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Abstract 

Alkyl-polycyclic aromatic hydrocarbons (alkyl-PAHs) constitute more than 

90% of the total PAHs in crude oil and are the main constituents toxic to fish. 

Little characterization of alkyl-PAHs has been reported and is needed to predict 

the effects of crude oil following spills.  

The objectives of this thesis were: (1) to evaluate the toxicity of alkyl-

phenanthrenes and alkyl-anthracenes to the early life-stages of medaka (Oryzias 

latipes) using the partition controlled delivery of toxicants (PCD); (2) to 

investigate the effect of light on alkyl-anthracene toxicity; (3) to further 

characterize the PCD method; (4) to better understand alkyl-PAH mechanisms of 

toxicity; and (5) to identify the major phase I and phase II alkyl-PAH metabolites 

in rainbow trout (Oncorhynchus mykiss) and in medaka by both in vitro and in 

vivo methods.  

It was determined that the toxicity of both series of alkyl-PAHs increased 

with the number of carbon substituents on the rings. Some alkyl-PAHs had EC50 

values lower than the value from conventional semi-static exposure methods. 

These values were below the water solubility limit, consistent with the ability of 

PCD to correct for values from nominal concentrations above solubility. PCD 

provided stable concentrations for up to 17 days but could not always 

compensate for losses of alkyl-anthracenes by photodegradation. 

Both series of alkyl-PAHs were toxic through different mechanisms that 

resulted from their physical and chemical properties. Alkyl-phenanthrenes such 
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as 7-isopropyl-1-methylphenanthrene (retene) were more toxic to medaka 

embryos than phenanthrene. The appearance of blue sac disease suggested 

toxicity enhancement through the aryl hydrocarbon receptor pathway. Alkyl-

anthracenes were toxic by narcosis in the absence of light and by phototoxicity in 

the presence of light. The photoproducts of alkyl-anthracenes were not toxic to 

fish.  

The in vitro phase I metabolism by rainbow trout CYP1a enzymes and in 

vivo phase II metabolism in rainbow trout produced alkyl-anthracenes 

metabolites substituted mainly on the ring system. The phase II in vivo 

metabolites of alkyl-phenanthrenes in medaka larvae were substituted mainly on 

their alkyl chains. For all alkyl-PAHs, a predominance of glucuronide conjugates 

was identified in the phase II metabolites.  

This characterization of the toxicity of alkyl-PAHs may contribute to 

predicting the toxicity of crude oil based on its composition.  
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Chapter 1 
Introduction 

1.1 Polycyclic aromatic hydrocarbons 

Polycyclic aromatic hydrocarbons (PAHs) are a family of compounds 

whose structure is distinguished by the fusion of two or more aromatic rings.1 

PAHs are released into the Canadian environment from both natural and 

anthropogenic sources.2,3 Of the natural sources, forest fires generate the 

greatest amount of PAHs per year in Canada (2000 tonnes).2 Forest fires do not 

release continuously and so their contribution is diluted through time and space. 

This contrasts with anthropogenic sources that are generally localized and 

continuous in their emissions. Aluminum foundries are the greatest 

anthropogenic atmospheric source of PAHs with 925 tonnes/year.2 Sources of 

PAHs in the soil and aquatic environments include contamination from creosote-

treated products estimated to release 2000 tonnes/year, petroleum spills 

averaged to 76 tonnes/year and foundries and coking plants combined for about 

4 tonnes/year.2 Atmospheric deposition can introduce PAHs to aquatic and 

terrestrial environments.4 However direct aquatic contamination is more 

commonly due to industrial releases, wastewater discharges and oil spills.3  

PAHs are predominantly hydrophobic, semi-volatile in nature, of low 

solubility in water and are considered to be good chromophores and 

fluorophores.5-7 PAHs readily adsorb onto particulate matter wherever they are 

released. This enables transportation and/or sequestration in the environment.2 

In terms of aquatic elimination, sediments readily adsorb and sequester PAHs 

 



 

and are the predominant environmental sink for PAHs.2 In biomass terms 

however, the lipophilic nature of these compounds enables their sequestration in 

non-polar body tissues of organisms.2 

With more than 100 unique members based on ring structure, the PAH 

family is diverse. The United States Environmental Protection Agency (US-EPA) 

has designated 16 of these as priority pollutants in the Clean Air Act, and these 

are used for air quality monitoring (Figure 1.1).8 Currently, the same list of PAHs 

is considered for water pollution although exposure pathways, the proportion of 

alkylated members9 and the chemical properties in these phases are very 

different. Of significance is the lack of monitoring of alkyl substituted PAHs, which 

are also omnipresent in the environment10 and more toxic than unsubstituted 

PAHs.39 Alkyl substituted PAHs (alkyl-PAH) are those with various numbers of 

alkyl substituents (e.g. methyl, ethyl, propyl groups) and are usually denoted as 

C1, C2, etc., to designate the total number of alkyl carbons substituted onto the 

PAH structure. PAHs constitute 1 to 3% of crude oil and alkyl substituted PAHs 

typically comprise more than 90% of the total PAH content.11 The majority of 

research done on unsubstituted PAHs has consequently underestimated the 

toxicity of petrochemical PAH mixtures.12 Understanding the aquatic toxicity of 

crude oil will require understanding not only the toxicity of the 16 priority PAHs, 

but the cumulative toxicity of the all PAHs in the oil mixture.  
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Dibenz[a,h]anthracene      Benzo[a]pyrene          Indeno[1,2,3-cd]pyrene       Benzo[ghi]perylene 

Benzo[k]fluoranthene     Benzo[b]fluoranthene      Benzo[a]anthracene                Chrysene 

 Anthracene            Phenanthrene        Fluoranthene               Pyrene 

Naphthalene    Acenaphthene       Acenaphthylene     Fluorene 

Figure 1.1: Structure of the 16 US-EPA priority PAHs. 
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1.2 Metabolism of PAHs 

PAHs are hydrophobic and the amount absorbed by aquatic organisms is 

determined by their octanol-water partition coefficient, generally expressed as the 

base-ten log or log P.13 Generally, log P increases with the number of carbon 

atoms present in the molecules.7 In vertebrates like fish, hydrophobic compounds 

such as PAHs are absorbed across the lipid membranes of gills, skin and 

digestive tract.14  

In mussels, PAHs bioaccumulate or are catabolized.15 In contrast, in fish, 

PAHs are readily converted into more polar compounds through 

biotransformation16-18 and stored in the bile until their excretion.19 The first 

biotransformation step (phase I) adds oxygen to the xenobiotic structure14 and 

the second step (phase II) conjugates the oxygenated product with an 

endogenous water-soluble small molecule present in the cell.20 The final products 

are highly water-soluble conjugates that are easier to eliminate than the parent 

compounds.14 This quick excretion ensures that little PAH remains in the liver or 

in muscle tissues, thus making any attempts to analyze the PAH concentration in 

these organs difficult.21  

1.2.1 Phase I biotransformation in fish 

Cytochrome P450 (CYP450) is a family of hundreds of isoenzymes that 

are present in all eukaryotes and some prokaryotes.20 CYP450 enzymes are 

membrane-bound and located mainly in the smooth endoplasmic reticulum 

(SER) of the liver and other organs through which xenobiotics first enter an  
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Figure 1.2: CYP 450 catalytic cycle. Step 1- Substrate binding; Step 2- First 
reduction by NADPH; Step 3- Oxygen binding; Step 4- Second reduction by 
NADPH; Step 5- Cleavage of O2; Step 6- Product formation; Step 7- Product 
release. The overall reaction is RH + O2 + 2H+ + 2e-  ROH + H2O. (Modified 
from ref. 14) 
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organism.20 CYP450 enzymes contain a heme group and are involved in electron 

transport. They catalyze an oxygen addition to a substrate through an NADPH-

dependent reaction (Figure 1.2).14 Substrates of CYP450 enzymes include many 

pesticides, flavonoids, drugs, aromatic amides or amines, azo compounds, as 

well as some endogenous molecules like prostaglandins, steroid hormones, fatty 

acids and bile salts.14 Liver microsomes containing CYP450 can be prepared in 

the laboratory14 and used for the in vitro formation of metabolites, in the presence 

of NADPH.14 The oxygenated products will be quinones, phenols, diols, tetrols or 

epoxides.22,23 Ring and side-chain hydroxylated metabolites have been detected 

for both alkyl-phenanthrenes and alkyl-pyrenes.15,24 

In fish, phase I PAH metabolism is mainly carried out by an inducible form 

of CYP45014 called CYP1a.25 CYP1a is induced after exposure to halogenated 

aromatic hydrocarbons like 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)25 or to 

unhalogenated aromatic hydrocarbons like benzo(a)pyrene,26 β-naphthoflavone 

(BNF),27 or retene (7-isopropyl-1-methylphenanthrene).28,29 These inducers 

mediate the CYP1a levels by binding with the cytosolic aryl hydrocarbon receptor 

(AHR), a ligand-activated transcription factor.25 The gene transcription induction 

mechanism starts by recognizing and binding of the ligand by the AHR. The 

complex is then translocated into the nucleus and is dimerized with the AHR 

cofactor, the AHR nuclear translocator. The nuclear heterodimer finally interacts 

with the promoter or enhancer regions of various genes to increase the 

transcription of CYP450 mRNA.14,30 The induction of CYP1a is rapid and activity 

levels are often increased by 100-fold a few hours post-exposure.14 The induction 
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can be measured by catalytic assays.14 A common and specific example is the 

measurement of the ethoxyresorufin-O-deethylase (EROD) activity of liver 

microsomes.31 Ethoxyresorufin is a non-fluorescent substrate that becomes 

fluorescent once it is cleaved by EROD activity.32 Other methods commonly used 

to measure CYP1a induction are immunodetection of proteins and detection of 

mRNA synthesis.  

