.1 ± 1.7 69.5 ± 2.9 68.1 ± 1.9 76.5 ± 5.1 67.2 ± 3.6 61.9 ± 0.4 
Dibenzo[a,l]pyrene 67.6 ± 2.6 40.5 ± 10.1 48.5 ± 3.5 77.5 ± 4.9 52.4 ± 4.4 36.0 ± 3.0 
Average recovery across all PAHs 
(%) 83 104 85 86 97 78 
 

a See Table 3.2 for method specifics. 
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Table 3.5 - Modified QuEChERS extraction performance (% recovery ± SD) compared to literature reported 
Soxhlet and accelerated solvent extraction (ASE) in recovering 15 PAHs from fish tissues. 
                                

 Recovery (%) 

PAH 
Soxhlet with 

hexanea 
ASE with 
hexanea 

ASE with CH2Cl2:ACN 
(9:1)a 

Modified QuEChERS  
E3b 

Modified QuEChERS  
E4c 

Naphthalene 51 ± 6 58 ± 5 62 ± 6 82 ± 12 80 ± 13 
Acenaphthylene 84 ± 7 88 ± 9 76 ± 5 87 ± 12 84 ± 12 
Acenanphthene 68 ± 4 67 ± 6 69 ± 4 86 ± 13 82 ± 12 
Fluorene 77 ± 6 81 ± 7 77 ± 10 92 ± 12 89 ± 11 
Phenanthrene 91 ± 12 71 ± 11 93 ± 8 91 ± 13 88 ± 11 
Anthracene 66 ± 5 61 ± 5 81 ± 7 102 ± 14 98 ± 12 
Fluoranthene 71 ± 9 73 ± 9 101 ± 7 95 ± 13 91 ± 12 
Pyrene 69 ± 7 68 ± 6 92 ± 5 96 ± 16 91 ± 12 
Benz[a]anthracene 70 ± 5 68 ± 4 96 ± 11 113 ± 13 109 ± 12 
Chrysene 44 ± 3 53 ± 4 93 ± 9 99 ± 12 95 ± 10 
Benzo[k]fluoranthene 45 ± 10 54 ± 11 89 ± 5 90 ± 5 87 ± 7 
Benzo[a]pyrene 74 ± 14 57 ± 6 79 ± 8 85 ± 4 83 ± 6 
Indeno[1,2,3-cd]pyrene 56 ± 6 56 ± 12 81 ± 3 81 ± 2 78 ± 6 
Dibenz[a,h]anthracene 55 ± 8 48 ± 8 84 ± 8 83 ± 2 80 ± 6 
Benzo[g,h,i]perylene 61 ± 11 67 ± 10 85 ± 7 71 ± 3 69 ± 7 
Ave recovery across all PAHs (%) 65 65 84 90 87 

                a Values originally reported by Wang et al. (13); n = 4 replicates for each extraction method. 
     b Values represent mean recovery across all three fat level fish tested by extraction method E3.; n = 12. 
     c Values represent mean recovery across all three fat level fish tested by extraction method E4; n = 12. 
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Table 3.6 - Comparison of FDA PAH levels of concern in relation to estimated 
modified QuEChERS method detection limits (MDL). 
 

PAH 

FDA levels of concern (µg/g) 
  Modified QuEChERS 

MDL (ug/g)b Shrimp and 
craba Oystera Finfisha 

  
Naphthalene 123 133 32.7 

 
0.002 

2-Methylnaphthalene NAc NA NA 
 

0.002 
1-Methylnaphthalene NA NA NA 

 
0.002 

1,6-Dimethylnaphthalene NA NA NA 
 

0.002 
Acenaphthylene NA NA NA 

 
0.002 

1,2-Dimethylnaphthalene NA NA NA 
 

0.002 
Acenaphthene NA NA NA 

 
0.002 

Fluorene 246 267 65.3 
 

0.002 
Dibenzothiophene NA NA NA 

 
0.002 

Phenanthrene 1846d 2000d 490d 
 

0.010 
Anthracene NA NA NA 

 
0.010 

2-Methylphenanthrene NA NA NA 
 

0.010 
2-Methylanthracene NA NA NA 

 
0.010 

1-Methylphenanthrene NA NA NA 
 

0.010 
9-Methylanthracene NA NA NA 

 
0.010 

3,6-Dimethylphenanthrene NA NA NA 
 

0.002 
Fluoranthene 246 267 65.3 

 
0.002 

2,3-Dimethylanthracene NA NA NA 
 

0.010 
Pyrene 185 200 49.0 

 
0.002 

9,10-Dimethylanthracene NA NA NA 
 

0.002 
Retene NA NA NA 

 
0.002 

1-Methylpyrene NA NA NA 
 

0.002 
Benz[a]anthracene 1.32 1.43 0.35 

 
0.010 

Chrysene 132 143 35.0 
 

0.002 
6-Methylchrysene NA NA NA 

 
0.002 

Benzo[b]fluoranthene 1.32 1.43 0.35 
 

0.002 
Benzo[k]fluoranthene 13.2 14.3 3.5 

 
0.002 

Benzo[e]pyrene NA NA NA 
 

0.002 
Benzo[a]pyrene 0.132 0.143 0.035 

 
0.002 

Indeno[1,2,3-cd]pyrene 1.32 1.43 0.35 
 

0.002 
Dibenz[a,h]anthracene 0.132 0.143 0.035 

 
0.010 

Benzo[g,h,i]perylene NA NA NA 
 

0.002 
Dibenzo[a,l]pyrene NA NA NA   0.002 

     a Values obtained from U.S. FDA (25). 
    b MDL = IDL multiplied by a dilution factor of 2. 

   c Levels of concern not known at time of publication. 
   d Represents summed levels of concern for phenanthrene and anthracene. 

 

 



 
 

Table 3.7 - Comparison of PAH levels (mean ng/g wet weight ± SD, n = 3) measured in commercially 
available smoked salmon by two new modified QuEChERS extraction schemes. 
                                          
Fat content     3%          8%          11%     
PAH E3 E4   E3 E4   E3 E4 
Naphthalene 49.1 ± 5.9 52.6 ± 4.0  59.6 ± 2.5 62.9 ± 2.2  46.1 ± 2.7 48.6 ± 7.7 
2-methyl-naphthalene 24.5 ± 3.9 26.7 ± 2.9  38.5 ± 0.6 38.6 ± 2.3  15.8 ± 0.9 17.2 ± 3.4 
1-methyl-naphthalene 11.5 ± 1.3 13.0 ± 1.6  18.0 ± 1.5 17.6 ± 1.6  8.0 ± 0.6 9.0 ± 1.6 
Phenanthrene 12.0 ± 1.3 13.8 ± 0.5  11.3 ± 0.2 12.6 ± 0.7  11.2 ± 0.6 11.2 ± 0.8 
Anthracene BDLa BDL  NDb ND  ND ND 
Fluoranthene 7.5 ± 1.1 9.3 ± 0.4  8.9 ± 0.6 9.1 ± 0.1  7.6 ± 1.7 8.4 ± 1.7 
Pyrene 24.7 ± 6.7 28.5 ± 1.5  22.9 ± 2.7 28.9 ± 1.3  26.4 ± 6.6 29.4 ± 6.8 
Benzo[g,h,i]perylene 7.2 ± 3.9 6.0 ± 0.6  5.4 ± 0.9 4.3 ± 0.9  6.9 ± 1.3 7.2 ± 1.3 
ΣPAHs (ng/g wet weight) 137 ± 11 150 ± 6   165 ± 4 174 ± 4   122 ± 8 131 ± 11 

              
a BDL - compound met all quantitation criteria, but S/N < 3.              
b ND - the compound was not detected;  PAHs absent from the table were not detected.        c ΣPAHs represents the summation of PAHs with levels above detection limits. PAHs absent from the table were not   
 detected in salmon samples.  
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4.1 Abstract 

Although it is known that polycyclic aromatic hydrocarbons (PAHs) can be found in 

smoked meats, little is known about their prevalence in Native American smoked fish. 

In this work, the effect of traditional Native American fish smoking methods on 

dietary exposure to PAHs and possible risks to human health has been assessed. 

Smoking methods considered smoking structure (tipi or shed) and wood type (apple or 

alder). Neither smoking structure nor wood type accounted for differences in smoked 

salmon content of 33 PAHs. Carcinogenic and non-carcinogenic PAH loads in 

traditionally smoked salmon were 40 – 430 times higher than those measured in 

commercial products. Dietary exposure to PAHs could result in excess life-time 

cancer risks between 1E-5 and 1E-4 at a daily consumption rate of 5 g d-1 and could 

approach 1E-2 at 300 g d-1. Hazard indexes approached 0.005 at 5 g d-1, or 

approximately 0.3 at 300 g d-1. Levels of PAHs present in smoked salmon prepared 

using traditional Native American methods may pose elevated cancer risks if 

consumed at high consumption rates over many years.  

4.2 Introduction 

Traditional Native American food cooking and consumption serve an important role in 

many tribal nations. This is especially true for salmon preparation among tribes in the 

Pacific Northwest. The Confederated Tribes of the Umatilla Indian Reservation 

(CTUIR), situated in the Columbia River Basin, have historically relied on smoked 
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salmon for sustenance and trading. Their smoking methods involve exposing salmon 

fillets directly to smoke from smoldering wood for several hours to 2 – 3 days. It is 

known that this process leads to deposition of combustion by-products on smoked 

foods. The traditional smoking of salmon is still practiced today and is a significant 

component of the CTUIR’s cultural and spiritual identity (1). However, smoking 

processes can introduce potentially harmful combustion by-products into the smoked 

fillets.  

Polycyclic aromatic hydrocarbons (PAHs) are a group of combustion by-products that 

occur as mixtures in the particulate and gas phase of combustion smoke. Some PAHs 

are known to be mutagens and carcinogens in mammals (2-4). They are volatile to 

semi-volatile in character, composed predominately of carbon and hydrogen and 

consist of two or more fused aromatic rings with varying degrees of functional group 

substitution (5-6). Their physico-chemical properties allow them to sorb to meats 

during smoking processes with the degree of deposition being highly variable and 

related to smoking temperature (7), wood type (8-9), smoking technology (10), 

smoking duration (11), and the properties of the food being smoked (12). Additionally, 

PAH abundance profiles generated during combustion are closely related to 

combustion fuel type as demonstrated by PAH profile differences between coal, 

gasoline, diesel and wood fuels (8-9). 
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A few studies have investigated the impact of industrial smoking technologies on PAH 

food deposition (7,  10,  12-18). These studies identified smoking process factors 

critical to the generation of PAHs and proposed strategies to minimize their formation 

in order to achieve levels in compliance with regulatory standards. However, the 

generation and deposition of PAHs on foods from traditional subsistence smoking 

methods has received less attention (11-12,  19-20). The CTUIR’s Department of 

Science and Engineering requested information on PAH loads and associated risks for 

use by the Tribe’s Environmental Health Program. 

In order to assist the Tribe’s Environmental Health Program, this study sought to: 1) 

characterize the effect of different traditional CTUIR smoking methods on the profile 

and concentration of parent and substituted PAHs in commonly smoked salmon, 2) 

compare traditionally smoked salmon PAH levels to those found in commercially 

available smoked salmon and 3) estimate potential risks associated with consumption 

of traditionally smoked salmon. Salmon catchment, preparation, smoking and analysis 

were carried out in collaboration between CTUIR members and researchers and 

Oregon State University researchers. This is the first known study to evaluate the 

impact of PAH exposure resulting from traditional Native American fish smoking 

methods on human health. 
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4.3 Materials and methods 

4.3.1 Study design: Although smoking is done in both open and enclosed structures, 

this work describes smoking that takes place in enclosed spaces.  Traditional smoking 

structures used by CTUIR include smoke sheds and tipis, which are large enough to 

smoke entire tanned hides, many salmon, and/or large quantities of game (Figure 4.1a 

and d). They are typically 2.5 x 2.5 x 2.5 m or larger and contain a smoke source in the 

bottom (hearth stoked with chunks of various types of wood) (Figure 4.1c and f). Raw 

foods destined for smoking are arranged on metal mesh racks within the shed or on 

hanging lines for the tipi (Figure 4.1b and e).  In both cases, the goal is to generate as 

much smoke as possible in order to preserve the raw meat material.  For this study, 

smoking events considered two factors,  smoking structure (tipi or shed) and the type 

of wood used to smoke the salmon (apple or alder). The first round of smoking used 

apple wood in both structures, followed by a second round using alder. All salmon 

samples were prepared by traditional CTUIR smoking methods as if to be eaten. 

4.3.2 Salmon catchment, filleting and smoking: Twenty spring Chinook salmon were 

purchased early on the morning of May 15, 2011 from a commercial CTUIR 

fisherman near Celilo, Oregon on the Columbia River.  Whole salmon were 

immediately placed in ice filled coolers and transported to the smoking location on the 

Confederated Tribes of the Umatilla Indian Reservation four hours away.  Salmon 

preparation and filleting took place in an enclosed building on an impermeable surface 
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washed with a 10% bleach solution. The weight of each salmon was recorded and 

ranged from 4.5 – 7.7 kg, with a mean weight of 6.1 kg (data not shown).  Ten salmon 

to be used for the first round of smoking (with apple wood) were filleted during the 

afternoon of the day of the catch, stored in covered stainless steel trays and 

refrigerated at 4.5 °C until smoking. The ten remaining whole salmon were filleted 

just prior to the second smoking event (alder wood), which occurred one day later.  

Salmon were stored on ice at all times until being filleted.  No brine or liquid smoke 

was used on any of the samples.   

Just prior to smoking, ten fillets were placed skin down on a rack above/around the 

smoke shed smoke source (Figure 4.1a - c), ten fillets were hung on lines strung 

above/across the middle of the tipi smoke source (Figure 4.1d - f) and ten ~ 100 g 

portions of non-smoked salmon were immediately placed into pre-cleaned amber jars 

and frozen at < -10° C. Salmon smoking generally proceeded as follows: the smoker 

arranged fish fillets in the smoking structures, started the fire, and periodically entered 

to add wood and check on the condition of the fillets until the desired dryness or 

hardness was reached. The first set of smoking events was conducted using ten salmon 

fillets and apple wood obtained from a local apple orchard.  Apple wood smoking 

required approximately 22 hours in the shed and 24 hours in the tipi. The process 

required replenishment of the wood approximately every 2.5 - 3 hours throughout the 

entire process.  The second set of smoking events was conducted using the remaining 

ten salmon and alder wood taken from creek banks along Iskuulpa Creek located 
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within the Reservation boundaries. This smoking event proceeded as described for the 

first smoking event yielding a total of 20 non-smoked salmon samples for the study. 

Fillets were smoked for approximately 32 hours in the smoke shed and for 

approximately 33 hours in the tipi.  The alder wood had been recently harvested and 

was therefore wetter, requiring more time to smoke and dry the fillets.  