1.2.2 Phase II biotransformation in fish 

Phase II metabolism conjugates an endogenous organic ligand such as a 

sugar derivative, an acetate, a group of peptides or a sulfate to the oxygenated 

metabolites produced during phase I.20 This process generates water-soluble 

metabolites and facilitates the elimination of the xenobiotics from an organism.20 

Main phase II enzymes are glutathione S-transferases (GSTs), uridine 

diphosphate glucuronosyltransferases (UDPGTs) and sulfotransferases (STs).14 

GSTs and some forms of UDPGTs are inducible and their levels are mediated by 

the AHR pathway.30 Some xenobiotics will activate both the phase I and phase II 

enzymatic systems after recognition by AHR. This ensures a rapid 

biotransformation of the lipophilic xenobiotics to polar metabolites. However 

many PAHs like anthracene and phenanthrene are not able to bind to the 

AHR.33,34 In these cases, and without co-exposure to an inducer, fish will use 

their constitutive level of enzymes to perform the PAH biotransformation. 

Glutathione conjugation to electrophilic metabolites can happen 

spontaneously in some occasions14 but these conjugations are most often 

catalyzed by GSTs. Glutathione is a tripeptide composed of the amino acids 
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glutamate, cysteine and glycine.14 There are many forms of GSTs in fish and 

they are found mostly in the cytosol. Their tissue distribution is the same as 

CYP450 with a high concentration found in the liver.14  

UDPGTs are involved in the conjugation of a glucose derivative, 

glucuronic acid, to a substrate with a hydroxyl or an amine group.14 A high-

energy intermediate, uridine diphosphate glucuronic acid, is necessary for the 

conjugation. UDPGTs are located in the endoplasmic reticulum of most tissues 

along with CYP450. This gives UDPGTs an opportunity to rapidly act on phase I 

products. In fish, UDPGTs concentrations are often higher in the gill and 

intestines than in the liver, providing an opportunity to rapidly biotransform the 

xenobiotics in the membranes where they are sequestered.14  

STs are responsible for the transfer of a sulphate onto a substrate with a 

hydroxyl or an amine group. This conjugation also happens through a high-

energy intermediate.14 Similar to GSTs, STs are found in the cytosol where they 

both compete for the same substrate types.20 STs have not been studied much in 

aquatic organisms.14   

Enzymatic deconjugation is a common technique to facilitate the 

identification of phase II metabolites from bile. For instance, β-glucuronidase is 

used to remove glucuronide conjugates while leaving other types of conjugates 

intact.17 The digestion products are hydroxylated metabolites that can be 

analyzed the same way as regular phase I metabolites. Comparing peaks on 

chromatograms recorded before and after the digestion aids in the identification 

of the metabolites.  
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1.3 PAH mechanisms of toxicity 

There are many mechanisms by which PAHs and alkyl-PAHs can be toxic 

to fish. These mechanisms include dioxin-like toxicity mediated through the aryl 

hydrocarbon receptor (AHR), toxicity enhancement resulting from metabolism, 

phototoxicity, and narcosis. Recent advancements also suggest that PAHs could 

act like pharmacologically active compounds with specific targets in fish.35   

1.3.1 Dioxin-like toxicity 

After the 1989 Exxon Valdez spill in Alaska, Pacific herring and pink 

salmon fry developing in affected spawning areas suffered an increased 

prevalence of morphological abnormalities and reductions in growth and 

recruitment.36-38 A syndrome called blue sac disease (BSD) was apparent in 

these fish and was expressed as edema, hemorrhaging, deformations and 

induced levels of CYP1a enzymes.39 These signs of toxicity were similar to the 

AHR mediated toxicity of TCDD to developing fish.40 However, in this case, alkyl-

PAH exposure was the suspected cause of the BSD observed. Laboratory 

results indicated that sediment concentrations of C1 to C4 alkyl-phenanthrenes, 

alkyl-naphthalenes, and alkyl-chrysenes were correlated to the prevalence of 

BSD in developing salmon exposed to Alaska North Slope Crude oil.39 

Developing medaka and trout exposed to alkyl-phenanthrenes such as 7-

isopropyl-1-methylphenanthrene (retene, a model C4-phenanthrene) showed 

similar effects40 at soluble aqueous concentrations as low as 1-30 µg/L.41  
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1.3.2 Toxicity enhancement through metabolism 

Metabolism will usually detoxify damaging substances but, following 

bioactivation, some metabolites can be more toxic than their parent 

compounds.14,22 The procarcinogen benzo[a]pyrene (BaP) is activated into a 

highly reactive diol-epoxide intermediate by CYP1a.42 Once activated, it can bind 

to nucleotide bases43 and cause permanent changes to DNA that frequently lead 

to tumor activity. Incubation of BaP in the presence of CYP1a and DNA has 

generated covalent DNA adducts43 and experimental dosing of fish with BaP has 

induced hepatic neoplasms that could be linked to the presence of BaP diol-

epoxide DNA adducts.44,45 The formation of aromatic adducts to DNA could also 

be seen in fish that were exposed to PAHs after an oil spill, suggesting that 

adducts could be used as a pollution biomarker.46 

Procarcinogen bioactivation can also occur on the alkyl chains of PAHs. 

After the oxygenation of 1-methylpyrene by CYP1a, an enzymatic conjugation of 

the hydroxyl with a sulphate group will create a good leaving group on the 

metabolite (Figure 1.3). A resonance stabilized electrophilic benzylic carbocation 

intermediate will then be formed and will react with nucleophile macromolecules 

in the cells such as DNA, RNA and proteins.47 DNA adducts that result from 

activated benzylic PAHs have been detected in rodents and in humans and they 

were correlated with increased cell proliferation activity, which is one of the initial 

steps of cancer development.47 The formation of sulfate esters may be the 

ultimate form of many procarcinogens that originate from benzylic hydroxylated 

PAHs.47 The formation of benzylic intermediates could very likely explain the 

increased relative toxicity of alkyl-PAHs versus non alkylated PAHs. 

 



 

 

CH2 OSO3
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Figure 1.3: Formation of reactive electrophilic carbocation intermediate 
from 1-methylpyrene46. 

 

CYP1a metabolism can also enhance the toxicity of PAHs by creating 

reactive oxygen species (ROS) such as the hydroxyl radical (.OH), the 

superoxide radical anion (O2
·-), and hydrogen peroxide (H2O2). Some classes of 

chemicals known to enhance the formation of ROS by redox cycling include 

quinones and diols, which are products of the CYP1a enzymatic reaction with 

PAHs.14  Toxicity by oxidative stress occurs when there is an overproduction of 

ROS and an inadequate amount of antioxidants to protect against cell damage.14 

Damage to macromolecules happens in a non-specific manner and may include 

lipid peroxidation, DNA oxidation, protein inactivation and oxidation of the iron 

centers of heme.14 

1.3.3 Phototoxicity 

PAH phototoxicity is caused by UV photochemical activation20 and has 

affected fish species both in the laboratory48 and field.49 Phototoxicity will affect 
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fish larvae swimming within a few cm of the surface, where UV rays can reach 

them. The water clarity, the pigmentation of the fish and the amount of dissolved 

organic matters will also control fish larvae exposure to UV light. Phototoxicity 

can operate in one of two main forms: photosensitization and 

photomodification.50  

Photosensitization involves the transfer of energy to other molecules that 

may subsequently cause tissue damage.50 Photosensitization of PAHs happens 

by two different mechanisms. In the first mechanism, the PAH molecule absorbs 

energy from UV radiation and is promoted to a higher energy state, either singlet 

or triplet.51 It can then transfer its energy to a ground state oxygen molecule and 

convert it to singlet molecular oxygen, a ROS.20 The relaxation of singlet oxygen 

back to the triplet state is spin forbidden, and therefore the singlet oxygen has a 

long lifetime and must transfer its excess energy to another molecule in order to 

return to the ground state. Singlet oxygen is able to abstract a hydrogen from a 

methylene group adjacent to a double bond because they are easier to remove. 