4.3.3 Post-smoking storage and transport: Smoked samples from both the tipi and the 

smoke shed were stored and transported in an identical manner, as required by OSU’s 

standard operating procedures which were drafted for this study.  After the smoking 

process was completed, ~ 100 g full-thickness slices with skin were collected from 

each of the ten smoked salmon fillets and transferred to individual organics cleaned 

amber glass jars appropriately labeled for the wood and structure type. One sample 

was taken from each of the ten fillets yielding 40 smoked salmon samples.  Jars were 

filled one-half to three-quarters full, immediately stored at <-10 °C for 20 days, 

transported on ice to the Food Safety and Environmental Stewardship laboratory at 

Oregon State University, and stored immediately at -20°C until extraction.   

 4.3.4 Laboratory methods 

4.3.4.1 Chemical analysis: A total of 33 PAHs were quantified in this study. Standards 

composed of 16 EPA priority pollutant PAHs [naphthalene (NAP), acenaphthylene 

(ACY), acenaphthene (ACE), fluorine (FLO), phenanthrene (PHE), anthracene 

(ANT), pyrene (PYR), fluoranthene (FLA), chrysene (CHR), benz[a]anthracene 
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(BAA), benzo[b]fluoranthene (BBF), benzo[k]fluoranthene (BKF), benzo[a]pyrene 

(BAP), indeno[1,2,3-cd]pyrene (IPY), benzo[g,h,i]perylene (BPY), 

dibenz[a,h]anthracene (DBA)], a custom mixture of 11 PAHs [1-methylnaphthalene 

(1-NAP), 2-methylnaphthalene (2-NAP), 1,2-dimethylnaphthalene (1,2-NAP), 1,6-

dimethylnaphthalene (1,6-NAP), 1-methylphenanthrene (1-PHE), 2-methylanthracene 

(2-ANT), 1-methylpyrene (1-PYR), 6-methylchrysene (6-CHR), dibenzo[a,l]pyrene 

(DBP), dibenzothiophene (DBT), retene (RET)] and 6 single PAHs (2-

methylphenanthrene (2-PHE), 3,6-dimethylphenanthrene (3,6-PHE), 9-

methylanthracene (9-ANT), 2,3-dimethylanthracene (2,3-ANT), 9,10-

dimethylanthracene (9,10-ANT), benzo[e]pyrene (BEP)] were purchased from 

AccuStandard (New Haven, CT) and guaranteed to be greater than 97% pure. 

Isotopically labeled acenaphthylene-D8, phenanthrene-D10, fluoranthene-D10, 

benzo[a]pyrene-D12, perylene-D12, indeno[1,2,3-cd]pyrene-D12 and 

benzo[g,h,i]perylene-D12 were purchased from Cambridge Isotope Laboratories, Inc. 

(Andover, MA) while naphthalene-D8 and chrysene-D12 were supplied by C/D/N 

Isotope Inc. (Quebec, Canada). Optima grade ethyl acetate, acetone, hexane and 

pesticide grade isooctane were purchased from Fisher Scientific (Pittsburgh, PA). 

High purity water was supplied by a Barnstead EASYpure UV compact ultrapure 

water system (Dubuque, IA). Commercially available Sampli-Q QuEChERS AOAC 

extraction salts (6 g of magnesium sulfate, 1.5 g sodium acetate/package) and 2 mL 

AOAC fatty sample dispersive solid-phase extraction tubes (50 mg PSA, 50 mg 
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C18EC and 150 mg magnesium sulfate) were obtained from Agilent Technologies 

(Santa Clara, CA). Three commercially available smoked salmon were purchased 

from a local grocery store and analyzed in replicates of five for comparison to CTUIR 

smoked salmon.    

PAH extraction, clean-up and quantification were conducted following methods 

previously described by Forsberg et al. (21) with some modifications. Briefly, smoked 

salmon fillet homogenates (1 g) were spiked with 100 µL of a  5 μg mL-1 surrogate 

PAH solution composed of naphthalene-D8, acenaphthylene-D8, phenanthrene-D10, 

fluoranthene-D10, chrysene-D12, benzo[a]pyrene-D12, benzo[g,h,i]perylene-D12, 

and extracted into a solution of high purity acetone, ethyl acetate, and isooctane (2:2:1; 

v/v/v). Extracts (1 mL) were then cleaned by dispersive solid-phase extraction, spiked 

with a solution of perylene-D12 and indeno[1,2,3-cd]pyrene-D12 internal standards, 

and analyzed  using an Agilent 5975B GC-MS (Santa Clara, CA) with electron impact 

ionization (70 eV) and a DB-5MS column (30 m length, 0.25 µm film thickness, 0.25 

mm I.D., Agilent J&W). See Appendix 3, Table A.3.1 for PAH instrument specific 

parameters. Sample extracts were stored in the dark at -20 °C for no greater than 10 

days prior to analysis. Calibration curves of PAH relative response ratios were 

generated from seven calibration standards ranging from 1 – 1000 pg μL-1. Standards 

contained surrogate PAHs at 250 pg μL-1 and recovery internal standards at 500 pg μL-

1 and 490 pg μL-1 for perylene-D12 and indeno[1,2,3-cd]pyrene-D12 respectively. 

Surrogate PAHs were used to quantify native PAHs. Recovery internal standards were 
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used to quantify surrogate PAHs and provide estimates of losses incurred during 

laboratory analysis.  

4.3.4.2 Quality assurance/control: Each analytical batch contained a minimum of 15% 

quality control samples. QC samples included matrix over-spikes, extraction 

duplicates, instrument blanks, continuing calibration verification standard analysis, 

and method blanks. Matrix over-spikes and extraction duplicates were performed 

along with every batch of ten fish samples. Matrix over spikes were within ± 10% of 

expected values for all analytes except dibenzo[a,l]pyrene whose average recovery 

was ± 60%. The average relative percent difference of analyte levels between 

extraction duplicates was < 15% except for pyrene (23%) and benzo[a]pyrene (19%). 

Instrument blanks were consistently below detection indicating GC-MS system 

cleanliness. Continuing calibration verification standards were all within ± 15% of 

expected values except for dibenzo[a,l]pyrene which was within ± 30%. Method 

blanks identified average background levels of naphthalene, 1-methyl naphthalene, 2-

methyl naphthalene, fluoranthene, pyrene and benzo[g,h,i]perylene at 250, 17, 48, 13, 

51, 4.6 μg kg-1 respectively. Contamination was sourced to dispersive solid-phase 

extraction materials. All reported values were subsequently background subtracted and 

evaluated by method reporting limits presented by Forsberg et al. (22) (Table A.3.1 in 

Appendix 3). 
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4.3.5 Exposure, cancer and non-cancer risk calculations: Estimates of human dietary 

PAH exposure doses (mg kg-1 BW d-1) occurring over a life-time were determined 

using equation 4.1, where C is the concentration (μg kg-1) of PAHs measured in 

smoked salmon, CF is a conversion factor (0.001 mg μg-1), IR is the CTUIR ingestion 

rate of smoked fish and BW represents body weight which was set to 70 kg.    

Average daily dose = (C x CF x IR) ÷ BW      (Eq 4.1) 

Among CTUIR members, fish consumption rates can be binned into categories of low 

(<100 g d-1), moderate (100 – 454 g d-1), and high or heritage (454 – 1000 g d-1) where 

5 – 50% of total fish consumed are smoked. As a result, average daily doses were 

calculated for smoked fish consumption rates of 5 g d-1 (5% of 100 g d-1) and 300 g d-1 

(50% of 600 g d-1) (23). 

Carcinogenic risk estimates resulting from dietary exposure to PAHs were determined 

for each traditional smoking method across the range of average daily doses. All 

carcinogenic risk calculations were conducted using  the potency factor adjusted level 

of benzo[a]pyrene equivalents (∑PAH6),where ∑PAH6 represents the summed level of 

benzo[a]pyrene and relative potency factor adjusted fluoranthene, 

benzo[b]fluoranthene, benz[a]anthracene, chrysene and benzo[k]fluoranthene (24) 

(Table A.3.2 in Appendix 3). Life-time excess cancer risks were calculated as the 

product of the dietary carcinogen exposure dose (mg kg-1 BW d-1) and 

benzo[a]pyrene’s slope factor value of 7.3 (mg kg-1 d-1)-1  (Eq. 4.2).   

 



74 
 
Life-time excess cancer risk = Average daily dose x slope factor           (Eq. 4.2) 

Risk associated with dietary exposure to non-carcinogenic PAHs was evaluated using 

a hazard quotient approach for the previously described range of average daily doses. 

Hazard quotients represent a ratio of the exposure dose for each PAH divided by an 

oral chronic reference dose (RfD), where RfDs provide “an estimate of a daily oral 

exposure to the human population that is likely to be without an appreciable risk of  

deleterious effects during a life-time” (Eq. 4.3) (25). For the purposes of this risk 

assessment, alkylated naphthalenes, phenanthrenes, anthracenes and pyrenes were 

summed with their parent PAHs and evaluated by non-alkylated parent PAH RfDs as 

described by the US FDA (26) (Table A.3.2 in Appendix 3). Summation of individual 

hazard quotients (∑PAH16 HQs) results in a hazard index (Eq. 4.4). 

Hazard quotient (HQ) = Average daily dose ÷ RfD                    (Eq. 4.3) 

Hazard index (HI) = Σ (HQ1 + HQ2 + HQ3 + … + HQn)            (Eq. 4.4) 

4.3.6 Statistical evaluation: Smoked salmon samples were chemically analyzed for 

thirty-three PAHs. Data below method reporting limits were not inputted. A two-way 

ANOVA accounting for the smoking method (tipi or shed) and wood used for 

smoking (apple or alder) was performed for each PAH.  The model included the fixed 

main effects (STRUCTURE, WOOD) and the interaction (STRUCTURE x WOOD).  

The least significant difference for all pair-wise comparisons of the STRUCTURE x 

WOOD interactions was performed if the ANOVA F-test was statistically significant. 
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An effect was deemed statistically significant for p ≤ 0.05.  Statistical analyses were 

performed using Matlab R2011a (version 7.12.0.635). 

4.4 Results  

In total, 75 salmon samples prepared using traditional CTUIR and commercial 

smoking methods were chemically analyzed. Of the 33 PAHs analyzed, 10 were 

consistently below method reporting limits in all CTUIR smoked salmon (Table A.3.3 

in Appendix 3). These included dibenzothiophene, di-alkylated phenanthrenes and 

anthracenes, 6-methylchrysene and PAHs with molecular weights greater than 252 g 

mol-1 (i.e. indeno[1,2,3-cd]pyrene, dibenz[a,h]anthracene, benzo[ghi]perylene and 

dibenzo[a,l]pyrene).  All PAHs were below detection in non-smoked CTUIR fresh 

salmon (controls) except for trace levels of fluorene (2.7 μg kg-1 over 20 replicate 

analyses). The lack of PAHs in non-smoked salmon indicates that the PAHs measured 

in smoked salmon fillets were wholly attributable to CTUIR’s smoking processes. The 

three commercially available smoked salmon products had ≤ 4 PAHs above reporting 

limits, where fluorene was the only PAH found in all commercial foods analyzed. 

Other PAHs quantified in commercially smoked salmon included phenanthrene, 

acenaphthylene, and acenaphthene; all at concentrations <28 μg kg-1 with most 

occurring at <12 μg kg-1 (Figure A.3.1 in Appendix 3). Known carcinogenic PAHs 

were not found in any of the commercially produced smoked salmon.  
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Average levels and chemical profiles for individual and structurally grouped PAHs 

measured in CTUIR smoked salmon are presented in Figures 4.2 and 4.3 respectively. 

Individual PAH levels ranged from < 2 - 3800 μg kg-1. Phenanthrene was the most 

abundant PAH found in all CTUIR traditionally smoked salmon followed by 

acenaphthylene, naphthalene, fluoranthene, pyrene, fluorene and anthracene.  The 

summation of these 7 analytes accounted for 75-80% of the total mass of PAHs 

measured across all smoked salmon. Other PAHs that provided minor contributions to 

total PAH mass included  mono- and di- alkylated naphthalenes (ave ΣPAH4 ~ 11% of 

total; 2-methyl NAP > 1-methyl NAP > 1,6-dimethyl NAP > 1,2-dimethyl NAP) and 

mono-alkylated phenanthrenes (ave ΣPAH2 ~ 5% of total; 2-methyl PHEN>1-methyl 

PHEN), where mono-alkylated naphthalene levels were on average 4 times greater 

than di-alkyl substituted naphthalenes (Figure 4.2a – d).  Together, 2-ring, 2+3-ring, 

and 2+3+4-ring PAHs accounted for roughly 25%, 80%  and > 98% of the total PAH 

mass measured across all CTUIR smoked salmon samples respectively (Figure 4.3a 

and b).  

Several PAHs with ≥ 5 rings were consistently measured in CTUIR smoked salmon. 

In order of roughly decreasing amount, these included chrysene > benz[a]anthracene > 

benzo[b]fluoranthene > benzo[e]pyrene > benzo[a]pyrene ≈ benzo[k]fluoranthene ≈ 

benzo[b]fluoranthene. Regardless of smoking method, the summed level of these 7 

compounds were generally ≤ 50 μg kg-1 and their contribution to total PAH mass was 

less than 2% (Figures 4.2e – h and 4.3). These levels are amongst the highest reported 
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for modern day smoked foods (17, 27). Though individual PAH levels differed 

significantly within and between smoking methods, a statistically significant 

interaction of smoking method and wood type was observed for 21 of the 23 PAHs 

above detection limits. Therefore, individual effects (structure, wood) were dependent 

on each other and were not interpreted as significant (two-way ANOVA, interaction p-

value < 0.001).  

The average summed amounts of PAHs measured for each CTUIR salmon preparation 

method and three commercially available smoked salmon foods are presented in 

Figure 4. All salmon smoked by CTUIR, regardless of smoking method, had greater 

amounts of PAH residues than non-smoked and commercially available smoked 

salmon. PAH levels were generally 140 – 430 times greater in CTUIR smoked salmon 

than corresponding non-smoked salmon and between 40 – 430 times greater than 

those measured in commercially available smoked salmon samples. Marked 

differences in the PAHs identified were also evident as previously described. 

Levels of PAHs measured in CTUIR smoked salmon grouped by mode of toxicity are 

presented in Table 1. Of the 40 CTUIR smoked salmon samples analyzed, four had 

benzo[a]pyrene levels that were below reporting limits (< 2 μg kg-1), seven contained                 

2-5 μg kg-1, thirteen contained 5-10 μg kg-1, fifteen were 10-30 μg kg-1and one was > 

35 μg kg-1. Average levels of benzo[a]pyrene and ∑PAH6 were highest in salmon 

smoked in the shed using alder wood (17 ± 15; 110 ± 89 μg kg-1) and tipi using apple 
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wood (13 ± 7; 71 ± 35 μg kg-1) followed by salmon smoked in the tipi using alder 

wood (8 ± 6; 49 ± 24 μg kg-1) and shed using apple wood (6 ± 2; 26 ± 17 μg kg-1). 

Across all smoking methods, fluoranthene was the largest contributor to the RPF-

adjusted concentration of carcinogenic PAHs followed by benzo[b]fluoranthene, 

benz[a]anthracene and chrysene. Similarly, average summed levels of non-

carcinogenic PAHs (ΣPAH16) were highest in salmon smoked in the shed using alder 

wood (4700 ± 2800 μg kg-1) and tipi using apple wood (3900 ± 1400 μg kg-1) and 

lower in those smoked in the shed using apple wood (2300 ± 1000 μg kg-1) and tipi 

with alder wood (1700 ± 410 μg kg-1). Phenanthrene, acenaphthylene, fluoranthene, 

pyrene, fluorene, anthracene, and naphthalene levels were the major contributors to 

ΣPAH16 in all CTUIR smoked salmon. 

Dietary PAH average daily doses (mg kg-1 d-1) and their corresponding risk estimates 

are presented in Table 4.1 and are reflective of a wide range of smoked salmon 

ingestion rates. After converting PAH concentrations to benzo[a]pyrene equivalents 

and then to daily doses of benzo[a]pyrene equivalents, risks were estimated using the 

benzo[a]pyrene cancer slope factor . Estimated life-time excess cancer risks resulting 

from exposure to carcinogenic PAHs (∑PAH6) ranged from 1.4 ± 0.9 E-5 to 5.7 ± 4.7 

E-5 (at a consumption rate of 5 g d-1) and from 8.2 ± 5.2 E-4 to 3.4 ± 2.8 E-3 (at a 

consumption rate of 300 gd-1) across all smoking methods. Exposure to non-

carcinogenic PAH mixtures resulted in hazard indexes (∑PAH16 HQs) ranging from 
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0.0024 ± 0.0005 to 0.0071 ± 0.0034 (at 5g d-1) and from 0.14 ± 0.03 to 0.43 ± 0.21 (at 

300 g d-1) across all smoking methods. All smoking methods resulted in hazard 

indexes less than unity. Salmon smoked in the shed with alder wood consistently 

produced the largest observed values for carcinogenic and non-carcinogenic PAHs.  

4.5 Discussion 

A number of different PAHs associated with biomass combustion were identified in 

traditionally smoked CTUIR salmon fillets. These included PAHs composed of 2 – 6 

benzene rings, predominantly those with ≤ 4 rings, which displayed a low degree of 

alkylation. The PAHs identified were similar to those reported in traditional Nigerian 

smoked fish (20), fish prepared using traditional German smoking kilns (15), and 

other smoked meat studies (12,  18). Levels of PAHs in CTUIR smoked salmon, 

however, were of the highest reported and were paralleled only by those measured in 

traditionally smoked Nigerian fishes and fish prepared by ‘home-smoking’ methods 

(13,  19-20). 

It is known that several factors can influence the concentration of PAHs in smoked 

meats. For instance, Duedhal-Olesen et al. (7) reported a 200% increase in the average 

sum of 25 PAHs in smoked salmon associated with hot ( 65 – 80 °C ) versus cold (15 

– 30 °C) smoking and a 120 – 180% increase when herring and mackerel fillets 

received direct versus indirect combustion smoke exposure. Similar trends have been 

found for the influence of different combustion woods and smoking duration on 
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smoked food PAH content where soft resinous woods and longer smoking durations 

resulted in higher PAH content foods (7-8,  11). However, regardless of method used, 

all CTUIR fish were smoked under ‘hot’ conditions (90 – 120 °C) with direct 

exposure to combustion smoke generated from two types of hard wood. Although we 

expected to find substantial differences in smoked salmon PAH content related to one 

of the smoking factors (wood type or smoking structure), no statistically significant 

differences were found. The remarkable similarity in PAH profiles observed for 

CTUIR smoked salmon and the lack of a treatment effect demonstrate that all CTUIR 

smoking methods produce a smoked food with a similar level and profile of PAH 

deposition  (Figures 4.2 – 4.3).  

Although no differences in PAH loads related to smoking structure or wood type were 

observed, substantial differences were noted between CTUIR’s smoked salmon and 

commercially produced smoked salmon. Across all store purchased smoked salmon 

samples PAH loads were < 60 µg kg-1 and two-thirds of the samples contained ~ 15 

µg kg-1. These levels were 40 – 430 times lower than those measured in CTUIR 

smoked salmon and comparable to CTUIR’s non-smoked wild caught salmon (Figure 

4.4). Furthermore, none of the commercially smoked salmon had detectable amounts 

of carcinogenic PAHs. The observed differences probably reflect the highly 

automated, controlled and standardized smoking systems used in modern smoke 

houses. These methods often use computer controlled external smoke generators, 

standardized temperature programs and relatively short smoking durations (13,  15,  
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20). Conversely, the PAH content in CTUIRs smoked fish likely depends on factors 

related directly to the smoking event such as smoking intensity, duration and wood 

moisture content.    

To estimate human health impacts resulting from exposure to CTUIR’s traditionally 

smoked salmon, risks were estimated using standard risk equations, a body weight of 

70 kg and ingestion rates of 5 and 300 g d-1. Estimates of excess life-time cancer risk 

at 5 g d-1 were between 1E-5 and 1E-4, and at 300 g d-1 they were close to or above 

1E-3. Inclusion of RPF-adjusted PAHs into risk models led to cancer risk estimates up 

to 6 times greater than those based on benzo[a]pyrene alone. Similar results have been 

reported for dietary exposure to commonly consumed Nigerian smoked fish prepared 

by traditional smoking methods (20). These levels will require careful deliberation 

when crafting health advice since they are above the “point of departure” (1E-6) for 

risk assessment.  

Though estimated average daily doses to non-carcinogenic PAHs were routinely 25 – 

80 times greater than those of carcinogenic PAHs (Table 4.1), non-carcinogenic PAHs 

produced hazard indexes less than or approaching one; a level described by the EPA 

as generally having no appreciable risk for the development of non-cancer health 

effects. Taken together, risks associated with carcinogenesis pose the largest threat to 

human health. This coincides with other smoked food risk assessments and is the basis 

for establishment of regulatory limits for carcinogenic PAHs in smoked meats by the 
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European Food Safety Authority, specifically for food contaminated with 

benzo[a]pyrene (20,  27).       

It is important to emphasize that the aim of the present study was to estimate potential 

risk associated with consumption of traditional smoked salmon and not to quantify 

actual risk for CTUIR members. When the Tribe’s environmental health program 

interpret the results, the assumptions used and uncertainties that exist will be 

considered. For instance, the effect of PAHs and other chemicals not included in this 

assessment which have tested positive for carcinogenic effects, such as 

benzo[j]fluoranthene and benzo[c]fluorene, is not well understood (27). Additionally, 

the use of relative potency factors for determining cancer risk resulting from exposure 

to chemical mixtures has many assumptions that could affect risk estimates; 

assumptions described as problematic by the European Food Safety Authority (27). It 

is also not clear how smoked salmon moisture content affects exposure PAH 

concentrations; the conversion to caloric intake may need to be considered. Lastly, it 

was outside the scope of this study to assess the impact of other co-risk factors, such 

as environmental PAH exposures, underlying health and nutrition, and 

individual/ethnic differences in metabolism on calculated risk values (28-29). 

We routinely measured 16 non-carcinogenic and 6 carcinogenic PAHs in salmon 

smoked by traditional Native American methods. No differences in PAH content 

related to smoking structure or wood type were found. PAH profiles agree well with 
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other reports, but levels were of the highest reported and were significantly greater 

than those measured in commercially prepared store purchased smoked salmon. 

Levels of PAHs present in smoked salmon prepared using traditional Native American 

methods may pose elevated cancer risks if consumed at high consumption rates over 

many years. The CTUIR will use the reported findings to assist in the development of 

culturally-appropriate risk management strategies. 
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Figure 4.1 - CTUIR shed and tipi smoking structures (A, D), salmon placement 
(B, E), and wood orientation (C, F) used for traditional salmon smoking.  
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Figure 4.2 - Levels and profiles (mean ± SD) of non-carcinogenic (A-D) and carcinogenic (E-H) PAHs measured in 
salmon smoked by traditional Native American methods: tipi using apple wood (A, E), tipi using alder wood (B, F), 
shed using apple wood (C, G), and shed using alder wood (D, H). Individual effects (structure, wood) were dependent 
on each other and were not interpreted as significant (two-way ANOVA, interaction p-value < 0.001). ‘X’ indicates that 
an analyte was below method reporting limits. 
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Figure 4.3 - PAH abundance (mean ± SD) grouped by number of PAH rings 
expressed as (A) concentration and (B) proportion of total for salmon smoked by 
traditional Native American methods. 
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Figure 4.4 - Summed levels of PAHs (mean ± SD) measured in salmon smoked by 
four traditional Native American methods, non-smoked wild caught salmon and 
three different commercially available smoked salmon (CTUIR smoked salmon, 
n = 10/smoking method; non-smoked salmon, n = 20; commercial smoked 
salmon, n = 5 replicate analyses/sample).

 



 

Table 4.1 - Carcinogenic and non-carcinogenic PAH loads, average daily doses and risks (mean ± SD) for traditionally 
smoked salmon at two ingestion rates. 
 
  Native American salmon smoking methodsa 

Toxicity category Parameter Tipi x apple    Shed x apple    Tipi x alder    Shed x alder  

Carcinogenic  PAH load (ug kg-1 w.w.)b 
       

 
ΣPAH6  7.1 ± 3.5 x 101 

 
2.6 ± 1.7 x 101 

 
4.9 ± 2.4 x 101 

 
1.1 ± 0.9 x 102 

         
 

average daily dose (mg kg-1 BW d-1) 
       

 
5 g d-1 ΣPAH6  5.1 ± 2.5 x 10-6 

 
1.9 ± 1.2 x 10-6 

 
3.5 ± 1.7 x 10-6 

 
7.8 ± 6.4 x 10-6 

 
300 g d-1 ΣPAH6  3.1 ± 1.5 x 10-4 

 
1.1 ± 0.7 x 10-4 

 
2.1 ± 1.0 x 10-4 

 
4.7 ± 3.8 x 10-4 

         
 

lifetime excess cancer risk 
       

 
5 g d-1 ΣPAH6 3.7 ± 1.8E-5 

 
1.4 ± 0.9E-5 

 
2.6 ± 1.2E-5 

 
5.7 ± 4.7E-5 

 
300 g d-1 ΣPAH6 2.2 ± 1.1E-3 

 
8.2 ± 5.2E-4 

 
1.5 ± 0.8E-3 

 
3.4 ± 2.8E-3 

         Non-carcinogenic PAH load (ug kg-1 w.w.)c 
       

 
ΣPAH16  3.9 ± 1.4 x 103 

 
2.3 ± 1.0 x 103 

 
1.7 ± 0.4 x 103 

 
4.7 ± 2.8 x 103 

         
 

average daily dose (mg kg-1 BW d-1) 
       

 
5 g d-1 ΣPAH16  2.8 ± 1.0 x 10-4 

 
1.6 ± 0.7 x 10-4 

 
1.2 ± 0.3 x 10-4 

 
3.4 ± 2.0 x 10-4 

 
300 g d-1 ΣPAH16 1.7 ± 0.6 x 10-2 

 
9.8 ± 4.2 x 10-3 

 
7.4 ± 1.8 x 10-3 

 
2.0 ± 1.2 x 10-2 

         
 

hazard indexd 
       

 
5 g d-1 ΣPAH16 HQs 0.0058 ± 0.0018 

 
0.0044 ± 0.0015 

 
0.0024 ± 0.0005 

 
0.0071 ± 0.0034 

 
300 g d-1 ΣPAH16 HQs 0.35 ± 0.11 

 
0.26 ± 0.09 

 
0.14 ± 0.03 

 
0.43 ± 0.21 

       a. All estimates were calculated from n = 10 salmon fillets/method.  
      b. ΣPAH6 represents the summed level of benzo[a]pyrene and RPF-adjusted carcinogenic PAHs. 

    c. ΣPAH16 represents the summed level of non-carcinogenic PAHs.   
d.ΣPAH16 HQ represents the summed level of RfD-adjusted non-carcinogenic PAHs. 
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Chapter 5 – Passive sampling coupled to UVB irradiation: a useful analytical 
approach for modeling toxic oxygenated polycyclic aromatic hydrocarbon 

formation in bioavailable mixtures 
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5.1 Abstract  

In order to accurately characterize hazardous chemical exposure, analytical 

approaches are needed that can identify the effects of natural or remediation processes 

on the bioavailable (freely dissolved) fraction of environmental contaminants. To 

address this need, we investigated coupling passive sampling technologies with 

ultraviolet-B (UVB) irradiation experiments to simulate polycyclic aromatic 

hydrocarbon (PAH) and oxygenated PAH (OPAH) chemical transformation in 

bioavailable mixtures. Passive sampling device (PSD) extracts were collected from 

four PAH contaminated environments, including coastal waters impacted by the 

Deepwater Horizon oil spill and a Superfund site in Portland, OR. PSD extracts were 

exposed to UVB alongside PAH standard solutions. The analytical approach captured 

a 20 to 100% reduction in PAH levels and simultaneous formation of several OPAHs, 

including 9,10-anthraquinone and 7,12-benz[a]anthracenequinone. Site specific 

differences in OPAH formation are discussed.  

5.2 Introduction 

Humans and organisms can be exposed to complex mixtures of chemicals from 

uncontrolled releases of hazardous substances into environments, such as at Superfund 

sites or waters impacted by oils spills. Accurately characterizing exposure and 

associated risks in these scenarios is complicated by the fact that mixture composition 

changes over time. For instance, natural ultraviolet-B (UVB) radiation and 
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technologies used for in situ contaminant remediation (i.e. chemical oxidation and bio-

remediation) are known to degrade components of chemical mixtures (1-4). However, 

degradation of target chemicals can produce new non-target chemicals characterized 

by limited or no toxicological information (5-6). Given these uncertainties, it is now 

recognized that more comprehensive sampling and analytical approaches are needed 

to fully understand the effects of chemical transformation processes on chemical fate, 

exposure estimates, and subsequent risks to human and environmental health (7-9).  

It has been recognized for over 50 years that UV radiation can influence the toxicity of 

polycyclic aromatic hydrocarbons (PAH) (10). Several studies have indicated that co-

exposure to UV and PAHs markedly increases chemical toxicity compared to PAH 

exposure alone in a host of different biological models (7-8,  11-14). It has also been 

shown that PAHs can be photo-modified to ketone and quinone containing PAH 

(OPAH) derivatives in aqueous solutions (6) , surfactant solutions (15), reaction 

chambers in the gas-phase (16), and surface soils (17). OPAHs have been measured in 

a wide variety of environmental samples (18-19) and some display increased potency 

and unique biological activity relative to their non-oxygenated PAH homologues (6-7,  

20). However, studies of the type described above are generally limited in scope 

because they 1) do not identify chemical agents associated with increased toxicity or 

2) they conduct irradiation experiments with one or two representative compounds – a 

large step away in complexity from realistic environmental scenarios, such as a 

contaminated Superfund site or oil spill. Evaluation of real-world environmental 
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mixtures may provide a convenient and powerful strategy for addressing these 

knowledge gaps. 

Often, the nature and extent of chemical contamination at impacted sites is 

characterized through field sampling and subsequent chemical analysis for target 

compounds.  However, traditional sampling methods are unable to discriminate 

between the bioavailable fraction and total amounts of chemical contaminants, leading 

to potential overestimates of exposure and a lack of biological applicability (21). This 

often occurs when samples are extracted with strong solvents, such as 

dichloromethane or acetone. Additionally, ambient concentrations of target chemicals 

at these sites are often too low to be assessed by bio-assay based toxicant 

identification methods, like effect-directed analysis (EDA) (22).  