This process initiates lipid peroxidation and can disrupt cell membranes.48  

The second photosensitization mechanism does not involve molecular 

oxygen. After absorption of UV energy, the activated PAH can undergo a 

photochemical reaction directly with a macromolecule.20 Anthracene, for 

instance, can form DNA covalent adducts when irradiated with UV light.52  

 Photomodification is the structural modification of compounds to create 

more reactive products. If the photomodification triggers further degradation of 

the PAH molecules, the term photodegradation is used. Photodegradation of 
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many PAHs such as Ant and 9-MA proceeds through a triplet excited state, but 

not BaP or pyrene which proceeds through the singlet state.51 Photoproducts 

include hydroxylated products, quinones and phenols53 that are known for their 

toxicity.  

1.3.4 Narcosis 

PAHs containing two to four rings and no functional groups are toxic to fish 

through narcosis.50 This includes non-photoreactive PAHs and photoreactive 

PAHs kept in the dark. Narcosis is a non-specific and reversible anesthetic effect 

caused by the partitioning of hydrophobic chemicals into cell membranes35 and 

nervous tissues. The result is a disruption of central nervous system function.54 

Several models have been developed to predict the narcotic toxicity of PAHs in 

aquatic organisms. These models cannot however provide a satisfactory model 

for alkyl-PAHs that are toxic by other mechanisms.  

In the critical body burden model, PAHs are thought to bioconcentrate 

passively following their log P values. Any compounds with a log P higher than 

5.6 are predicted to be non-toxic because of insufficient uptake due to their 

insolubility in water.55 Narcosis can be represented by a linear relationship 

between log(LC50) and log P, suggesting that toxicity is caused by a constant and 

universal narcotic body burden.55 This model is dependent on bioconcentration 

factors that vary with each species, and may not be ideal for predicting toxicity 

when the bioconcentration factors are not known.55 

The target lipid model proposes a relationship between narcosis and the 

concentration at the site of action, the lipid fraction, rather than relating it to the 
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concentration in the entire organism as in the body burden model.55 The target 

lipid model also removes the need to use species-specific bioconcentration 

factors and finally assumes that mortality happens when the concentration in the 

target lipid reaches a certain species-specific critical concentration.55 

1.3.5 Specific targets for PAH activity  

Recent research suggests that PAHs could be acting as toxic compounds 

with specific targets in fish.35 Three-ring PAHs and weathered Alaska North 

Slope crude oil cause early cardiac dysfunction during key stages of cardiac 

morphogenesis.56 The effects are independent of the AHR pathway and follow 

effects on ion channels or other targets with similar functions.35 These possible 

effects were not studied in this work.  

1.4 Exposure systems 

Test organisms can be exposed to chemical toxicants by different 

methods: static, semi-static, flow-through and partition controlled delivery. The 

essential requirement for accurate toxicity tests is to maintain constant 

concentrations of test substances.57  

14 

1.4.1 Static and semi-static assays 

A static assay has no change of test water for its duration, while a semi-

static assay usually has daily water changes. Static and semi-static methods of 

exposure are usually not appropriate to assess the chronic toxicity of PAHs 

because hydrophobic PAHs can adsorb to the test vessel.58,59 Within 24 hrs, the 

concentration of PAHs added to test solutions can decline to 5% of the original 

concentration.60 The loss causes difficulty in obtaining the desired aqueous 

 



 

concentration in test vials and characterizing the actual exposure regime, and 

results in toxicity tests that are not always reproducible because the uptake of 

test PAH in fish is not continuous. The test chemical is added to the water in 

excess to compensate for the loss processes and concentrations are reported as 

calculated nominal values.59 Consequently, there are differences between actual 

and nominal test concentrations,61 and toxicity is grossly underestimated.59 

1.4.2 Flow-through systems 

A flow-through system would be a more suitable exposure system for 

toxicity tests with hydrophobic compounds.59 Flow-through systems use pumps 

and diluters to continuously refresh and replace test solutions and to maintain 

stable concentrations of test compounds over time. They also provide good 

quality water throughout the duration of the assay by removing metabolic wastes 

(e.g. ammonia) and sustaining oxygen concentration.58,59 Some systems have 

been developed specifically for testing oil and PAH compounds,62-64 but control 

over the concentrations they produce may be difficult, so that the tested 

concentrations may miss the target range. Another important concern is the large 

amount of compound required for flow-through systems during chronic toxicity 

tests. This can be especially expensive for alkyl-PAHs that cost thousands of 

dollars per gram or require expensive custom synthesis. The amount of toxic 

waste generated may also increase experimental costs and there may be safety 

issues with handling large amounts of previously untested compounds. 

Therefore, assessing the toxicity of expensive and rare hydrophobic compounds 

requires smaller scale and more cost-efficient exposure methods. 
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1.4.3 Partition controlled delivery 

A new static method, the partition controlled delivery (PCD) of compounds 

from solid to liquid phase, was recently developed to overcome the problems of 

testing alkyl-PAHs with current test systems (Figure 1.4).65 The PCD method has 

been devised for chronic embryo toxicity assays with eggs from Medaka. This 

method is based on the partitioning of the test compound from a high 

concentration in a polydimethyl siloxane (PDMS) film to the water of a test 

vessel. The partitioning compensates for all the processes by which compounds 

can be lost from aqueous solution and allows a stable water concentration to be 

achieved over a period of weeks.65 The most appealing characteristic of this 

method is its ability to deliver a desired and reliable concentration of a 

hydrophobic compound below its solubility limit for an extended period of time 

 

 

Figure 1.4: Experimental setup for the partition controlled delivery assay.65 
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while using a small amount of compound (8-10 mg). Furthermore, PCD test 

systems are easy to prepare and maintain, and the small scale of the assay 

lowers costs in general and reduces chemical exposure to lab personnel. 

1.5 Methods of detection 

Gas chromatography coupled to a mass spectrometer (GC-MS) is the 

method used most often to analyse PAHs66 and alkyl-PAHs in crude oil.67 PAHs 

with polar groups like metabolites, organic acids and amino acids, have low 

volatility and are usually derivatized before analysis by GC-MS.23 Derivatization 

reactions such as esterification, silanation or acetylation are typically performed 

on the polar groups.5 The derivatization ensures that the metabolites are volatile 

enough to elute at a temperature where thermal decomposition or molecular 

rearrangement will not occur. Derivatization complicates the analysis and can 

also introduce artifacts. HPLC coupled to a UV diode array detector (UV-DAD), a 

fluorescence detector or a MS is a more effective method than GC-MS for 

analyzing metabolites.68-70 This technique doesn’t require derivatization or 

deconjugation of analytes, and good resolution of metabolites is usually 

achieved.71 

UV detectors measure chromophores by absorption of light in the UV 

spectrum, from 190 to 400 nm.5 Single wavelength detectors are the simplest 

and least expensive and usually measure the absorbance at 254 nm for PAH 

derivatives. Single wavelength measurements are not helpful in identifying 

eluting compounds, detecting co-eluting compounds, or distinguishing phase I 

metabolite isomers that have a similar maximal absorbance wavelength. To solve 
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these problems, a UV-DAD can be used. This detector simultaneously measures 

absorbance across a range of wavelengths, providing the UV absorbance 

spectrum as the sample passes through the detector.5 The limit of detection for 

phase I metabolites and for PAHs is typically in the picogram injected (or ppb) 

range.72,73 Metabolites can be identified by their retention time and by a 

comparison of their UV spectra to the parent compounds.74 If there is co-elution 

of compounds, it is possible to plot the entire chromatogram at specific 

wavelengths where only the compound of interest has absorbed the UV light.  

Fluorescence detectors measure the emission of light against a dark 

background5 and have a very good detection limit of phase I PAH metabolites. 

Fluorescence can be a thousand times more sensitive to PAHs than 

absorbance.5 For example, limits of detection of 0.165 ppb for 9-hydroxy-

phenanthrene to 0.729 ppb for 2-hydroxy-naphthalene and 2-hydroxy-fluorene 

have been reported.70 Fluorescence detectors do not normally record a full 

spectrum. When analyzing a mixture of metabolites, it is possible to optimize the 

detection by using time-programmed selection of emission and excitation 

wavelengths.70,75 The fluorescence detector doesn’t provide structural 

information and is better used either when analytical standards are available, or 

in conjunction with other detectors. 

Synchronous fluorescence scanning (SFS) is a method that improves the 

selectivity of conventional fluorescence spectroscopy by simultaneously varying 

the emission and excitation wavelengths during an analysis.76 A constant and 

optimal wavelength difference (Δλ) is maintained between the emission and 
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excitation monochromators during their scan.76 This can be used for some 

samples without HPLC separation, providing faster and less complex analysis. 

With optimal wavelengths, SFS can make the quantification of analytes in 

fluorescent matrices possible.  

HPLC-MS provides information on the mass-to-charge ratio of ions as 

they enter the detector. Electrospray ionization is a good method for PAH 

metabolites69 and usually results in very little fragmentation. The ions detected 

are [M+H]+ in the positive mode or [M-H]- in the negative mode. Adducts, like 

sodium adducts [M+Na]+, can also be detected. Reported limits of detection for 

9-hydroxyphenanthrene and 9-hydroxyfluorene were 2.1 ppb and 17.9 ppb 

respectively in the negative ionization mode.77 Another report mentioned a limit of 

detection ranging from 1.6 to 12 ppb for monohydroxybenzo[a]pyrene isomers, 

also using negative ionization mode.69 

1.6 Thesis objectives 

The objectives of this thesis were to evaluate the toxicity of two series of 

alkyl-PAHs to the early life-stages of medaka, to investigate the effect of light on 

alkyl-anthracene toxicity, to further characterize the PCD method, to better 

understand alkyl-PAH mechanisms of toxicity, and to identify the major phase I 

and phase II alkyl-PAH metabolites in fish by both in vitro and in vivo methods.  