Low-density polyethylene passive sampling devices (PSDs) uptake and concentrate 

the bioavailable fraction (concentration of freely dissolved, Cfree) of lipophilic 

contaminants from water, air, and soil (21). Mechanisms that control partitioning from 

sampling media into PSDs are similar to those that control passive biological chemical 

uptake, namely contaminant diffusion across biological membranes (21,  23). The 

physical properties of PSDs allow them to sequester contaminant concentrations that 

are multiple orders of magnitude greater than environmental concentrations while 

conserving bioavailable mixture complexity.  Lipid-free tubing (LFT) PSDs have been 

used successfully to sample PAHs, the main toxic component of crude oil and a 
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contaminant class commonly targeted for remediation at Superfund sites (24-26). LFT 

PSDs have also been paired directly with embryonic zebrafish developmental bio-

assays to identify biological responses elicited by site specific contaminant mixtures 

from a Superfund site (27-28).    

The objective of this study was to determine the utility of coupling low-density 

polyethylene passive sampling technologies with simple UVB irradiation experiments 

to simulate bioavailable PAH and OPAH transformation processes. Experiments were 

conducted with PAH standard solutions and environmental PSD extracts collected 

from the Portland Harbor Superfund mega-site in Portland, OR and the Gulf of 

Mexico during the Deepwater Horizon oil spill. This is the first report to demonstrate 

the utility of coupling passive sampling and UV irradiation to create a rapid approach 

for evaluating chemical transformation processes in environmentally relevant mixtures 

and identifying non-target chemicals of potential concern.    

5.3 Materials and methods 

5.3.1 PAH and PSD test solutions: Test solutions destined for UVB irradiation were of 

two types: standard solutions of 16 EPA priority pollutant PAHs (EPA PP PAHs) (14) 

and passive sampling device extracts obtained from environmental field sites. Test 

mixtures of the 16 EPA PP PAHs were prepared at 1,000 ng/mL   for each individual 

PAH, a summed level of 16,000 ng/mL, in n-hexane from stock solutions purchased 

from AccuStandard (New Haven, CT), while PSD extracts were collected from the 

 



97 

Willamette river at river miles 6.5 west and 7 west (PH 6.5w and 7w) within the 

Portland Harbor Superfund mega-site, Oregon and from Florida (FL) and Louisiana 

(LA) coastal waters in the Gulf of Mexico following the Deepwater Horizon oil spill. 

The summed concentrations of 33 PAHs in PSD extracts from FL, PH 6.5w, 7w, and 

LA were 470; 20,000; 88,000; and 240,000 ng/mL respectively (28-29). Additionally, 

the chemical profiles of PAH mixtures, in terms of the relative abundance of 

individual PAH compounds, were highly variable among environmental samples.  

5.3.2 UV irradiation conditions and analysis: UV irradiation experiments were 

conducted using two parallel six foot Philips fixed wavelength ultraviolet-B bulbs 

(Amsterdam, NL) with a Lithonid Lighting fluorescent fixture from Underwriters Labs 

Inc.  (Northbrook, IL,). UVB bulbs emitted radiation at a wavelength of 313 nm with 

an irradiance of 230 μW cm-2, a level similar to summer environmental conditions in 

the US (11-13). Standard PAH mixtures and PSD extracts were housed on 4 mL watch 

glasses and placed 22.5 cm below the UV source. Mixtures of the 16 EPA PP PAHs 

were irradiated in triplicate for 0, 3, 10 and 30 min similar to methods described in 

Fasnacht and Blough (30). Single PSD extracts were irradiated for 30 minutes only. 

Duplicate PSD extracts from PH 7w were analyzed to assess the repeatability of the 

whole analytical approach. Delivered UVB exposure doses were milder than 

conditions present during the Deepwater Horizon oil disaster or at many Superfund 

sites. For instance, measurement of solar UVB irradiance on the Gulf shores of 

Alabama revealed that a 4 hour exposure to solar radiation results in UVB radiant 
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exposure doses 20 times greater than those delivered in this study (11), where 

exposure doses represent the product of the UV irradiation level and the exposure 

duration. Sample volumes were visually maintained through replenishment with n-

hexane. An aliquot of the 16 EPA PP PAH solution covered with aluminum foil 

remained under UV lights for the duration of each experiment to serve as negative 

control. Pre- and post-UV irradiated samples were analyzed for 33 PAHs using 

methods described elsewhere (31), and 22 OPAHs by GC-MS (S.G. O’Connell, 

Oregon State University, Corvallis, OR, USA, unpublished manuscript).  

5.3.3 Data analysis: Data interpretation was performed using SigmaPlot for Windows 

version 11.0 (Systat Software, Inc., 2008) and Microsoft Excel 2007 (Microsoft Corp., 

2006). Standard descriptive statistics, one way ANOVAs, and two sample t tests were 

used to examine differences in PAH and OPAH levels resulting from UV treatment. 

Statistical analyses were considered significant at p ≤ 0.05 and suggestive at p > 0.05 

and < 0.1. 

5.4 Results and discussion 

We observed changes in standard solution PAH concentrations using UVB irradiation 

durations shorter than environmental conditions present at our field sites (11-13), and 

irradiance levels similar to, or many times lower than those used in remediation based 

studies (32-33), (Figure 5.1). For instance, levels of pyrene, benz[a]anthracene, 

indeno[1,2,3-cd]perylene, and dibenz[a,h]anthracene were significantly decreased 
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relative to negative controls after 30 minutes of irradiation  (p < 0.05), where average 

decreases ranged from 55 to 110 ng/mL or 11 – 15%. However, the apparent rate of 

PAH photo-degradation was slower than reported by Fasnacht and Bluogh (30). This 

is likely due to differences in irradiance intensities between studies, but  may also be 

related to lower oxygen levels in our n-hexane solvent system compared to aqueous 

samples (34).  The extent of PAH degradation between PSD extracts and PAH 

standard solutions was similar at the 30 min. time point (Table 5.1). Additionally, 

duplicate irradiation experiments conducted with PH 7w PSD extracts generated 

consistent results, where relative percent differences were generally less than 25% for 

PAHs. There was no indication of significant UVB mediated PAH degradation in 

standard solutions at time points 0, 3, or 10 minutes.   

Several OPAHs were detected in PAH standard solutions after 30 minutes of UVB 

irradiation (Figure 5.2). Of 22 OPAHs monitored, 3 were quantifiable, including 9-

fluorenone, 9,10-anthraquinone, and 7,12-benz[a]anthracenequinone, where 

concentrations ranged from 20 – 50 ng/mL. Similar findings have been reported for 

simulated solar radiation induced photo-modification of anthracene in aqueous 

solution (6). All OPAHs detected in this experiment have base structures that 

correspond to non-oxygenated PAHs present in PAH standard solutions, namely 

fluorene, anthracene, and benz[a]anthracene. Non-oxygenated anthracene and 

benz[a]anthracene were also significantly decreased at this time point. It is important 

 



100 

to note that additional OPAHs may have formed, but were not identified due to the 

limited number of commercially available OPAH reference standards.   

Many OPAHs were also detected in UVB irradiated PSD solutions (Table 5.2). 

Notable increases in 4H-cyclopenta[def]phenanthren-4-one, benzo[a]-11-fluorenone, 

and 7,12-benz[a]anthracenquinone concentrations were observed in all irradiated 

Portland Harbor PSD extracts. Additionally, single instances of increased OPAH 

concentrations were observed for 9,10-anthraquinone, 9-fluorenone, and 5,12-

napthacenequinone, where changes tended to occur in PSD extracts collected from the 

Portland Harbor Superfund site. Across all samples, changes in concentration ranged 

from non-detectable to 250 ng/mL, with 7,12-benz[a]anthracenquinone in Portland 

Harbor samples displaying the largest concentration increases. UVB associated 

changes in OPAH concentrations generally differed by less than a factor of two 

between duplicate PSD extracts, demonstrating the repeatability of the paired PSD-UV 

irradiation approach. Large gains in OPAH concentrations were not observed in either 

Gulf of Mexico PSD extract. In fact, several OPAHs, including 9,10-anthraquinone 

and 7,12-benz[a]anthracenequinone, were present Gulf of Mexico PSD extracts upon 

field collection and displayed decreased concentrations after irradiation.  

Previous investigations have reported that OPAHs can form from single PAHs in the 

presence of electromagnetic radiation (6,  15-17,  35). For example, Brack et al. (6) 

demonstrated that aqueous solutions of anthracene can undergo photomodification in 
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simulated solar radiation to produce several oxygenated PAHs, including 9,10-

anthraquinone and 1,4-anthracenequinone, where the proposed reaction mechanism 

proceeded via a Diels-Alder cycloaddition with a singlet oxygen dienophile (6). All 

OPAHs identified in this study, namely 7,12-benz[a]anthracenquinone, 9-fluorenone, 

9,10-anthraquinone, and benzofluorenone, have been measured in environmental 

samples or have been demonstrated to form from irradiated PAHs (6,  18). In addition, 

OPAHs observed in this study are the same chemical species shown to dominate many 

environmental OPAH chemical abundance profiles (18,  36). This suggests that the 

coupled PSD-UV irradiation approach conserves environmentally relevant 

transformation processes responsible for OPAH formation. 

Site specific differences in PAH photodegradation and OPAH formation were 

evaluated by irradiating PSD extracts with broad ranges of PAH concentrations and 

chemical profiles. Though the summed level of analyzed PAHs was more than 500 

times greater in PSD extracts collected from Gulf of Mexico, LA compared to those 

collected from FL (29), the LA extract did not display enriched levels of OPAHs after 

irradiation. However, increased levels of several OPAHs, such as 7,12-

benz[a]anthracenequinone, were observed in irradiated extracts from the Portland 

Harbor Superfund site. This may be related to pre-irradiation levels of non-oxygenated 

PAH reactants. For instance, concentrations of benz[a]anthracene in Portland Harbor 

7w and 6.5w extracts were 860 and 4,700 ng/mL respectively, and below detection in 

Gulf of Mexico extracts (28-29). A similar observation was also made for pre-
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irradiation extract levels of anthracene and post-UVB levels of 9,10-anthraquinone. 

Interestingly, Gulf of Mexico PSD extracts were enriched in 7,12-

benz[a]anthracenequinone and 9,10-anthraquinone prior to laboratory UVB 

irradiation, suggesting that non-oxygenated parent PAHs present in oil released during 

the Deepwater Horizon oil spill (24) were transformed to OPAHs in the Gulf prior to 

sampling.  Differences in the extent of OPAH formation between sites may also be 

related to other chemical constituents present in PSD extracts, such as humic 

substances and other photochemically active compounds (34,  37). Thus, the extent of 

UVB mediated OPAH formation in bioavailable mixtures may be a function of several 

factors, including chemical reactant presence, concentration, and overall PSD extract 

chemical composition. However, further study is necessary to confirm these 

hypotheses.  

It is often difficult to find advancing technologies that broaden the understanding of 

exposures, toxicity, and risk to emerging contaminants like OPAHs. Current 

approaches include effect-directed analysis and toxicity identification evaluations, 

which have been used successfully to identify chemical drivers of toxicity in 

environmental mixtures (38-39). However, effect-directed analyses have traditionally 

employed sample preparation techniques that bias assessments toward highly toxic but 

poorly bioavailable contaminants, such as exhaustive solvent extraction of whole 

sediments and water samples (39). Furthermore, the likelihood of unsuccessful effect-

directed analysis toxicant identification increases with distance from point sources as a 
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result of dilution (22). PSD technologies address these issues innately by 

concentrating the bioavailable fraction of chemicals in situ (21). Thus, paring PSD 

technologies with UV irradiation experiments may help extend the application of 

existing mixture toxicity evaluation methods and provide researchers a powerful 

platform for identifying non-targeted toxicologically relevant chemicals. 
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Figure 5.1 - Degradation of PAHs in standard solutions after 30 minutes of UVB  
irradiation at an irradiance of 230 μW cm-2. Bars represent the mean of triplicate 
experiments with error bars at ±1 SD. Differences relative to negative controls 
are indicated with asterisks, ‘*’ = p > 0.05 and < 0.1, and ‘**’ = p < 0.05. NAP, 
naphthalene; ACY, acenaphthylene; ACE, acenaphthene; FLO, fluorene; PHE, 
phenanthrene; ANT, anthracene; FLA, fluoranthene; PYR, pyrene; BAA, 
benz[a]anthracene; CHR, chrysene; BBF, benzo[b]fluoranthene; BKF, 
benzo[k]fluoranthene; BAP, benzo[a]pyrene; IPY, indeno[1,2,3-cd]pyrene; DBA, 
dibenz[ah]anthracene; BPY, benzo[ghi]perylene.    
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Figure 5.2 - Overlay of GC-MS selected ion monitoring total ion chromatograms 
demonstrating UVB induced formation of OPAHs from UVB irradiated PAH 
standard solutions after 0, 10, and 30 minutes. Non-oxygenated PAH homologues 
of 9,10-anthraquinone (9,10-ANTQ) and 7,12-benz[a]anthraquinone (7,12-
B[a]ANCQ) were present in PAH standards prior to UVB irradiation, namely 
anthracene and benz[a]anthracene. 
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Table 5.1 - Changes in environmentally relevant PSD extract PAH levels 
resulting from a 30 min UVB irradiation. 
 

 
a PAHs in PSD extracts represent the freely dissolved fraction of chemical, Cfree.   
bSamples collected from Portland Harbor Superfund mega-site at river miles 7w and 
6.5w; 7w-1 and 2 are irradiation duplicates. 
c Samples collected from Louisiana and Florida coastal waters during the Deepwater 
Horizon oil spill. 
d ‘ND’, not detected in pre- or post-UV irradiated extracts.  
e ‘DP-UV’, detected post-UV irradiation. 

 PAH % change in UVB exposed PSD 
extractsa 

PAH Superfundb Gulf of Mexicoc 
 7w-1 7w-2 6.5w LA FL 

Phenanthrene -28 -30 -52 -11 -21 
Anthracene -33 -46 -78 NDd ND 
Fluoranthene -25 -24 -42 -23 -2 
Pyrene -31 -31 -48 -8 1 
Benz[a]anthracene -30 -35 -52 ND DP-UVe 
Chrysene -62 -15 -44 3 9 
Benzo[b]fluoranthene -32 -22 -28 -96 -100 
Benzo[k]fluoranthene -26 -19 -36 DP-UV ND 
Benzo[e]pyrene -32 -28 -27 -6 ND 
Benzo[a]pyrene -36 -53 -61 DP-UV ND 
Indeno[1,2,3-cd]pyrene -46 -79 8 31 ND 
Benzo[ghi]perylene -50 -30 20 -99 ND 
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Table 5.2 – Changes in PSD extract OPAH levels resulting from a 30 min UVB 
irradiation 

 

 

 

 

 

 

 

 

 

 

 

 

aSamples collected from Portland Harbor Superfund mega-site at river miles 7w and 
6.5w; 7w-1 and 2 are irradiation duplicates. 
bSamples collected from Louisiana and Florida coastal waters during the Deepwater 
Horizon oil spill. 
c OPAH abbreviations – 9-FLUO, 9-fluorenone; 9,10-ANTQ, 9,10-anthraquinone;  
CP[def]PHEO, 4H-cyclopenta[def]phenanthrene-4-one;  B[a]FLUO, benzo[a]-11-
fluorenone;  7,12-B[a]ANCQ, 7,12-benz[a]anthracenequinone;  5,12-NAPQ,  
5,12-napthacenequinone. 
dND – not detected in pre- or post irradiated extracts. 

 OPAH % change in UVB exposed PSD extracts 

 Superfunda Gulf of Mexicob 

OPAH RM  7w-1 RM 7w-2 RM 6.5w LA FL 

9-FLUOc 25 -2 2 NDd 0 

9,10-ANTQ -9 -22 10 -24 -10 

CP[def]PHEO 15 18 10 ND 0 

B[a]FLUO 46 37 33 8 0 

AANEQ 4 2 -100 ND ND 

B[a]ANCQ 22 11 41 -7 -5 

5,12-NAPQ ND ND 30 ND ND 
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Chapter 6 – Combining passive sampling with multivariate statistical modeling to 
predict polycyclic aromatic hydrocarbons in resident aquatic organisms in and 

around a Superfund site 
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6.1 Abstract  

The current work investigated the relationship between polycyclic aromatic 

hydrocarbon (PAH) loads captured by passive sampling devices and those present in 

aquatic organisms impacted by historically contaminated environments. We deployed 

semi-permeable membrane passive sampling devices (PSDs) and collected resident 

crayfish (Pacifastacus leniusculus) at nine locations across an 18.5 stretch of river that 

included sites within and outside of the Portland Harbor Superfund mega-site in 

Portland, OR. Sampling locations were selected in order to capture a large range of 

dissolved PAH concentrations and relative abundance profiles. Principal component 

analysis (PCA) revealed spatial trends and matrix specific sequestration patterns in the 

concentration and profile of 14 priority pollutant PAHs.  Predictive relationships 

between PSD and crayfish were developed using partial least squares regression 

(PLSR) and accounted for > 70% of data set variability. A two factor PLSR model 

provided good predictive power with minimal over-fitting, where correlation 

coefficients and predictions were generally > 0.80 and less than a factor of 3 of 

experimentally measured values for frequently detected PAHs. Study results suggest 

that the described approach offers great promise as a predictive tool for public health 

officials. 
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6.2 Introduction 

Health officials are tasked with identifying and mitigating uncontrolled releases of 

chemicals that pose an unacceptable level of risk to public health, such as exposure to 

polycyclic aromatic hydrocarbons (PAHs) at Superfund sites or following an oil spill. 

To protect human and ecological health, site contamination is characterized and 

quantified through environmental sampling coupled to instrumental analysis, where 

multiple environmental media are often sampled (1). In cases where exposure to 

contaminated fish and/or shellfish can occur , it is also necessary to collect and 

evaluate  tissue levels of hazardous chemicals in order to protect consumers (ATSDR, 

2006, 2011; FDA, 2010) (2,  3). However, obtaining necessary amounts of tissue data 

is logistically challenging, time-consuming, expensive, and can negatively impact 

ecological community structure (4,  5,  6). Furthermore, careful consideration must be 

given to organism home range, sample availability, and spatial and temporal 

contamination trends in order to accurately capture exposure variability  (4,  7). Thus, 

development of a simple, cost-effective, analytical approach for predicting hazardous 

chemical loads in aquatic tissues would enable health officials to better serve the 

public and environment.      

The use of passive sampling to analyze the freely dissolved/bioavailable 

environmental concentrations of chemical contaminants has received considerable 

attention over the last 30 years (5,  8). Passive sampling devices (PSD), such semi-
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permeable membranes, uptake and concentrate lipophilic contaminants in a time-

integrated, site-specific, and bio-mimetic fashion, where the rate of uptake is closely 

related to contaminant octanol-water partitioning and sampling device chemical 

composition (5,  7). Similarities in the types and concentrations of PAHs sequestered 

by PSDs and aquatic organisms have been evaluated in several species of bivalve (5,  

6,  9,  10,  11,  12,  13), fish (12,  14,  15) and one species of benthic polychaete (16). 

Results from these studies demonstrated that PAH concentrations in PSDs correlate 

with tissue data, while PAH composition can vary by species. It has also, been 

demonstrated that PSDs can be useful tools in a variety of applications, including the 

characterization of spatial and temporal contaminant concentration distributions (17,  

18), identification of contamination sources based on chemical ratios and profiles (18,  

19,  20), identification of site-specific biological responses (21,  22,  23), and for risk 

assessments (24).  Recent advances in PSD technology have further resulted in an 

array of devices that are simpler to use and require less sample preparation prior to 

chemical analysis (25,  26). 

The Portland Harbor Superfund mega-site is located on the Willamette River in 

downtown Portland, Oregon near the Willamette’s confluence with the Columbia 

River. This stretch of the Willamette and its shorelines have been a major site of 

commercial and industrial operations in the Pacific Northwest for nearly 100 years and 

have been heavily modified by industrial, commercial, and urban development. 

Riverside activities associated with PAH river inputs include: creosote operations, 
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manufactured gas plant operations, petroleum storage, petroleum product spills, urban 

runoff, combustion emission, atmospheric deposition, and outfalls from combined 

sewer overflows. In 2000, the lower section of the Harbor, from river mile 3.5 to 9.2, 

was designated a Superfund site and was later extended to include the stretch of river 

between river mile 2 and 11.8  (2). This section of river displays ΣPAH concentrations 

differing by a factor of 100 or more and with inputs from multiple sources indicative 

of urban river systems (18). With an estimated 39 species of fish and several species 

of shellfish, including the native signal crayfish (Pacifastacus leniusculus), the 

Portland Harbor is also a rich source of food to sport, recreational, and subsistence 

level fisherman. As a result, consumption of fish and crayfish from the Harbor was 

identified as the dominant public exposure route and ultimately led to a site wide 

public health risk assessment (2).       

In addition to being a potential source of contaminant exposure to the public, crayfish 

also have characteristics that make them especially useful for comparing to PSDs. For 

instance, levels of PAHs in crayfish tissues tend to be higher than those reported for 

finfish (27,  28), potentially due to less efficient CYP450 systems and lower rates of 

chemical excretion compared to those found in aquatic vertebrates  (29,  30). Studies 

conducted in British rivers have also revealed that P. leniusculus generally migrates 

less than 225 m over 2 years and may have a limited home range in high water flow 

environments, like the river system in Portland Harbor  (31,  32). As a result, PAH 

concentrations in crayfish and PSDs both reflect site-specific and time-weighted 
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average environmental contaminant levels (5,  33). Furthermore, crayfish can be 

sampled using stationary crayfish traps, whereas fish sampling often requires more 

sophisticated and involved sampling preparations.    

Only about 30 studies have conducted side-by-side comparisons of PSDs with aquatic 

organisms, fewer still have compared PSDs directly to resident organisms and none 

have been conducted with crayfish. The purpose of this study was to investigate the 

development of a calibration metric that relates chemical concentrations in PSD 

extracts to chemical concentrations in aquatic organisms. Specific study objectives 

included comparing resident crayfish and PSD on the basis of 1) PAH concentrations 

and 2) relative abundance profiles, and 3) developing a PSD-bioaccumulation model 

for predicting PAH loads in aquatic tissues with useful accuracy on the basis of 

measured PSD extracts. To achieve this, resident crayfish (n = 75) and PSDs (n = 27) 

were collected from 9 sites along the lower 18.5 miles of the Willamette River near 

Portland OR and analyzed for PAHs. Predictive relationships were investigated using 

principal components analysis (PCA) and partial least squares regression (PLSR). The 

success and attributes of the predictive models are presented and areas for future 

research are discussed. 

6.3 Materials and methods 

6.3.1 Study area and sample collection. The study was conducted on the lower 18.5 

miles of the Willamette River, just prior to its confluence with the Columbia River 
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(Figure 6.1A).  PSD and resident crayfish samples (Pacifastacus leniusculus) were 

collected during the fall of 2003 from 9 sites with varying degrees of PAH 

contamination. Samples within the Portland Harbor Superfund mega-site were 

collected from river miles 3.5, 7 west (7w), 7 east (7e), and 8, while those upstream of 

the Superfund site were from river miles 13, 17, and 18.5. A secondary more focused 

sampling event was carried out near the former McCormick and Baxter creosoting 

company industrial site at river mile 7 east prior to sediment capping in 2004 (Figure 

6.1 B). In addition to receiving PAH inputs from creosote, sites within the Superfund 

received inputs from coal tar contaminated industrial sites, petroleum spills, urban 

runoff, combined sewer overflows, and atmospheric deposition. Upriver sites receive 

inputs primarily associated with residential and commercial land use.  

PSD samples were collected in October and early November, 2003 in 14 to 19-day 

deployments. Stainless steel cages containing 5 SPMDs were deployed at each site 3 

m from the river bed. Crayfish samples were collected over three campaigns from 

September to October,  2003 using standard operating procedures adapted from EPA’s 

Guidance for Assessing Chemical Contaminant Data for Use in Fish Advisories (4). 

Crayfish were captured passively using crayfish traps, where chicken breast was used 

as bait. Traps were retrieved within 24 hours after sample catchment. Upon collection, 

crayfish were rinsed of external surface foreign material using ambient and 18 MΩcm-

1 water and inspected for physical damage. Samples were subsequently euthanized 

using liquid nitrogen, individually wrapped in aluminum foil, and stored on blue ice 
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blocks in labeled zip-lock bags for transport to the Food Safety and Environmental 

Stewardship Laboratory and Oregon State University. Sampled crayfish likely spent 

the major part of their lives in close proximity to capture locations (2,  31,  32). 

6.3.2 Sample morphological measurements and preparation. Frozen crayfish were 

brought to room temperature, sexed, sized for body and carapace lengths, weighed, 

and dissected to isolate visceral tissue. Whole visceral samples were frozen 

individually with liquid nitrogen and homogenized to a fine powder using a pre-cooled 

stainless steel mortar and pestle. Sample extraction and analysis proceeded using 

methods adapted and modified from Forsberg et al (34). Briefly, 200 – 400 mg of 

tissue were transferred to a 15 mL BD Falcon tube, thawed, and spiked with 20 μL of 

a PAH surrogate standard mixture containing acenapthene-D10, pyrene-D10, and 

indeno[1,2,3-cd]pyrene-D12. Samples were subsequently spiked with 500 μL of H2O, 

capped, and hand shaken for 1 min. A 10 mL aliquot of ethyl acetate, acetone, and iso-

octane (2:2:1, v/v/v) was added to each tube and the resulting solution was shaken for 

5 min. QuEChERS salts (650 mg) were added to the tube, mixed for five minutes by 

hand shaking, and tubes were then centrifuged at 3800 g for 5 min. Extracts (9mL) 

were transferred to 15 mL volumetric conical glass tubes, solvent exchanged to ~ 400 

μL of n-hexane, and cleaned using n-hexane conditioned solid-phase extraction 

cartridges containing primary-secondary amine (Agilent Technologies, Santa Clara, 

CA). Analytes were vacuum eluted with 7 mL of n-hexane at a flow rate of 2-3 

drops/s, concentrated to a final volume of 100 μL, and spiked with 10 μL of recovery 
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internal standard mixture composed of naphthalene-D8, acenaphthylene-D8, 

phenanthrene-D10, fluoranthene-D10, chrysene-D12, benzo[a]pyrene-D12, and 

benzo[ghi]perylene-D12 . Samples were stored at -20°C until analysis.     

6.3.3 Chemicals and instrumental analysis. SPMDs and crayfish were analyzed for the 

following 15 PAHs: naphthalene (NAP), acenaphthylene (ACY), acenaphthene 

(ACE), fluorene (FLO), phenanthrene (PHE), anthracene (ANT), fluoranthene (FLA), 

pyrene (PYR), benz[a]anthracene (BAA), chrysene (CHR), benzo[b]fluoranthene 

(BBF), benzo[k]fluoranthene (BKF), indeno[1,2,3-cd]pyrene (IPY), 

dibenz[ah]anthracene (DBA), and benzo[ghi]perylene (BPY). PSDs were extracted 

and chemically analyzed using HPLC-DAD as described previously (18). Crayfish 

samples were analyzed using  an Agilent 5975B GC-MS (Santa Clara, CA) equipped 

with electron impact ionization  (70 eV) source and a DB-5MS capillary column (30 

m length, 0.25 μm film thickness, 0.25 mm I.D., Agilent J&W). The GC injection port 

received a 1 μL injection and was operated at 300 °C in pulsed splitless mode. PAHs 

were chromatographically resolved using the following temperature program: initial 

oven temperature was 70 °C, 1 min hold, ramp to 300 °C at 10 °C/min, 4 min hold, 

ramp to 310 °C at 10 °C/min, 7 min hold for a total run time of 36 min. Seven point 

internal standard calibration curves ranged from 1 to 1000 ng/mL and were plotted as 

relative response ratios. Method reporting limits determined as 10*SD from replicate 

measurements of low calibration standards and were generally in the 0.6 to 5 ng/mL 

range.   
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6.3.4 Quality control. Analytical batches consisted of > 30% quality control samples 

including method blanks, instrument blanks, and continuing calibration verification 

standards. Method blanks displayed trace level (< 5.8 ng/mL) background responses 

for naphthalene, fluorene, and phenanthrene, while all other target analytes were 

below detection limits. Sample target analytes displayed instrument responses at least 

three times greater than background. Target analyte responses were below detection in 

instrument blanks and continuing calibration verification standards quantitated within 

+/- 20% of expected values. Sample surrogate standard recoveries were 62 ± 15, 75 ± 

9, and 76 ± 16% of expected values for acenaphthene-D10, pyrene-D10, and 

indeno[1,2,3-cd]pyrene-D12 respectively. Target analyte quantitaion results were 

surrogate recovery corrected.   

6.3.5 PSD back calculations. Standard triolein containing (1mL and ≥ 95% pure) 

passive sampling devices were purchased from Environmental Sampling Technologies 

(St. Joseph, MO) and consisted of 91-106 cm strips of 2.5 cm wide low-density 

polyethylene lay-flat tubing with a wall thickness of 70-95 μm, surface area of 450 

cm2, and total weight of 4.5 g. Target analyte PSD concentrations (CPSD, ng/g) were 

back calculated to freely dissolved water concentrations (Cwater, ng/L) using the 

following equation: 

 Cwater = (CPSD x VPSD) ÷ (Rs x t)      (Eq. 6.1) 
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where Rs are laboratory determined PAH sampling rates, VPSD is the sampler volume, 

and t is the deployment time (Huckins, 2006) (5). Laboratory based sampling rates 

were temperature adjusted using methods described in Sower, 2008 (18).     