  The toxicity of alkyl-PAHs compared to their non-alkylated homologues 

has revealed their higher toxicity to developing fish.11 However, not much is 

known about the toxicity of individual alkyl-PAHs, mainly because of their 

unavailability in both amount and purity grade for toxicity assays. Alkyl-
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anthracenes and alkyl-phenanthrenes are very similar in shape and chemical 

properties.6 Both classes are found in crude oil and are often extracted together 

when crude oil composition is analyzed. The total number of isomers of C0 to C4 

phenanthrene is 589 compounds. The freshwater quality guidelines for the 

protection of aquatic life are 0.012 µg/l for anthracene and 0.4 µg/l for 

phenanthrene78. The toxicity of a series of alkyl-phenanthrenes (Chapter 2) and a 

series of alkyl-anthracenes (Chapter 3) was evaluated with medaka embryos 

(Oryzias latipes) using the PCD method of exposure.  

PCD is a method of exposure that can overcome loss processes when 

testing hydrophobic compounds in aqueous bioassays. PCD can also provide 

stable and reliable concentrations of test compounds over the duration of the 

assay.65,79 PCD has been further characterized with the series of alkyl-

phenanthrenes and alkyl-anthracenes. Parameters such as film:solution partition 

constant (Kfs) and solubility limit were determined, and the capacity of films to 

compensate for compound loss from solution was investigated for each test 

compound (Chapter 2 and 3).  

The phototoxicity of alkyl-anthracenes was assessed by exposing medaka 

embryos to continuous light (24LT) and dark (24DK) conditions. The toxicity of 

photoproducts was assessed by exposing the test vials to light prior to the start of 

the bioassay (Chapter 3).  

Evidence of CYP1a induction, after exposure to some alkyl-

phenanthrenes, has suggested that metabolism could be the cause of enhanced 

alkyl-PAH toxicity.29 Metabolism on the alkyl chain is known to enhance toxicity 
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by creating a resonance stabilized electrophilic benzylic carbocation intermediate 

that reacts with cellular macromolecules.47 Understanding how metabolism 

occurs can help predict which classes of alkyl-PAHs will have enhanced toxicity 

resulting from this pathway. With trout, metabolism of alkyl-phenanthrenes was 

determined to preferably occur on the alkyl-chains24 but the metabolism of alkyl-

anthracenes has not been previously reported. Therefore, major in vitro phase I 

metabolites from rainbow trout CYP1a enzymes (Chapter 4) and major groups of 

in vivo phase II biliary metabolites (Chapter 5) were identified. Metabolites were 

analyzed by HPLC with fluorescence and UV-DAD detectors. MS detection was 

used in specific cases.  

The phase II in vivo metabolism of the series of alkyl-phenanthrenes in 

medaka larvae was also investigated and contrasted with the trout in vivo 

metabolism (Chapter 5). Metabolites were extracted from Japanese medaka 

larvae that were exposed during chronic embryo toxicity assays in Chapter 2. 

Metabolite identification was performed using the same methods as for the 

rainbow trout metabolites. 

The results of this research will help better understand and predict toxicity 

of alkyl-PAHs from crude oil to fish and provide information on their mechanisms 

of toxicity. Future use of PCD with photosensitive test compounds will also be 

improved by this research.  
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Abstract 
Alkyl-phenanthrenes are a class of compounds present in crude oil that are toxic 
to developing fish. Most research on alkyl-phenanthrenes has focused on retene 
(7-isopropyl-1-methyl-phenanthrene) but little is known about the chronic toxicity 
of other alkyl-phenanthrenes to the early life stages of fish. In this project, the 
chronic toxicity of a series of alkyl-phenanthrenes to the early life stages of 
medaka (Oryzias latipes) was evaluated using the partition controlled delivery 
(PCD) method of exposure. With PCD, test concentrations were maintained by 
equilibrium partitioning of test chemicals from polydimethylsiloxane (PDMS) films 
containing various concentrations of C1-C4 phenanthrenes. The characterization 
of PCD using alkyl-phenanthrenes demonstrated that the PDMS films were able 
to deliver aqueous concentrations that did not decline by more than 33 % for a 
period of 17 days. The decline was most pronounced after hatching. Pure retene 
did not behave like the other compounds and its aqueous concentration 
exceeded expected values. Values such as solubility limits and film:solution 
partition constants (Kfs) were also determined for each compound. Abnormalities 
in fish embryos increased in an exposure-dependent manner. The EC50 values 
were always lower than the experimental solubility limits of the compounds, and 
closer to environmental situations. Alkyl-phenanthrenes whose structure 
resembled retene or TCDD were more toxic to medaka embryos, suggesting that 
narcosis was not the only mechanism of toxicity. This research contributes to a 
better understanding and to more accurate predictions of the toxicity of alkyl-
PAHs to fish.  
 

 



 

2.1 Introduction 

The Exxon Valdez oil spill in Alaska in 1989 caused a lasting effect on the 

environment of Prince William Sound.1 In some places Alaska North Slope Crude  

oil (ANSC) persisted for more than a decade.1 In affected spawning areas, 

Pacific herring and pink salmon larvae had an increased prevalence of 

morphological abnormalities and reductions in growth and recruitment.2-4 A 

syndrome called blue sac disease (BSD) was apparent in these fish and was 

expressed as edema, hemorrhaging, deformities and induced CYP1a enzymes.5 

Fish affected in this way were unable to feed and eventually starved or were 

consumed by predators.  

Signs of BSD in developing fish were similar to those of 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD).6 However, in this case, alkylated polycyclic 

aromatic hydrocarbon (alkyl-PAH) exposure was the proposed cause of BSD. 

Laboratory studies using ANSC indicated that concentrations of C1 to C4 alkyl-

phenanthrenes, alkyl-naphthalenes, and alkyl-chrysenes released into water in 

experimental egg incubators were correlated with the prevalence of BSD in 

developing salmon.5 Developing medaka and trout exposed to 7-isopropyl-

1-methylphenanthrene (retene, a C4-phenanthrene) showed the same effects6 at 

soluble aqueous concentrations as low as 1-30 µg/l.7 

Weathered oil is gradually enriched in alkyl-phenanthrenes that are more 

persistent than lower molecular weight compounds.8 Since alkyl-phenanthrenes 

are more toxic than these other compounds,9 they may therefore be the crude oil 

components causing the most toxicity to fish larvae. However, the majority of 
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research on alkyl-phenanthrenes has focused on retene and little is known about 

the chronic toxicity of other alkyl-phenanthrenes to the early life stages of fish. It 

is important to evaluate if alkyl-phenanthrenes, other than retene, have the 

potential to cause adverse effects in fish. Assessing the toxicity of a series of 

alkyl-phenanthrenes would also provide valuable information about structure-

toxicity relationships.  

Most traditional methods of exposure are not suitable for testing 

hydrophobic compounds like PAHs because they can adsorb to the test vessel. 

With conventional static and semi-static assays, the concentration of PAH added 

to test solutions can decline to 5 % of the original concentration within 24 hours.10 

Excess PAH is often added to test solutions to compensate for the loss, which 

causes large differences between actual and nominal test concentrations.11 

These differences are responsible for gross underestimates of toxicity.12 A key 

requirement for accurate toxicity tests is to maintain constant concentrations of 

test substances.13 A new static method, the partition controlled delivery (PCD) of 

compounds from solid to liquid phase, was recently developed to overcome the 

problems of testing alkyl-PAHs with current test systems. PCD has been devised 

for chronic embryo toxicity assays with eggs from Japanese medaka (Oryzias 

latipes).14 This method is based on the partitioning of the test compound from a 

high concentration in a poly(dimethyl siloxane) (PDMS) film to the water in a test 

vessel. The partitioning compensates for all the processes by which compounds 

can be lost from aqueous solution and allows a stable water concentration to be 

maintained over a period of weeks. The most interesting characteristic of this 
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method is its ability to deliver desired and reliable concentrations of hydrophobic 

compounds below their solubility limits for extended periods of time while using 

only a small amount of compound (8-10 mg). PCD test systems are easy to 

prepare and to maintain; the small scale of the assay lowers costs in general, as 

well as the exposure of lab personnel to test chemicals. Despite these benefits, 

PCD has not been used with many alkyl-phenanthrenes and its ability to maintain 

a stable aqueous concentration needed to be determined before the toxicity 

assays were performed.  