6.3.6 Statistical methods. Univariate statistical analyses and graphs were performed 

and generated using SigmaPlot 11.0 (Systat Software). Chemical and morphological 

data were checked for normality using Shapiro-Wilk tests. Differences between 

upriver and Superfund sites were evaluated using Mann-Whitney rank sum tests or 

two-sample t tests. All pair-wise spatial differences, and individual superfund sites 

compared to upriver control sites, were evaluated using Kruskal-Wallis one way 

ANOVAs on ranks incorporating Dunn’s procedure for multiple comparisons when 

there were unequal treatment group sizes or standard one way ANOVAs. Statistical 

analyses were considered significant at p ≤ 0.05. Flourene was excluded from data 

analyses due to analytical challenges associated with PSD instrumental analysis (18). 

Crayfish PAH concentrations are expressed on a mass: wet weight mass basis, while 

PSD values were back-calculated to water concentrations in units of ng/L. Summary 

statistics are provided for individual PAHs, the summed level of PAHs not including 

fluorene (ΣPAHs), and the summed level of carcinogenic PAHs (ΣC-PAHs), which 

included fluoranthene, chrysene, benz[a]anthracene, benzo[b]fluoranthene, 

benzo[k]fluoranthene, indeno[1,2,3-cd]pyrene, and dibenz[a,h]anthracene. Descriptive 

stats and univariate graphing were conducted using SigmaPlot 11.0 (Systat Software 

Inc.).    
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6.3.7 Multivariate analyses and modeling. Multivariate analyses were performed using 

PAH concentrations measured in crayfish and water (on the basis of PSDs), PAH 

proportion profiles, site averages, and with and without 4th root transformation  (12). 

Initially, patterns between crayfish and freely dissolved PAH concentrations were 

explored by principal components analysis (PCA), where the goal was to identify a 

few uncorrelated linear combinations of original data (i.e. principal components) that 

captured as much multivariate response variation as possible. Baussant et al. and 

others used PCA on PAH profiles to identify unique differences in chemical 

composition between PSDs and aquatic organisms exposed to PAHs in side-by-side 

laboratory experiments (11,  12). In this study, we used PCA to investigate similarities 

and differences in PAH concentrations and profiles between PSDs and crayfish. 

Scatter plots of principal components were graphed in order to visualize patterns and 

tendencies between PSD and crayfish data.  

Models for predicting crayfish PAH loads on the basis of PSD PAH levels and profiles 

were developed using partial least squares regression (PLSR). The purpose of PLSR is 

to express measured explanatory variables in terms of linear combinations of 

explanatory variables, or factors, that capture large amounts of explanatory variable 

variation, reduce “dimensionality of the regression problem”, and provide response 

variable predictions  (35,  36). This method is especially well suited for data with 

highly collinear prediction variables and has been used to predict PAH concentrations 

in coal tar pitch by relating electronic absorption spectra to quantitated GC-MS traces 
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(37). Crayfish and PSD data were fourth root-transformed to minimize magnitude bias 

and individual PAHs were then averaged by site to create a data matrix with and equal 

number of predictor and response variables.  

Cross-validation analysis was used to determine the optimal number of PLS factors to 

include in the predictive model and reduce model over-fitting. The procedure involved 

constructing a PLS regression model using M-1 observations, using the model to 

predict PAH levels in the sample not included, and evaluating the root mean sum 

predicted residual error sum of squares (PRESS). This procedure was repeated M 

times yielding M root mean PRESS statistics. The model and its associated number of 

PLS factors that corresponded to the lowest statistically significant PRESS statistic 

was identified by T square test and used as the final predictive PLS regression model. 

Correlation loading plots were used to visualize relationships between sampling sites, 

predictor and response variables. Final PLSR model performance was assessed via 

correlation analysis and evaluation of predicted versus measured residuals for the 

original samples. Mutlivariate analyses and graphing were conducted using PRIMER 

(version 6, PRIMER-E, United Kingdom) and SAS (version 9.2, USA) software.   

6.4 Results and discussion 

6.4.1 Crayfish morphology. In total, 74 crayfish consisting of 33 males and 41 females 

were captured during the course of this study (Table 6.1). It has been reported that 

organism age, body size, and physiological state can influence contaminant uptake and 
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resulting tissue concentrations in aquatic organisms  (11).  Across all sites, no 

significant differences in body length, carapace length, or body weight were observed 

for males, females, or combined sexes (P > 0.05). A similar lack of significance was 

observed for these physical attributes in crayfish collected within the Superfund 

designated stretch of river compared to outside, and between individual sites within 

Superfund boundaries and combined upriver sites (P  > 0.05). Similar results were 

found for sex specific comparisons. Crayfish carapace lengths observed in this study 

ranged from 3 to 6.4 cm with mean 4.5 cm ± 0.8 cm, suggesting that organisms were 

generally greater than 2 years of age  (37,  38).  Taken together, these results suggest 

that crayfish chemically analyzed for PAHs were similar in age and physical 

attributes, regardless of sampling location. However, it is not readily apparent if 

chronic exposure to environmental contamination affected the development, 

physiology, behavior, and ecology of crayfish analyzed in this study. 

6.4.2 PAHs in crayfish and PSDs. PAH concentration profiles measured in crayfish at 

each sampling location are presented in figure 6.2A. Tissue concentrations reflect an 

area bound, time-weighted average, net result of chemical exposure to environmental 

contaminants through all sources and processes (5). We found that the median 

summed concentration of 14 target PAHs in crayfish tissue collected within the 

Superfund (214 ng/g) were similar to previous reports (2) and significantly higher than 

up-river sites (12 ng/g), as were roughly 90% of individual PAHs (Table 6.2). 

Acenaphtylene and dibenz[a,h]anthracene were often below detection in crayfish 
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regardless of sampling location. Comparison of single and ΣPAH crayfish 

concentrations between individual sites within the Superfund and up-river ‘control’ 

sites revealed significant differences between river miles 7eN, 7eC and in a few 

instances 3.5 and 7eS. Median concentrations of ΣPAHs were generally a factor of 13 

to 30 higher (P generally < 0.001). Tissue concentrations of high molecular weight 

PAHs associated with carcinogenicity were higher in crayfish collected within the 

Superfund, while they were frequently below detection at up-river sites (52-73 ng/g 

compared to 5 ng/g up-river). PAH composition profiles at river mile 7e agreed 

reasonably well with source profiles for creosote contaminated sediments from the 

Wyckoff/Eagle Harbor Superfund site (39) and support earlier findings by Sower and 

Anderson (18). ΣPAHs measured in crayfish tissue were not strongly correlated (R2 < 

0.25) to crayfish body length, carapace length, or whole-body weight, but were similar 

to levels measured in crayfish impacted by effluent from a Department of Energy 

Facility in Oakridge, Tennessee (27). 

An in depth investigation of freely dissolved PAH spatial variation across the study 

area was conducted from 2002 to 2006 and coincided with crayfish collection reported 

in this study (18). The fall 2003 subset of PSDs were paired with crayfish collection 

and are presented here for direct comparison to crayfish (Figure 6.2B). Similar to 

crayfish, median PSD derived freely-dissolved concentrations of ΣPAHs (350 ng/L) 

and carcinogenic PAHs (132 ng/L) were significantly higher at sites within the 

Superfund compared to upriver sites (ΣPAH and ΣC-PAH = 100 and 18 ng/L, 
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respectively). PSDs from the McCormick and Baxter Superfund site at river mile 7eC 

were the only samples with significantly greater levels of individual PAHs compared 

to up-river samples, while  median ΣC-PAH concentrations were higher down-stream 

at river mile 3.5 (260 ng/L compared to 19 ng/L at up-river sites). Though a number of 

significant site-specific differences were observed by Sower and Anderson (18), 

differences between sites in this study were not as identifiable likely due in part to 

smaller numbers of in-site PSD replicates.   

Crayfish ΣPAH concentrations were on average 105 (range = 9 to 340) and 280 (range 

= 21 to 930) times greater than PSD ΣPAH loads and derived water concentrations, 

respectively. In both matrices and across most sites, naphthalene, acenaphthene, 

phenanthrene, fluoranthene, and pyrene tended to be present at the highest 

concentrations. However, resident crayfish appeared to be enriched in naphthalene and 

high molecular weight PAHs (indeno[1,2,3-cd]pyrene, benzo[g,h,i]perylene, and 

dibenz[a,h]anthracene) compared to PSD values. These findings are similar to those 

reported in studies that compared PAH uptake in SPMDs and mussels in the field  (9,  

11,  13). The relatively diminished levels of high molecular weight PAHs measured 

from PSDs compared to crayfish may be partly attributable to matrix specific uptake 

rates. Additionally, solubility limitations and sorption to dissolved and particulate 

organic carbon are known to impact the freely dissolved concentration of 

contaminants with logKows > 6, but this does not explain naphthalene’s behavior and 

would be expected to impact both  matrices (5). A more likely explanation is that 
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contaminant levels in crayfish tissues reflect multiple routes of PAH exposure and 

assimilation through intimate contact with PAH laden sediments and dietary 

substrates, while PSD derived values are reflective of PAHs in the dissolved phase  

(11,  40). Despite these differences, PAH levels in resident crayfish and calculated 

from PSDs can both be used to discriminate between sites included in this study.               

6.4.3 Chemical profile comparisons and concentration gradients. Principal 

components analysis (PCA) was used to explore chemical composition patterns in 

crayfish and PSD derived values across the study area. Several trends related to the 

relative distribution of chemicals were revealed when data was normalized to total 

PAH content and plotted against PC1 and PC2, which accounted for 55.5% of the 

variability in the data set (Figures 6.3A, B). Freely dissolved PAH profiles grouped 

more closely compared to those measured in crayfish collected from up-river sites, 

where PAH concentrations tend to be lower and more variable. Chemical profiles of 

freely dissolved PAHs were dominated by PAHs with 3 to 4 rings (log Kows > 4.5 and 

< 6) across all sites. Similar findings were reported by  Axelman et al. for SPMDs and 

water samples impacted by aluminum smelting operations (11). Freely dissolved 

PAHs collected by PSDs below river mile 7 were also associated with slightly greater 

proportions of acenaphthene and benzo[b]fuoranthene compared to upriver sites. 

Acenaphthene is a dominant component of creosote and coal tar, both of which 

provided point sources to the river during this study (18). The majority of crayfish 

collected within the Superfund were readily distinguished from up-river fish by their 
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increased proportions of acenaphthene, benz[a]anthracene, and benzo[b]fluoranthene. 

Crayfish within the Superfund were not readily distinguishable from one another by 

this analysis. 

PCA analysis performed on PAH concentrations and plotted against PC1 and PC2 

revealed several important trends in the data set. PC1 was found to be a good 

discriminator of sampling locations based on PAH concentration (Figure 6.4A). 

Samples collected from up-river sites that displayed lower PAH concentrations were 

positively correlated with PC1 while those collected from within the Superfund mega-

site gradually became negatively correlated with PC1 as PAH levels increased 

between sampling sites. This trend was consistent for PSD derived values and PAH 

concentrations measured in crayfish. In contrast, PC2 was found to be a good 

discriminator between PSDs and crayfish, where trends in PSD values were dominated 

by acenapthylene, fluoranthene, phenanthrene and pyrene, while those in crayfish 

were mainly associated with naphthalene, chrysene, benzo[b]fluoranthene, and 

indeno[1,2,3-cd]pyrene (Figure 6.4B). Findings from PCA indicated that PSD derived 

data likely correspond to resident crayfish PAH tissue concentrations in predictable 

ways.   

6.4.4 Predictive modeling – PLSR. Partial least squares regression (PLSR) was used to 

produce predictive regression models based on mean fourth root-transformed PAH 

concentrations for each site. Cross-validation analysis indicated that a two factor 
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model fit the data best in terms of prediction and minimized over-fitting. Visualization 

of the predictive model using a correlation loading plot revealed that the two factor 

PLSR model discriminates between sampling sites based on chemical concentration 

profiles (Figure 5). Site groupings were similar to those revealed during principal 

components analysis. However, PLSR factor 2 provided improved resolution between 

sites within the Superfund that are known to display spatial variation in PAH 

concentrations, such as river mile 7 west and 7 east (18). Factors 1 and 2 modeled ≥ 

75% of the variation for a host of PAHs, including several PAHs commonly measured 

in shellfish during public health risk assessments (2). A slightly weaker model fit, 

accounting for roughly 50% of total response variable variation, was modeled for 

PAHs that were frequently near or below detection in PSDs, such as chrysene, 

indeno[1,2,3-cd]pyrene, and benzo[ghi]perylene. 

Crayfish PAH concentrations predicted by PLS regression from PSDs were compared 

to PAH concentrations actually measured in crayfish and are presented in figure 6.6 as 

goodness-of-fit plots for PAHs commonly measured in aquatic organisms during 

public health assessments. PAHs frequently detected in both PSDs and crayfish 

yielded models with good correlations coefficients (r > 0.85), balanced residuals, and 

predictions that agreed well with observations. Many of the PAHs that displayed this 

behavior, such as phenanthrene, fluoranthene, and pyrene, have logKows > 4 and < 6.5. 

Semi-permeable membrane passive sampler uptake rates are maximal for compounds 

in this logKow range. PAHs infrequently detected in PSDs or found at variable and low 
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levels, were not modeled as well by the final PLS regression model. Fourth power 

back transformation of predicted and modeled results to concentrations units (i.e. ng/g 

w.w.) revealed that the majority of PAHs included in this study were predicted within 

3-fold of measured values (Table 6.3). This relationship was consistent across all 

sampling sites and for PAHs with a wide range of logKows.  

6.5 Conclusions 

We demonstrated that combining passive sampling with multivariate statistical 

modeling offers a relatively simple and powerful approach to predicting hazardous 

chemical concentrations in recreationally important resident aquatic organisms. 

Considering that predictions for contaminants in aquatic organism tissues derived 

from bioaccumulation factor models vary by orders of magnitude for compounds of a 

given logKow (7) and that accumulation factors are site-specific (11), our model 

appears to offer great promise for professionals tasked with protecting public safety. 