The objective of this project was to evaluate the chronic toxicity of a series 

of alkyl-phenanthrenes to the early life-stages of medaka using the PCD method 

of exposure. For this purpose, a characterization of the actual exposure regime 

of PCD, when used with the series of alkyl-phenanthrenes, was initially 

completed. Values such as solubility limits and film:solution partition constants 

(Kfs) were determined, and the capacity of films to compensate for compound 

loss from solution was investigated for each test compound. Medaka eggs were 

then exposed to desired aqueous concentrations of test compounds using PCD. 

Eggs were observed daily to identify abnormally developing fish, and the 

aqueous concentration of test compounds were measured regularly throughout 

the assay by fluorescence spectrometry. EC50 values were calculated and 

correlated with log P values to study structure-toxicity relationships. The results 

of this research may contribute to predicting the toxicity of crude oil based on its 

composition. 
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2.2 Methods  

2.2.1 Chemicals and reagents  

Test compounds that could not be purchased (1-methylphenanthrene 

(1-MP), 1,7-dimethylphenanthrene (1,7-DMP), 2,7-dimethylphenanthrene 

(2,7-DMP) and 7-ethyl-1-methylphenanthrene (7-E-1-MP)) were synthesized by 

the Snieckus group, Queen’s University, Kingston, ON, Canada, as described in 

Cai et al.15 Zone-refined phenanthrene (Phen), and 2-ethyl-phenanthrene (2-EP) 

were purchased from Sigma-Aldrich (Milwaukee, WI, USA) at their highest purity 

grade available. Retene (7-isopropyl-1-methylphenanthrene) was obtained from 

ICN Biomedicals Inc. (Costa Mesa, CA) and was further purified with normal 

phase HPLC. Purity was confirmed to be >95 % by reversed-phase HPLC. See 

Figure 2.1 for molecular structures. Poly(dimethylsiloxane) (PDMS) aquarium 

sealant (Dow Corning Corporation, Midland, MI) was purchased from a local pet 

store. The embryo rearing solution (ERS) (1 ml of 10 % NaCl, 1 ml of 0.3 % KCl, 

1 ml of 0.4 % CaCl2•2H2O, 1 ml of 1.63 % MgSO4•7H2O, and 95 ml of double-

distilled water) was prepared in-house with standard reagents at their best purity 

available. Double-distilled water was prepared in the lab using a glass still. 

Ethanol and hexane were obtained as HPLC grade solvents from Fisher 

Scientific (Toronto, ON, Canada). 

2.2.2 Egg collection and culture 

Culture conditions for Medaka were as suggested in Kirchen and West.16 

Fish were kept at a temperature of 25 to 27 °C with a 16L:8D photoperiod. To 

ensure continuous oogenesis, the fish were fed with brine shrimp nauplii (Artemia 
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sp.) 3 to 4 times a day during the light period. Female medaka can produce 

between 10 and 30 eggs per day. These are fertilized by cohabiting males at the 

time of release and are easily collected manually from the female’s vent where 

they are attached by chorionic filaments for several hours post-release.17,18 After 

collection, egg clusters were rolled on the palm of the hand to separate the eggs. 

Fertilized eggs were kept in a Petri dish containing ERS until exposure.  

2.2.3 Preparation and characterization of the assay 

Modified procedures described in Kiparissis et al.14 and in Brown et al.19 

were used to prepare the PCD bioassay test vials. A series of 6 mg/ml PDMS 

solutions containing various concentrations of test PAH was prepared by 

dissolving aquarium sealant in HPLC grade hexane and mixing with PAH hexane 

solutions. A volume of 600 µl of the PDMS solution was deposited on the side of 

20 ml vials held at 45°. After evaporating the hexane, the vials were filled with 15 

ml of ERS and were placed on an orbital shaker at 900 rpm for 2 to 3 hrs to 

establish equilibrium between the concentrations of PAH in the ERS and in the 

PDMS film.  

Two fertilized Japanese medaka eggs were added to each of ten vials for 

a 17-day embryo toxicity test at 26 ± 1 °C (n = 20 eggs for each treatment and 

control). The vials were kept at an angle of 45° and carefully positioned so that 

eggs were not in contact with PDMS films at all times, ensuring that effects were 

attributed to dissolved test compounds only and not to direct uptake from the film. 

Vials were opened daily and shaken gently by hand to keep oxygen levels 

adequate. To prevent degradation of water quality, dead eggs were removed 
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whenever they were found. Concentrations were measured throughout the time 

of the assay by using samples of ERS taken from test vials and diluted 50:50 in 

HPLC grade ethanol.  

To analyse the stability of the aqueous concentrations when eggs were 

present in the vials, 13 replicates of a 70 µg/l treatment of 1-methylphenanthrene 

were prepared. Ten vials were each filled with 2 eggs and the remaining 3 vials 

were used as concentration controls without eggs. The concentration in each vial 

was measured daily.   

2.2.4 Analytical procedures  

The aqueous PAH concentration was analysed using a fluorescence 

spectrophotometer (QuantaMaster QM1, Photon Technology International, 

London, ON, Canada), as described elsewhere.19 Excitation and emission slits 

were set to 2 nm band-pass for all measurements. Synchronous fluorescence 

scanning (SFS) was used, and improved the selectivity of conventional 

fluorescence spectroscopy by keeping a constant and optimal wavelength 

difference (Δλ) between the emission and excitation monochromators during their 

simultaneous scan.20 Samples were diluted 50:50 (v:v) with HPLC grade ethanol 

and if a higher dilution was necessary, the same dilution ratio of ethanol and 

water was observed. Each sample was sonicated for 3 minutes prior to 

measurement. The Δλ values were 53 nm for Phen, 50 nm for 1-MP, 94 nm for 

1,7-DMP, 54 nm for 2,7-DMP, 51 nm for 7-E-1-MP, 61 nm for 2-EP and 50 nm 

for retene. Concentrations were determined using a calibration curve made from 

5x10-8 M to 5x10-5 M solutions in 50:50 ethanol: water for each compound tested.  
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2.2.5 Embryo observation and EC50 determination 

During a 17-day exposure period, controls and exposed embryos were 

observed once a day for morphological abnormalities using a dissecting 

microscope. Pericardial edema was identified by enlargement of the pericardial 

sac caused by a fluid accumulation in the pericardial sac. Similarly, yolk sac 

edema was identified by fluid accumulation in the yolk sac. Haemorrhages 

observed anywhere on the fish were recorded as well. Spinal deformities were 

identified by curvature of the vertebral column. Abnormal swimming and delayed 

swim bladder inflation and yolk sac absorption were recorded after hatch and 

until the end of the assay. Percent hatch and mortality were also recorded. For 

each test concentration, the results were expressed as the percentage of fish 

that had at least one sign of toxicity. EC50 values were approximated as 

described in Appendix A. EC50 values estimated with the parametric method 

were compared to EC50 values approximated with a probit calculation program 

(US-EPA) to examine the robustness of the fit values.21 The concentrations used 

in each calculation were the actual (measured) values.  

2.2.6 Determination of log Kfs, log P and solubility values 

Log film:solution partition constants (log Kfs) and experimental solubility 

limit values were calculated before the bioassays were performed. In the test 

vials, equilibrated PAH concentrations varied linearly with film concentrations and 

reached a plateau at higher concentrations. The plateau of the curves provided 

the experimental solubility limit values of the compounds in water.  After 

logarithmic transformations of the data, linear regressions were calculated in the 
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ascending portion of the curves. The intercepts of the regression lines 

represented the log Kfs values. Statistics (linear regression, R2, normality test) 

were performed with p = 0.05 using SigmaStat 3.5 (Systat software, inc. 2006). 

The ALOGPS 2.1 program from the Virtual Computational Chemistry 

Laboratory (VCCLAB)22,23 was used to predict the log P values of the 

compounds. ALOGPS 2.1 provides many calculation tools and XlogP was 

chosen because it predicted values that were the closest to the experimental 

log P values determined in our lab for other PAHs (data not shown). The 

ALOGPS 2.1 program was also used to predict the aqueous solubility of the test 

compounds. Among the different solubility calculation tools available in ALOGPS 

2.1, the ialogS calculation tool was chosen because it predicted values that were 

the closest to the experimental solubility values reported for phenanthrene and 

1-MP.23  

2.3 Results and Discussion 

2.3.1 Characterization of the actual exposure regime of PCD 

Prior to the chronic toxicity evaluation of a series of alkyl-phenanthrenes 

(Table 2.1) using the PCD method of exposure, a characterization of the actual 

exposure regime of PCD was performed. For successful delivery, a stable and 

reliable system will rapidly reach its equilibrium concentration and will be able to 

maintain it over the time of the test.14 The time required for the compounds to 

reach an equilibrium between the film and the egg rearing solution (ERS) was 

between 1.5 hr and 2 hrs using an orbital shaker, a longer time than previously 

reported (45 minutes).14,19 Equilibrated water concentrations varied linearly with  
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Table 2.1: Molecular structures.  

Phen 

 

1-MP 

CH3

2-EP 

CH3

 

1,7-DMP

CH3

CH3

2,7-DMP 

CH3

CH3

Retene 

CH3

CH3

CH3

7-E-1-MP 

CH3

CH3
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film concentrations and reached a plateau at higher film concentrations (Figure 

2.1). The plateau (outlined symbols) provided an approximation of the solubility 

limit of the compound in water. For phenanthrene, that value was 950 µg/l and 

was 17 % lower than a published solubility value of 1150 µg/l24 (Table 2.2). This 

difference might be partially explained by the salts in the ERS that can cause a 

salting-out effect, reducing the compound’s solubility.25 For the other compounds 

tested, the water solubility limit values were estimated with the ialogS calculation 

tool from ALOGPS 2.1 program. These estimated values were higher (1-MP, 1,7-

DMP, 7-E-1-MP), similar (2-EP) and lower (Retene before purification, pure 

retene, 2,7-DMP) than the experimental solubility limits. The last situation was 

not expected but can tentatively be explained. Retene before purification was a 

mixture of related alkyl-phenanthrenes. These phenanthrenes may have 

contributed to the measured solubility limit (125 µg/l), a value higher than the 

predicted solubility limit (29 µg/l). Pure retene had an experimental water 

solubility limit of 42 µg/l, closer to the predicted solubility limit but still higher and 

this difference could be attributed to analytical error. The last compound, 2,7-DM, 

had a great difference between its predicted and experimental solubility limits 

that could be attributed to either analytical errors or to the ability of ialogS to 

predict its solubility limit. It is worth noting that the ialogS estimated solubility 

value for phenanthrene was 470 µg/l, which is a much lower value than the 

experimental (950 µg/l) and published (1150 µg/l) values. This result illustrates 

the difficulty of predicting solubility values with calculation programs.  
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Figure 2.1 Measured aqueous concentration of phenanthrene after 
equilibrium from PDMS film. Symbols represent average concentrations ± σ 
and n = 3 for each symbol. For some data points, the standard deviation is 
so small that the error bars are not visible. The linear regression was 
calculated in the ascending portion of the curves (black symbols) using 
SigmaStat 3.5 (p = 0.05) and the sample size of the regression is indicated 
on the graph along with the equation and R2 values. The Kfs value can be 
determined in the ascending portion of the curve. The solubility limit is 
indicated by the plateau of the curve (outlined symbol). 
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Table 2.2: Characterization of partition controlled delivery method of 
exposure and EC50 values for each compound tested. The experimental 
water solubility is indicated by the plateau on the graphs from Figure 2.1 
and the predicted solubility values (from ALOGPS 2.1) are shown for 
comparison. The Kfs values (intercepts of linear regressions from Figure 
2.2) are compared to the log P values predicted by ALOGPS 2.1. EC50s were 
estimated using a logistic regression, as described in appendix A 
(GraphPad Prism 4.02, freeware version) and using a probit calculation 
program (US-EPA). The EC50 of 7-E-1MP was not reached within test 
concentrations.  
 

 Experimental Predicted GraphPad Probit 

 Water 
Solubility 

Water 
solubility 

EC50  
(95% C.I.) 

EC50  
(95% C.I.) 

 µg/l µg/l µg/l µg/l 
Phen 950 1150* 89 (63-125) 96 (71-137)
1-MP 135 370 116 (109-126) 75 (49-122)
2-EP 175 170 48 (44-51) 39 (23-70) 

2,7-DMP 145 64 39 (28-55) 39 (30-48) 
1,7-DMP 102 140 78 (54-111) 64 (42-127)
7-E-1-MP 32 70 > 36 > 36 

Retene before 
purification 125 29 76 (56-103) 61 (46-76) 

Pure retene 42 29 9 (1-163) 9 (3-32) 
* taken from ref. 24 and reported in ALOGPS 2.1 
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The plot of log[solution] vs log[film] was used to determine log film:solution 

partition constant (log Kfs). Log Kfs was the intercept of the linear regression 

(Figure 2.2, Table 2.2). Points on the plateau of the plots as in Figure 2.1 were 

omitted from the regression but are shown in Figure 2.2 as outlined symbols. The 

log Kfs values increased with the number of molecular carbons from 4.1 for 

phenanthrene to 5.8 for pure retene and these values were similar to Kfsvalues 

previously reported for these two compounds (4.1 for phenanthrene19 and 5.8 for 

retene14). The similarity between the experimental and the literature values 

emphasizes the reproducibility of PAH partitioning from a PDMS film into the 

ERS. For phenanthrene, a Kfs value of 3.5 was also reported26 for experiments 

using deionized water (Millipore purification system). Using deionized water 

instead of ERS as the aqueous phase would avoid any “salting-out”, which could 

explain the lower Kfs value. Differences in the specific PDMS material such as the 

density or the chemical composition could also contribute to differences in Kfs 

values. 

The log Kfs values were plotted as a function of log P values predicted with 

the XlogP calculation tool from the ALOGPS 2.1 program.22 The value for retene 

before purification was also plotted for comparison but was not included in the 

linear regression. On the graph (Figure 2.3), the data points were grouped by the 

number of carbon substituents. Log Kfs varied linearly with log P (R2 = 0.83) and 

can therefore be approximated from log P when unknown. This relationship is 

useful when preparing films with new alkyl-PAHs for bioassays because the 

approximated log Kfs can be used to determine the range of film concentrations  
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Figure 2.2: Measured aqueous concentrations of PAHs after equilibration 
from PDMS films. Symbols represent average concentrations ± σ and n = 3 
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for most symbols. For some data points, the standard deviation is so small 
that the error bars are not visible. The linear regressions were calculated in 
the ascending portion of the curves (black symbols) using SigmaStat 3.5 (p 
= 0.05) and the sample size of each regression is indicated on the graphs 
along with the equation and R2 values. The intercepts of the regression 
lines represent the log Kfs values. The outlined symbols were not in the 
linear part of the curve (Figure 2.1 for example). 
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Figure 2.3: Linear relationship between log Kfs and log P. The log Kfs values 
(intercepts from linear regressions in Figure 2.2) were graphed as a 
function of the log P values predicted by ALOGPS 2.1 (Table 2.2). Symbols 
represent single or duplicate values. Retene not purified is only shown for 
comparison and was left out of the linear regression.  
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to use. Log P is also linearly correlated with PAH bioconcentration factors27 that 

are used to determine the toxicity of PAHs by narcosis. The relationship between 

log P and log Kfs could thus be useful to predict the expected toxicity of PAHs to 

fish.  

2.3.2 Capacity of films to compensate for compound loss from solution 

Prior to the bioassays, the capacity of the films to deliver constant 

aqueous concentrations was investigated for a period of 17 days. In a first set of 

experiments with 1-MP, three vials without eggs were used and the aqueous 

PAH concentrations were measured regularly (Figure 2.4). The concentration in 

these three vials decreased slightly over time because the vials were kept under 

constant laboratory lighting (24LT). The linear regression between day 2 and day 

17 (“Vials without eggs” in Table 2.3) had a slope of -0.6 µg/l/day that was 

significantly different from zero (p = 0.05). The overall concentration decrease 

was 8 %. This trend was representative of all compounds tested. Without fish 

eggs in the vials, the PDMS films were able to compensate for most of the loss 

processes such as adsorption on the glass, and the aqueous concentrations 

were kept adequately constant and at equilibrium for up to 17 days. 

 In a second set of experiments, the capacity of the films to deliver 

constant aqueous concentrations in the presence of non-hatching medaka eggs 

was investigated for a period of 17 days. For 1-MP, two vials each containing two 

medaka eggs were used. The linear regression between day 2 and day 17 (“Vials 

with eggs that did not hatch” in Table 2.3) had a slope of -1.2 µg/l/day that was  
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Figure 2.4: Aqueous concentration of 1-MP measured in vials without eggs 
(3 vials), in vials with eggs that did not hatch (2 vials; 2 eggs per vial) and 
in vials with eggs that hatched (8 vials; 2 eggs per vial). Each egg weighed 
1 mg on average. The target concentration was 70 µg/l. Each symbol 
represents the average concentration on that day, N  = 3, 2 or 8 depending 
on the series, and the error bars represent ± σ. This graph is representative 
of all the tested chemicals except pure retene that exceeded expected 
concentrations. Linear regressions and confidence intervals are presented 
in Table 2.2. 

 
 
 
 
 
 
 
 

 



 

Table 2.3: Linear regressions for Figure 2.4. Linear regressions and 
confidence intervals were calculated with GraphPad Prism 4.02, freeware 
version, with p = 0.05. Day 9 was the average hatching day. 
 

Vials without eggs 
Day 2 to 17 

Slope (µg/l/day) 
(95% C.I.) 

 R2 
N 

-0.6 
-0.8 to -0.3 

0.33 
42 

Vials with eggs that did not hatch 
Day 2 to 17 

Slope (µg/l/day) 
(95% C.I.) 

 R2 
N 

-1.2 
-1.6 to -0.8 

0.57 
28 

Vials with eggs that hatched 
Day 2 to 9 

Slope (µg/l/day) 
(95% C.I.) 

 R2 
N 

-0.7 
-1.2 to -0.2 

0.14 
55 

Vials with eggs that hatched 
Day 9 to 17 

Slope (µg/l/day) 
(95% C.I.) 