Future work will include modeling crayfish PAH concentrations directly to PSD loads 

on a chemical mass: PSD mass basis and an additional paired crayfish/PSD field 

sampling campaign to test the current model’s ability to predict new data. 
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Figure 6.1 - Approximate PSD and crayfish sampling sites on A) the lower 18.5 
miles of the Willamette River and at B) river mile 7e during the fall 2003 paired 
sampling period. Yellow dots indicate approximate PSD and crayfish sites in 
figure a), and crayfish sampling sites in b). PSDs within yellow dashed circles in 
B) were paired with indicated crayfish. NAPL = non-aqueous phase liquid.   
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Figure 6.2 - PAH concentrations in A) resident crayfish and B) PSD derived 
freely dissolved water (WaterPSD) concentrations measured in paired samples 
collected within and outside of the Portland Harbor Superfund mega-site in 
fall 2003 (mean ± SE). Graph legend indicates sampling location by river mile. 
PSD derived data were adapted from a larger study conducted by Sower and 
Anderson (2008).  
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Figure 6.3 - Principal components analysis A) biplot and B) variable loading 
vectors for comparing PAH proportion profiles between crayfish, PSD based 
values, and sampling locations. Data are plotted against PC1 and PC2, which 
together accounted for 55.5% of the total variability in the data set. Matrices are 
differentiated by symbols while numbers indicate sampling sites in order of 
decreasing river mile. Red circles enclose PSDs and crayfish collected from 
within the Superfund mega-site. Data were fourth root transformed in order to 
better visualize patterns associated with chemical profiles.      
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Figure 6.4 - Principal components analysis biplots of PAH concentrations 
between A) sites and B) crayfish and PSD derived values. Data were fourth root 
transformed and plotted relative to PC1 and PC2, which together accounted for 
66.3% of the variability in the data set. PC1 separated observations along a PAH 
concentration gradient that is negatively correlated with PC1, while PC2 
discriminated between PSDs and crayfish.   
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Figure 6.5 - Partial least squares correlation loading plot for predicting crayfish 
PAH concentrations from PSD derived values. Data are plotted against PLS 
factors 1 and 2, which together explain 75.3 and 73.5% of the variation in PSD 
(black) and crayfish  (red) data respectively. The length of the loading vectors is 
indicated by concentric dashed circles and represent the amount of variation 
explained by the first two PLS factors. 
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Figure 6.6 - PAH concentrations observed in crayfish collected from within and 
outside of the Portland Harbor Superfund mega-site compared to PAH 
concentrations predicted for crayfish based on PSD back calculated water 
concentrations. Data points represent the mean fourth root-transformed PAH 
concentration measured at each site.  The straight reference line represents a 
model with perfect prediction for response variables. A) naphthalene, B) 
phenanthrene, C) fluoranthene, D) pyrene, E) benz[a]anthracene, and F) 
chrysene. 
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Table 6.1 - Signal crayfish (Pacifastacus leniusculus ) sex and morphological 
characteristics grouped by site for the fall 2003 collection period.  
 

  

Male Female

Up-river
18.5 3 5 8.4 ± 0.6 4.1 ± 0.3 18.9 ± 6.2
17 6 5 9.2 ± 0.3 4.6 ± 0.2 27.3 ± 3.4
13 3 3 10.1 ± 0.5 5.0 ± 0.3 29.9 ± 2.2

Superfund
8 0 1 7.5 3.7 13.3
7e-S 3 4 9.4 ± 0.5 4.6 ± 0.2 20.3 ± 2.0
7e-C 1 4 8.5 ± 0.5 4.1 ± 0.2 13.9 ± 2.0
7e-N 11 14 9.3 ± 0.3 4.6 ± 0.2 23.1 ± 2.6
7w 4 2 9.6 ± 0.5 4.7 ± 0.3 25.3 ± 4.2
3 2 3 10.0 ± 0.4 5.0 ± 0.2 26.8 ± 2.9

All sites 33 41 9.2 ± 0.2 4.5 ± 0.1 23.1 ± 1.6

Sex Sex-independent morphology (mean ± SEM)

Sampling site 
(river mile)

Body length 
(cm)

Carapace length 
(cm)

Wet weight 
(g)
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Table  6.2 - Summary of significant site-specific differences in median crayfish 
(ng/g w.w.) and PSD derived water concentrations (ng/L) for the fall 2003 paired 
Portland Harbor, OR sampling study.  
 

 
 

 

 

 

 

 

PAH
Crayfish WaterPSD Crayfish (P<0.05 ) WaterPSD (P<0.05 )

NAP <0.001*c 0.6 <0.001 7eN, 7eC 0.8
ACY 0.2 0.4 0.3 0.8
ACE <0.001* 0.01* <0.001* 7eN, 7eC 0.01* 7eC
FLO <0.001* 0.06 <0.001* 7eN, 7eC 0.01* 7eC
PHE <0.001* 0.007* <0.001* 7eN, 7eC 0.02* 7eC
ANT <0.001* 0.9 <0.001* 7eN, 7eC 0.4
PYR <0.001* 0.005* <0.001* 3.5, 7eN, 7eC, 7eS 0.06
BPY 0.01* BDL 0.1 BDL
ΣNC-PAH <0.001* 0.007* <0.001* 7eN, 7eC 0.01* 7eC
FLA <0.001* 0.005* <0.001* 3.5, 7eN, 7eC, 7eS 0.08
CHR 0.002* 0.4 0.01 NO 0.02* NO
BAA <0.001* 0.003* <0.001* 7eN, 7eC 0.02* NO
BBF <0.001* 0.5 0.01 NO 0.7
BKF <0.001* 0.07 0.003 7eN, 7eC 0.2
IPY <0.001* BDL 0.008 NO BDL
DBA 0.3 BDL 0.6 BDL
ΣC-PAH <0.001* 0.002* <0.001* 3.5, 7eN, 7eC 0.02* 3.5
ΣPAH <0.001* 0.007* <0.001* 7eN, 7eC 0.03* NO

Superfund vs up-rivera Individual within Superfund sites vs control sitesb

a Mann-Whitney rank sum tests between sampling sites. b Kruskal-Wallis one way ANOVA on ranks using Dunn's method 
for multiple comparisons between individual sites within the Superfund mega-site and up-river 'control' sites (river miles 13, 
17, and 18.5),  e Asterisk (*) indicates significance at α = 0.05.

 



 

Table 6.3 - PLS regression model performance in predicting PAH concentrations in crayfish (ng/g w.w.) on the basis of 
paired PSD measurements.  

PAH 18.5 17 13 8 7eS 7eC 7eN 7w 3.5 18.5 17 13 8 7eS 7eC 7eN 7w 3.5

NAP -2.7 6.0 -2.0 -2.6 1.9 -1.2 -1.2 -1.2 2.5 10 4 1 18 12 6 10 4 10
ACE 1.0 1.0 -2.0 -3.0 -3.0 -1.1 -1.4 -1.2 2.0 ─ ─ 2 ─ 5 5 20 3 5
FLO 1.0 1.0 1.0 1.0 -1.5 1.1 -1.6 1.1 1.3 ─ ─ ─ ─ 1 6 1 15 1
PHE -2.0 1.0 1.0 -1.5 -1.2 1.3 -1.1 1.3 -1.5 1 ─ ─ 2 2 20 5 2 5
ANT 1.0 1.0 1.0 -3.0 -1.3 1.5 -1.1 -1.3 1.0 ─ ─ ─ 3 1 9 2 1 <1
PYR 1.0 1.0 1.0 10 -3.8 1.5 -1.3 -1.1 -1.7 ─ ─ ─ 1 11 12 6 1 6
FLA 1.0 1.0 1.0 1.0 -6.0 1.7 -1.2 -1.1 -1.8 ─ ─ ─ 1 12 20 8 0 8
CHR -10 40 -2.5 20 -2.0 1.0 -1.1 -1.4 1.2 8 1 2 2 3 2 1 5 2
BAA 1.0 1.0 1.0 1.0 -7.0 1.8 -1.2 -2.3 -1.7 ─ ─ ─ ─ 6 8 2 4 1
BBF 1.0 1.0 1.0 1.0 -12 1.7 2.0 -2.5 -2.0 ─ ─ ─ ─ 5 5 3 3 2
BKF 1.0 1.0 1.0 1.0 -5.2 -1.2 3.0 -2.5 2.0 ─ ─ ─ ─ 1 0.5 0.9 0.3 ─
IPY 1.0 1.0 1.0 1.0 -8 9.0 1.0 -3.1 -1.8 ─ ─ ─ ─ 0.8 0.7 0 2 0.9
BPY 1.0 1.0 1.0 1.0 -10 4.0 2.0 -1.1 -2.8 ─ ─ ─ ─ 0.2 0.3 0.1 0.1 1.9

Accuracy of prediction (as fold differences )a |Residual | (ng/g w.w. )b

aAccuracy estimates represent the quotient of predicted PAH concentration in crayfish from PLS modeling and average PAH 
concentrations actually measured in crayfish collected from the Portland Harbor during this study. b " ─" indicates that residual 
magnitudes were below our detection capabilities.
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Chapter 7 – Conclusions and Suggested Directions for Future Research 

Nearly 500 years ago, Paracelsus helped cast a now simple idea that has contributed 

significantly to my current state of mind and being. Paraphrased, it simply states that 

‘the dose makes the poison’. This retrospectively complex observation influenced the 

course of human history and spawned a field of investigation that is today modern 

Toxicology. Though the basic idea has not changed, we are now keenly aware that 

toxicology is influenced by a host of factors, many of which are linked to 

circumstances surrounding chemical exposure. The work presented in this dissertation 

focused primarily on identifying knowledge gaps in approaches currently used to 

estimate chemical exposure and developing fit-for-purpose analytical tools that 

improve exposure estimation and characterization capabilities. 

Dialkyl phosphates (DAPs) are a group of six chemical compounds that were 

developed in the early 70’s as urinary markers of organophosphorous pesticide 

exposure for use in situations related to acute occupational exposure. The relative ease 

of sample collection and analysis led to their main stream use in epidemiological 

studies, where they are now widely used to estimate aggregate and cumulative 

exposure to organophosphate pesticides in the general population. However, we have 

demonstrated that DAPs themselves are highly bioavailable, are excreted in urine, and 

lack specificity as markers of pesticide exposure, likely leading to over estimates of 

exposure. The extent to which these findings will impact the interpretation of 
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epidemiological studies that link DAP measurements to human morbidity is not clear. 

Future research in this area should focus on understanding how these findings impact 

the interpretation of DAP bio-monitoring studies and the development and validation 

of highly specific bio-markers of pesticide exposure.   

During the DAP project, all sample preparation was conducted using cheap, plastic, 

readily available sample containers and materials. The positive experience gained 

during DAP method development was a contributing factor to the reevaluation some 

of the sample preparation standard operating procedures that were being used in the 

lab, specifically those that pertained to PAH analysis in bio-matrices. We combined 

our experiences with those being developed in the rapidly evolving ‘quick, easy, 

cheap, effective, rugged, and safe’ (QuEChERS) sample preparation procedure to 

produce an analytical method for quantifying 33 carcinogenic and non-carcinogenic 

PAHs that cut the cost of sample preparation by a factor of ten and allowed for one 

entry level lab technician to extract and clean-up more than 60 samples in an 8 hour 

work day.  

While much attention and effort has been paid to understanding how environmental 

PAH inputs from oil spills and contamination at Superfund sites impacts seafood 

consumer safety, relatively little has been reported in the way of culturally specific 

meat smoking-preservation methods. Upon request from the Confederated Tribes of 

the Umatilla Indian Reservation, we applied our validated PAH method to evaluate the 
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effect of traditional Native American fish smoking methods on PAH introduction to 

smoked meats and provide exposure and risk estimates associated with smoked food 

consumption. Levels of PAHs in smoked salmon were more than two orders of 

magnitude greater in traditionally smoked fish compared to smoked fish found in local 

grocery stores, but were not dependent on the types of wood used or choice of 

smoking structure. Excess cancer risks were directly proportional to ingestion rate and 

indicated an increased cancer risk for Tribal members that continuously ingest large 

quantities of smoked salmon over their life-times. Future research should focus on 

evaluating the impact of smoked meat ingestion relative to other common risk factors 

in order to develop a better understanding, and to better communicate, the relative 

risks associated with ingestion of traditionally smoked meat products from a Tribal 

perspective.  

In addition to chemical exposures associated with cultural practices and life-style 

choices, communities can be exposed to hazardous chemicals from foods impaired by 

uncontrolled chemical releases to the environment, like conditions present during oil 

spills or at historically contaminated Superfund sites. However, accurately estimating 

public exposure and associated health risks is often made difficult by having to collect 

and analyze large numbers of organisms that reflect both spatial and temporal 

contamination trends. In order to help alleviate some of these challenges, we 

developed a model to predict PAH levels in resident organisms from environmentally 

exposed low-density polyethylene passive sampling devices. We collected paired 
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passive sampling devices and resident crayfish from 9 sites that included areas in and 

around the Portland Harbor Superfund mega-site in Portland , OR. Sites were selected 

in order to capture a wide range of chemical concentrations and input sources. 

Multivariate statistical techniques, including principal components analysis and partial 

least squares regression, were used to relate levels of 14 priority pollutant PAHs 

sequestered in PSDs to average PAH levels measured in crayfish at our sampling sites. 

A two-factor partial least squares regression model was statistically identified to fit the 

data best and resulted in correlation coefficients > 0.90 for several PAHs and generally 

> 0.80 for others. Predicted crayfish concentrations were generally with in a factor of 

three for PAH concentrations actually measured in crayfish. This stands as a marked 

improvement over current prediction models that provide estimates with errors that 

span several orders of magnitude within a species and for a given compound. Future 

research should test the model against new samples that were not used in model 

construction and incorporate additional chemicals that drive public health risk 

assessments. 

Work presented in previous chapters focused on developing analytical tool to provide 

better estimates of exposure for chemicals that are currently used to assess risk. 

However, it is now recognized that other chemicals not currently used in risk 

assessments may be significant contributors to risk. It is well established that PAHs 

degrade under environmental conditions and as a result of remediation activities, but 

relatively little is known about what they break down into in environmental mixtures 
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found at chemically impacted environments. In a pilot study, we collected freely 

dissolved PAH mixtures from several different sites across the United States, 

including two sites within the Portland Harbor Superfund mega-site that receive PAH 

inputs associated with creosoting and manufactured gas plant operations and coastal 

waters from two sites in the Gulf of Mexico with varying degrees of oil impaction 

from the Deepwater Horizon oil spill. Passive sampling devices were extracted and 

exposed to UV-B light along-side PAH standard solutions for no more than 3o 

minutes. We observed significant PAH degradation and simultaneous formation of 

several oxy-PAHs, including 9,10-anthraquinone and 7,12-benz[a]anthracenequinone. 

This class of chemicals is important from a toxicology perspective because some have 

been reported be more potent than their non-oxygenated parent PAH homologues. 

Both chemicals have been shown to occur in the environment and at levels similar to 

or greater than PAHs. The reported approach could prove useful for identifying non-

target chemicals that significantly impact exposure and risk assessments. Future work 

should investigate identifying the effect of various environmental stressors on mixture 

toxicity, with the ultimate goal of identifying chemical drivers of risk. 

The research presented in this dissertation encompasses a large breadth of issues that 

professional toxicologists and public health officials have to deal with on a daily basis. 

Being exposed to these issues has broadened my awareness and I feel richer for the 

experience. Findings from these studies help advance the science of exposure 

assessment and environmental toxicology, provide cost effective options for 
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generating high quality data at a rapid pace, and offers new approaches that could 

greatly improve contaminant mixture measurements and characterization. Thanks are 

owed to all those that helped make this possible. Cheers! 
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Appendix 1 – supporting information: Chapter 2 - Organophosphorus pesticides 
degradation product in vitro metabolic stability and time-course uptake and 
elimination in rats following oral and intravenous dosing. 
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Figure A.1.1 – In vitro metabolism of tramadol-hydrochloride by rat hepatic 
microsomes: A) negative (no NADPH) and positive controls (with NADPH). 
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Figure A.1.2 – In vitro metabolism of tramadol-hydrochloride by human hepatic 
microsomes: A) negative (no NADPH) and positive controls (with NADPH). 
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Table A.1.1 - Time-course average urine collection volumes and 
number of replicate urine samples generated during the pharmaco-
kinetic portion of the animal study. 

      

 

Time point (hr) 
Average urine 

collected            
(mL)a 

1 SD                    
(mL) n 

 
 

1.5 1.3 0.98 8 
 

 
4.5 0.88 0.73 8 

 
 

7.5 1.3 0.71 6 
 

 
14 2.5 1.5 8 

 
 

24 3.2 2.1 8 
 

 
36 3.8 2.9 8 

 

 
48 2.5 1.2 8 

  
aUrine volumes were measured using commercially available graduated BD Falcon™ tubes. 
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Appendix 2 – additional information to: Chapter 3 - Determination of parent and 
substituted polycyclic aromatic hydrocarbons in high-fat salmon using a modified 
QuEChERS extraction, dispersive SPE and GC-MS 
 
 
 
A.2.1 Addition: Subsequent to our reported results, we found that the d-SPE materials 

prescribed for our modified QuEChERS extraction method display different lot-to-lot 

PAH contamination (Figure A.2.1). While some lots of d-SPE material showed 

substantial amounts of PAH contamination (Lot B), others displayed very little (Lot C) 

or none at all (Lot A). Identified PAH contaminants included naphthalene, 1-methyl 

naphthalene, 2-methyl naphthalene, fluoranthene, pyrene and benzo(g,h,i)perylene. 

Average levels of contamination ranged from 126 to 2 pg/uL for naphthalene and 

benzo(g,h,i)perylene  respectively and decreased in the order naphthalene > pyrene > 

2-methyl naphthalene > 1-methyl naphthalene > benzo(g,h,i)perylene. In light of this 

finding, we characterized the variability of PAH contamination through replicate 

analyses of the d-SPE tubes and incorporated these findings into new MDL estimates 

(Table A.2.1). We suggest that researchers seeking to employ this method either use 

the updated MDLs presented herein or analyze their d-SPE materials for PAH 

contamination and incorporate findings into their reporting limits.  

This work was published in the Journal of Agricultural and Food Chemistry: 
 
Forsberg N.D.; Wilson G.R.; Anderson K.A. J. Agric. Food Chem. 2011. 59, 10773-
10773. 
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Figure A.2.1 – PAH contamination levels in different lots of commercially 
available fatty sample d-SPE materials. 
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Table A.2.1 - Method detection limits that account for fatty 
sample d-SPE PAH contaminationa. 

   

PAH   
Modified QuEChERS MDL 

(ug/g) 
Naphthalene 

 
0.156 

2-Methylnaphthalene 
 

0.041 
1-Methylnaphthalene 

 
0.016 

Fluoranthene 
 

0.021 
Pyrene 

 
0.078 

Benzo[g,h,i]perylene   0.012 
 
aMDLs for PAH’s included in the method, but not mentioned here, are as originally reported in    
Chapter 3, Figure 3.6. 
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Appendix 3 – Supporting information: Chapter 4 - Effect of Native American fish 
smoking methods on dietary exposure to polycyclic aromatic hydrocarbons and 
possible risks to human health. 
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Figure A.3.1 - PAH profiles measured in three commercially available smoked 
salmon (n = 5). ‘X’ indicates that an analyte was below method reporting limits. 
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Table A.3.1 - Retention times, monitored quantitation and confirmation ions, 
and method reporting limits (MRLs)  for 33 PAHs and 9 isotopically labeled 
PAHs by GC-MS  

      

PAH Rt (min) 
Target compound 

monitored SIM ions (m/z) r2 MRL               
(μg kg-1 w.w.) 

Quant Confirm 

Perylene-D12 RIS 25.57 264 260, 265 - - 

Naphthalene-D8  8.52 136 137, 134 - - 
Naphthalene 8.56 128 127, 129 0.999 150 

2-Methylnaphthalene 10.16 142 141, 115 0.999 41 

1-Methylnaphthalene 10.39 142 141, 115 0.999 16 

1,6-Dimethylnaphthalene 11.88 156 141, 153 0.999 2.0 

1,2-Dimethylnaphthalene 12.27 141 156, 115 0.999 2.0 

Acenaphthylene-D8  12.21 160 161, 158 - - 
Acenaphthylene 12.24 152 151, 150 0.999 2.0 

Acenaphthene 12.66 153 154, 152 0.999 2.0 

Fluorene 13.90 166 165, 167 0.999 2.0 

Dibenzothiophene 15.87 184 139, 185 0.999 2.0 

Phenanthrene-D10  16.12 188 189, 184 - - 
Phenanthrene 16.17 178 176, 179 0.999 10 

Anthracene 16.30 178 176, 179 0.996 10 

2-Methylphenanthrene 17.66 192 191, 165 0.998 10 

2-Methylanthracene 17.53 192 191, 165 0.992 10 

1-Methylphenanthrene 17.66 192 191, 165 0.999 10 

9-Methylanthracene 18.00 192 191, 165 0.999 10 

Fluoranthene-D10  18.97 212 213, 208 - - 

Note: Compounds in bolded fonts are surrogate standards and those in italics are recovery internal 
standards used to quantitate extraction efficiency of surrogates. '-' = not determined; MRL - method 
reporting limit. 
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Table A.3.1 - Continued  

      

PAH Rt (min) 
Target compound 

monitored SIM ions (m/z) r2 MRL                
(μg kg-1 w.w.) 

Quant Confirm 

3,6-Dimethylphenanthrene 18.46 206 191, 205 0.999 2.0 

Fluoranthene 19.01 202 203, 200 0.999 21 

2,3-Dimethylanthracene 19.12 206 191, 205 0.996 10 

9,10-Dimethylanthracene 19.62 206 191, 205 0.998 2.0 

Chrysene-D12  22.44 240 241, 236 - - 
Pyrene 19.53 202 200, 203 0.999 78 

Retene 20.32 219 220, 234 0.999 2.0 

1-Methylpyrene 20.88 216 215, 217 0.999 2.0 

Benz[a]anthracene 22.42 228 226, 229 0.983 10 

Chrysene 22.50 228 226, 229 0.994 2.0 

6-Methylchrysene 23.56 242 241, 226 0.999 2.0 

Benzo[a]pyrene-D12  25.41 264 265, 260 - - 
Benzo[b]fluoranthene 24.81 252 253, 250 0.994 2.0 

Benzo[k]fluoranthene 24.87 252 253, 250 0.992 2.0 

Benzo[e]pyrene 25.36 252 250, 253 0.999 2.0 

Benzo[a]pyrene 25.46 252 253, 250 0.996 2.0 

Indeno[1,2,3-cd]pyrene-D12 RIS 28.78 288 284, 289 - - 

Benzo[g,h,i]perylene-D12 28.66 288 284, 289 - - 
Indeno[1,2,3-cd]pyrene 28.03 276 277, 274 0.997 2.0 

Dibenz[a,h]anthracene 28.14 278 279, 276 0.998 10 

Benzo[g,h,i]perylene 28.74 276 277, 274 0.999 12 
Dibenzo[a,l]pyrene 32.24 302 300, 303 0.998 2.0 

Note: Compounds in bolded fonts are surrogate standards and those in italics are recovery internal 
standards used to quantitate extraction efficiency of surrogates. '-' = not determined; MRL - method 
reporting limit. 
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Table A.3.2 - PAH reference toxicity values used to generate risk 
estimates for exposure to CTUIR  traditionally smoked salmon 

 
        

 
Non-cancer endpointa 

 
Cancer end-pointb 

PAH 

Oral RfD (mg/kg/d)  

  

Average 
RPFsb  

Average Cancer 
Oral   SFo* 

(mg/kg/day)-1  

1-Methylphenanthrene 0.3 
   1-Methylpyrene 0.03 
   2,3-Dimethylanthracene 0.3 
   2-methylanthracene 0.3 
   2-Methylphenanthrene 0.3 
   3,6-Dimethylphenanthrene 0.3 
   9,10-Dimethylanthracene 0.3 
   9-Methylanthracene 0.3 
   Acenaphthene 0.06 
   Acenaphthylene NA 
 

NA 
 Anthracene 0.3 

   Benz(a)anthracene X 
 

0.2 
 Benzo(a)pyrene X 

 
1 7.3 

Benzo(b)fluoranthene X 
 

0.8 
 Benzo(e)pyrene NA 

 
NA 

 Benzo(ghi)perylene X 
 

0.009 
 Benzo(k)fluoranthene X 

 
0.03 

 Chrysene X 
 

0.1 
 Chrysene, 6-methyl- NA 

 
NA 

 Dibenz(a,h)anthracene X 
 

10 
 Dibenzo(a,l)pyrene NA 

 
30 

 Dibenzothiophene NA 
 

NA 
 Fluoranthene 0.04 

 
0.08 

 Fluorene 0.04 
 

NA 
 Indeno(1,2,3-c,d)pyrene X   0.07   

     Note: Values labeled 'NA' were not used in the generation of risk estimates, 'X' - no Oral 
RfD listed 
a. Bolded RfD values were obtained from EPA IRIS data base. Alkylated PAHs were 
summed with their non-alkylated parent PAH and evaluated by parent PAH  RfDs as per 
protocalls used to assess petroleum contaminated finfish resulting from the BP Deepwater 
Horizon oil spill (1). 
b. Relative potency factors and cancer slope factors were obtained from EPA/IRIS and 
IRIS respectively (2). 
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Table A.3.2 – Continued 
 

 
Non-cancer endpointa 

 
Cancer end-pointb 

PAH 
Oral RfD (mg/kg/d)  

  

Average 
RPFsb  

Average Cancer 
Oral   SFo* 

(mg/kg/day)-1  

Naphthalene 0.02 
   Naphthalene, 1,2-dimethyl- 0.02 
   Naphthalene, 1,6-dimethyl- 0.02 
   Naphthalene, 1-methyl- 0.02 
   Naphthalene, 2-methyl- 0.02 
   Phenanthrene 0.3 
   Pyrene 0.03 
 

0 
 Retene 0.3       

     Note: Values labeled 'NA' were not used in the generation of risk estimates, 'X' - no Oral 
RfD listed 
a. Bolded RfD values were obtained from EPA IRIS data base. Alkylated PAHs were 
summed with their non-alkylated parent PAH and evaluated by parent PAH  RfDs as per 
protocalls used to assess petroleum contaminated finfish resulting from the BP Deepwater 
Horizon oil spill (1). 
b. Relative potency factors and cancer slope factors were obtained from EPA/IRIS and 
IRIS respectively (2). 
. 

 

 

 

 

 

 

 



 

Table A.3.3 - PAH ranges (μg kg-1 w.w.) and number of replicates (n) above reporting limits 
measured in salmon smoked by traditional Native American methods. 

 CTUIR Smoking Methods 

PAH (μg kg-1w.w.) Tipi x Apple  Shed x Apple  Tipi x Alder  Shed x Alder 
         

Naphthalene 260 - 610 (10)  300 - 790 (10)  <150 - 230 (3)  400 - 920 (10) 
 2-Methylnaphthalene 130 - 340  (10)  110 - 280 (10)  51 - 92 (10)  100 - 320 (10) 
 1-Methylnaphthalene 85 - 240  (10)  72 - 220 (10)  30 - 75 (10)  72 - 250 (10) 
 1,6-Dimethylnaphthalene 29 - 95 (10)  24 - 73 (10)  16 - 28 (10)  19 - 72 (10) 
 1,2-Dimethylnaphthalene 220 - 790 (10)  200 - 710 (10)  110 - 260 (10)  250 - 1200 (10) 
 Acenaphthylene 22 - 72 (10)  14 - 60 (10)  8.1 - 24 (10)  12 - 80 (10) 
 Acenaphthene 25 - 100 (10)  26 - 73 (10)  12 - 37 (10)  23 - 96 (10) 
 Fluorene 110 - 490 (10)  94 - 350 (10)  60 - 140 (10)  94 - 700 (10) 
 Dibenzothiophene <2.0 (0)  <2.0 (0)  <2.0 (0)  <2.0 (0) 
 Phenanthrene 360 - 2100 (10)  300 - 1400 (10)  370 - 860 (10)  350 - 3800 (10) 
 2-Methylphenanthrene 43 - 260 (10)  39 - 160 (10)  52 - 120 (10)  37 - 470 (10) 
 1-Methylphenanthrene 21 - 210 (10)  21 - 99 (10)  34 - 75 (10)  24 - 280 (10) 
 3,6-Dimethylphenanthrene <2.0 (0)  <2.0 (0)  <2.0 (0)  <2.0 (0) 
 Retene <2.0 (0)  <2.0 (0)  <2.0 (0)  <2.0 (0) 
 Anthracene 81 - 460  (10)  67 - 320 (10)  76 - 180 (10)  83 - 850 (10) 
 2-Methylanthracene 28 - 110 (10)  23 - 71 (10)  27 - 61 (10)  18 - 230 (10) 
 9-Methylanthracene <10 - 21 (8)  <10 - 13 (1)  <10 - 11 (1)  <10 - 47 (7) 
 2,3-Dimethylanthracene <10 (0)  <10 (0)  <10 (0)  <10 (0) 
 9,10-Dimethylanthracene <2.0 (0)  <2.0 (0)  <2.0 (0)  <2.0 (0) 
 Fluoranthene 99 - 600 (10)  83 - 340 (10)  150 - 360 (10)  130 - 1600 (10) 
 Pyrene 85 - 470 (10)  <78 - 320 (9)  120 - 280 (10)  120 - 1300 (10) 
 1-Methylpyrene 8.3 - 44  (10)  7.4 - 23 (10)  9.7 - 25 (10)  14 - 140 (10) 
 Benz[a]anthracene 12 - 82 (10)  <10 - 27 (8)  14 - 67 (10)  17 - 230 (10) 
 Chrysene 18 - 110  (10)  <2 - 31 (9)  22 - 99 (10)  23 - 270 (10) 
 6-Methylchrysene <2.0 (0)  <2.0 (0)  <2.0 (0)  <2.0 (0) 
 Benzo[b]fluoranthene 7.9 - 46 (10)  <2 - 16 (6)  <2 - 36 (9)  7.4 - 95 (10) 
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Table A.3.3 – Continued

 

 

 

Benzo[b ]fluoranthene 7.9 - 46 10 <2 - 16 6 <2 - 36 9 7.4 - 95 10
Benzo[k ]fluoranthene <2 - 15 8 <2 - 6.0 1 <2 - 11 3 <2 - 27 9
Benzo[e ]pyrene 2.4 - 12 10 <2 - 5.3 9 <2 - 11 9 <2 - 21 9
Benzo[a ]pyrene 4.3 - 30 10 <2 - 9.0 6 4.3 - 24 10 3.9 - 54 10
Indeno[1,2,3-cd ]pyrene <2 - 15 2 <2.0 0 <2.0 0 <2.0 0
Dibenz[a,h ]anthracene <10 0 <10 0 <10 0 <10 0
Benzo[g,h,i ]perylene <12 0 <12 0 <12 0 <12 0
Dibenzo[a,l ]pyrene <2.0 0 <2.0 0 <2.0 0 <2.0 0

CTUIR Smoking Methods

PAH (μg kg-1w.w.) Tipi x Apple Shed x Apple Tipi x Alder Shed x Alder
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