 R2 
N 

-2.5 
-2.9 to -2.1 

0.71 
64 
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also significantly different from zero but not significantly different from the “Vials 

without eggs” trend (p = 0.05). This “Vials with eggs that did not hatch” trend was 

representative of all compounds tested, excluding pure retene that exceeded 

expected concentrations. The 1-MP concentration on day 17 was 85 % of its 

original value, suggesting that the presence of eggs in the vials did not markedly 

influence the capacity of the films to deliver constant aqueous concentrations. 

The PDMS films were able to compensate in an acceptable manner for 

metabolism, adsorption on the chorion, and other loss processes when fish eggs 

do not hatch.  

The capacity of the films to deliver constant aqueous concentrations in the 

presence of hatching medaka eggs was finally assessed in a last set of 

experiments lasting 17 days. For 1-MP, a series of eight vials each containing 2 

eggs was used and, on average, the eggs hatched on day 9. The linear 

regression between day 2 and day 17 (“Vials with eggs that hatched” in 

Table 2.3) had a slope of -2.0 µg/l/day that was significantly different from zero 

(p = 0.05). On the graph (Figure 2.4), it can be observed that the decrease in 1-

MP concentration was more pronounced after the hatching day and this trend 

was representative of all compounds tested, excluding pure retene that exceeded 

expected concentrations. On day 17, the final 1-MP concentration was 66 % of 

its original value and this variation in concentration indicated that the loss of 

PAHs from solution exceeded the PAH desorption from the PDMS films. It should 

be noted that this concentration profile is still more stable than semi-static and 

static concentrations over 24 h.14 
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To verify if there was a significant loss of test compound before and after 

the hatching day, two linear regressions were performed on the “vials with eggs 

that hatched” series (Table 2.3, Figure 2.4). The first regression covered the data 

from day 2 to day 9 (hatching day) and the second regression covered day 9 to 

day 17. Both slopes were significantly different from zero (p=0.05) (Table 2.3) 

and the slope before hatching day was not significantly different from the slopes 

in “vials without eggs” and “vials with eggs that did not hatch” series.  A 

comparison of the two slopes before and after hatching day (Table 2.3) indicated 

that the PDMS films were less able to compensate for the loss processes when 

fish hatched in the vials. This also introduced an error in the exposure 

concentration. 

There are many reasons that could explain the decline in aqueous 

concentration observed in the second half of the bioassay (Figure 2.4, Table 2.3). 

For instance, after hatching, the discarded egg shells could continue to adsorb 

the PAHs from solution. Visible organic matter was usually not sampled when 

aqueous PAH concentrations were measured by SFS and that could explain the 

lower concentrations reported. Conversely, a sampling technique that includes 

egg shells and other visible organic matter would see an increase in the apparent 

PAH concentration in the aqueous phase. That could have been the case for 

Kiparissis and coworkers who observed an increase in PAH apparent aqueous 

concentration after hatching day.14 To verify this hypothesis, egg shells and 

particulate matter could be isolated and analyzed for their PAH content. 

Metabolism could be another reason for the decline in aqueous concentration. 
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Developing fish have a relatively high metabolic activity and their highest 

oxidative activity, including CYP1a activity, is measured in medaka one day post-

hatch and remains high for up to 8 weeks.28 This peak in metabolic activity, in 

addition to the fact that metabolites of alkyl-phenanthrenes have been detected 

in 17-day old medaka (Chapter 5) could very well explain the decrease in 

aqueous PAH concentrations that was observed in the current experiments.  

In the presence of eggs that hatched, the three lowest test concentrations 

of retene were stable but the two highest test concentrations increased to levels 

about two and four times their original values toward the end of the bioassay 

(Table 2.4). These values on day 17 as well as the highest test concentration 

value on day 1 were higher than the solubility limit of pure retene in water. In the 

PCD method of exposure, the PDMS films cannot generate aqueous 

concentrations that are higher than the aqueous solubility limit of the test 

compounds. The highest apparent test concentration of retene (74 µg/l) 

measured on day 1 was therefore anomalous and should not have been used in 

the bioassay. It is very likely that the solution (hexane, PDMS and PAH) used to 

prepare these films was too concentrated in retene. After the hexane evaporated, 

crystals of retene were observed at the surface of the PDMS film. These crystals 

were not able to fully dissolve in the ERS and some may have been sampled 

during the concentration measurement. The analytical method required the 

addition of ethanol in the water sample and this would cause the dissolution of 

the retene crystals. As a result, the concentration in the vials appeared higher 

than the solubility limit, but the aqueous concentration in the test vials was 
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Table 2.4: Variation of the five test concentrations of pure retene measured 
at the beginning and at the end of the 17 day bioassay. For day 1 and day 
17 n = 10 vials. The highest test concentration is anomalous because the 
PCD method of exposure cannot generate aqueous concentrations higher 
than the solubility limit, 42 µg/l in this case (see discussion). 

Day 1 Day 17 
µg/l ± σ µg/l ± σ 
74 ± 44 289 ± 43 
34 ± 8 84 ± 11 
26 ± 4 27 ± 4 
18 ± 3 17 ± 2 
10± 3 10 ± 1 
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probably at the solubility limit. To confirm this, the water samples could have 

been centrifuged and filtered before the addition of ethanol or, the calibration 

curve could have been prepared in water only and the samples analyzed by SFS 

without addition of ethanol. Future protocols should include a systematic 

observation of the films to ensure that there are no crystals present before using 

them in a bioassay. Another possible explanation for the highest apparent test 

concentration of retene (74 µg/l) measured on day 1 could be the use of 

contaminated ERS or vials but these situations are unlikely because new vials 

were always used and the same stock of ERS was used to fill all the vials.  

The increase in apparent concentration that happened in the two highest 

retene test concentrations may be explained by the presence of soluble proteins, 

such as hatching enzymes,29 that could bind to retene in the ERS. When free 

retene concentrations declined, the partitioning from the PDMS films re-

established the equilibrium and more retene was released to the ERS. The 

analytical method used was not able to discriminate between free and bound 

forms of retene and could result in an increase of apparent aqueous 

concentration. However, this increase was not observed with the other test 

PAHs. This could be attributed to the higher log P value of retene, which makes it 

more susceptible to binding proteins than the other test PAHs.  

Retene, unlike the other alkyl-phenanthrenes, is a strong inducer of 

CYP1a31 and it is also possible that the increase in apparent retene 

concentration resulted from the metabolism by the medaka. Metabolites of retene 

that were released in the ERS were likely more polar and had a lower log P. 
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They could also have a higher aqueous solubility limit than retene. If retene and 

its metabolites had similar spectroscopic properties, it is unlikely that they could 

be differentiated with the SFS method, thus contributing to the increase of 

apparent concentration at the end of the bioassay. The presence of metabolites 

and the analysis of their different spectra could be performed using a HPLC-DAD 

system and a fluorescence spectrophotometer.  

2.3.3 Toxicity assays using PCD of PAHs with Medaka embryos 

Japanese medaka is an ideal species for laboratory exposure assays 

because of its rapid egg production, relatively short generation time, small overall 

size, and a clear chorion that allows observation during developing stages. In the 

alkyl-phenanthrene bioassays, the prevalence of signs of toxicity was 

concentration-dependent. EC50 values estimated using a logistic regression 

model were compared to EC50 values estimated using a probit regression 

model.21 Both regression approaches generated similar EC50 values (Table 2.2 

and Figure 2.5). The concentrations used for the calculation of EC50 were 

measured at the beginning of the assay, before any variations could be 

introduced by the presence of the eggs. In another study, the nominal 24 h EC50 

for total PAHs in Alaska North Slope Crude oil was estimated in juvenile rainbow 

trout to be 541 µg/l and for the sum of all C1 to C4 phenanthrenes it was 

estimated at 113 µg/l. 30 

Only one compound, 7-E-1-MP, was not toxic within the range of test 

concentrations. All the EC50 values were below their respective experimental 

water solubility limits. These results provided a more realistic evaluation of the  
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Figure 2.5: Frequency of abnormal medaka embryos after a 17-day 
exposure to varying concentration of PAH. The solid lines were calculated 
using a logistic regression expression as described in Appendix A. 
7-E-1-MP (7-ethyl-1-methylphenanthrene) was not analyzed with the logistic 
regression.  

 



 

toxicity in aqueous media than nominal concentration values that are often higher 

than their respective solubility limits. The EC50 of retene before purification was 

higher than for pure retene. As discussed previously, retene before purification is 

a mixture of related alkyl-PAHs that increased the apparent solubility limit to 125 

µg/l. The EC50 for retene before purification, 74 µg/l, was consequently the EC50 

of that mixture. 

One alkyl-phenanthrene, retene, has been tested with static, semi-static, 

flow-through and PCD methods (Table 2.5). The chronic EC50 for medaka in 

static tests was 2500 µg/l, suggesting a relatively low toxicity. For semi-static 

tests, the EC50 decreased to 150 µg/l, suggesting that retene could be more toxic 

than originally thought, but still requiring nominal concentrations higher than the 

solubility limit. With PCD, the EC50 value was 10 µg/l, much lower than 

determined with the other methods (and below solubility) and suggesting a very 

high toxicity. Similar results were observed when retene toxicity to trout was 

estimated in semi-static and flow-through systems (Table 2.5). In semi-static 

assays, BSD (30 % to 40 % prevalence) was observed at nominal concentrations 

of 180 to 320 µg/l6 whereas with flow-through assays, 9 µg/l of retene caused 70-

100 % prevalence of BSD in fish exposed from fertilization to swim-up.31  

In the static assays, the concentration of retene declined over time14 and 

fish embryos were only exposed to high concentrations during the initial 24 hours 

of their development. In the semi-static assay, retene was added daily to the test 

solutions to counterbalance the concentration decline6,32 but the actual 

concentration that caused the effects was not well defined. In contrast to static  
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Table 2.5: Comparison of retene EC50 values determined by different test 
regimes, for trout and medaka. An * denotes a measured concentration 
while the other values are nominal concentrations.    
 

 
Medaka 

EC50 
µg/l 

Trout 
EC50 
µg/l 

Static 2500§  N.A. 
Semi-Static 150§ > 180 to 320† 

Flow-
through N.A. 9*‡ 

PCD 10*§ N.A. 
PCD 9* N.A. 

  § taken from ref. 14; † taken from ref. 6; ‡ taken from ref. 31 
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and semi-static types of assays, PCD and flow-through assays expose fish to a 

constant and known concentration of retene. Retene uptake by fish embryos was 

thus continuous and overall greater than the uptake occurring in the other types 

of assays,31 increasing the apparent toxicity. In contrast to flow-through assays, 

the PCD method required a simpler setup that allowed more concentrations to be 

tested, reduced operating costs, and generated a smaller volume of toxic waste. 

PCD also offered better accuracy and control of the actual test concentrations 

than the other test methods.  

2.3.4 Structure-toxicity relationships 

Structure activity relationships can be illustrated using a plot of log(EC50) 

vs log P. According to this model, test compounds with a similar log P should 

have a similar toxicity. In Figure 2.6, EC50 values calculated using both methods 

(probit and GraphPad Prism programs) were transformed logarithmically and 

graphed as a function of log P. Both sets of EC50 values were used for 

comparison purposes.  

Alkyl-phenanthrenes all produced similar toxicity by BSD, suggesting they 

were toxic through the same mechanism or group of mechanisms. BSD toxicity 

occurs through the AHR pathway, therefore AHR binding may be related to log P 

for these alkyl-phenanthrenes.33 In both graphs the toxicity increased with the 

number of alkyl substituents and with the log P values, but some compounds 

sharing the same log P value did not have exactly the same level of toxicity (i.e., 

the C2 compounds). It is possible that the difference was caused by the errors in 

the calculated log P values, and that actual log P values would be lower for the  
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Figure 2.6: Relationship between log (EC50) and log P for the tested alkyl-
phenanthrenes a) Using EC50 values estimated by GraphPad Prism 4.02, 
freeware version, and b) using EC50 values estimated by the probit method.  
  

 



 

less toxic C2 compounds. It is also possible that the mechanisms of toxicity were 

not exactly the same for these compounds.  Structural features such as the size 

and the position of the alkyl groups on the ring system could affect the toxicity of 

these compounds. 1,7-DMP is the only C2 phenanthrene with an alkyl group on 

position 1 (Table 2.1), and was slightly less toxic than the two other C2 

compounds which have substituents on position 2 or positions 2 and 7. Toxicity 

increases for molecules that tend to resemble TCDD in structure,33  where the 

chlorines in TCDD extend the length of the molecule.  

Another study done using different series of alkyl-phenanthrenes and 

alkyl-naphthalenes9 had similar results. In that study, the toxicity of C1 and C2 

naphthalenes and C1 to C5 phenanthrenes was measured using a semi-static 

protocol. The alkyl groups varied in size and were in different positions on the 

aromatic rings. It was found that C1-C2 naphthalenes and C5 phenanthrenes 

were not toxic to developing fish embryos. Some of these PAHs (1,7-DMP, 2-EP) 

were weak inducers of CYP1a9,10,33 and were also able to bind to the AHR.33 

Phenanthrenes with alkyl groups in position 9 or 10 (middle ring) were not as 

toxic as phenanthrenes with groups in position 1, 2 or 7 (outer rings). The ability 

to bind to the AHR seemed to have directed the level of toxicity of the alkyl-

phenanthrenes. 

Narcosis can be represented by a linear relationship between log(EC50) 

and log P.34 It’s also possible that narcosis contributed to toxicity in these 

experiments.  Narcosis is suspected to be the main mechanism for 

phenanthrene, which does not bind the AHR receptor, does not induce CYP1A 
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and does not cause BSD. In Figure 2.6, the point for phenanthrene is noted to be 

an outlier, suggesting a different mechanism for this compound. If phenanthrene 

is mainly causing narcosis, it also suggests the other test compounds are not 

toxic mainly by narcosis, consistent with the fact that they cause BSD.   

2.4 Summary and conclusions 

The chronic toxicity of a series of alkyl-phenanthrenes was determined 

using medaka embryos and the PCD method of exposure. The PCD method was 

chosen because it can deliver a stable and reliable concentration over extended 

period of time.14,19 It was also more cost-efficient than conventional semi-static 

and static assays. PCD had all the advantages of a flow-through assay but 

provided more control over the test concentrations. With PCD, the EC50 values 

were always lower than the experimental solubility limits of the compounds, and 

closer to normal environmental situations.14  

For a period of 17 days, the PDMS films were able to deliver aqueous 

concentrations that did not decline by more than 33 % of their initial values. The 

decline in concentration was slow and steady and was more pronounced after 

hatching. For 1-MP, the decrease in concentration between day 2 and day 17 

was -2.0 µg/l/day. Pure retene, however, did not behave like the other 

compounds. Two of the retene apparent test concentrations increased toward the 

end of the assay, most likely due to the adsorption of retene on organic matter 

such as soluble proteins or to microbial biomass. 

Alkyl-phenanthrenes whose structure resembled retene or TCDD were 

more toxic than the other compounds tested. This suggested that narcosis is not 
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the mechanism of toxicity. The ability to bind to the AHR may explain the 

increased toxicity observed with some of the alkyl-phenanthrenes tested in this 

project. 33,35  
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Abstract 
The toxicity of anthracene to fish in presence of UV radiation has been well 
studied but little is known about the phototoxicity of alkyl-anthracenes and their 
photoproducts to the early life stages of fish. In this project, the phototoxicity of 
alkyl-anthracenes and their photoproducts was studied using the PCD method of 
exposure. PCD was developed to maintain constant aqueous concentrations of 
alkyl-PAHs in test solutions during the bioassays by equilibrium partitioning of 
test chemicals from polydimethylsiloxane (PDMS) films to the water of a test 
vessel. A characterization of the actual exposure regime of PCD using a series of 
alkyl-anthracenes was performed before the bioassays were done. Values such 
as solubility limits and film:solution partition constants (Kfs) were determined, and 
the capacity of films to compensate for compound loss from solution was 
investigated for each test compound. The phototoxicity of alkyl-anthracenes was 
then assessed using PCD by exposing medaka embryos (Oryzias latipes) to 
continuous light (24LT) and dark (24DK) conditions. The toxicity of photoproducts 
was evaluated by exposing the test vials to light prior to the start of the bioassay. 
Results have shown that the films were not able to compensate for the loss by 
photodegradation in the 24LT bioassays but were able to do so in the 24DK 
bioassays. In both types of assays, the toxicity of alkyl-anthracenes increased 
with the number of carbon substituents on the rings. The photoproducts alone 
were not toxic to fish.  
 

 



 

3.1 Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous and persistent 

organic contaminants, and some of them are known to be toxic and 

carcinogenic.1 Some PAHs, such as anthracene, are recognized for their rapid 

degradation and phototransformation after exposure to UV radiation.1,2 

Phototransformation often enhances the toxicity of PAHs.3 For instance, under 

laboratory illumination, anthracene is not toxic within the range of its solubility 

limit, but in the presence of solar radiation it becomes acutely toxic at 

concentrations well below its aqueous solubility limit.1 The accepted mechanism 

of PAH phototoxicity is through an initial bioaccumulation in an organism followed 

by UV activation of the PAH to a triplet state.3,4 The activated PAH can then 

transfer energy to oxygen to form singlet oxygen,5 a reactive oxygen species that 

can cause lipid peroxidation and disrupt cell membranes.6 The toxicity of 

anthracene is not enhanced when the PAH is exposed to UV radiation prior to 

uptake by an organism.3 In this situation, the molecules of anthracene are 

modified through photodegradation before biological exposure and residual toxic 

photoproducts present in the water are not nearly as toxic to organisms as the 

reactive species formed in vivo.3 

PAHs can enter the aquatic environment during oil spills, such as the 1989 

Exxon Valdez oiling of shorelines in Prince William Sound, Alaska. In crude oil, 

90% of PAHs are substituted with alkyl chains of various lengths and 10% are 

unsubstituted.7 Alkyl-PAHs are more toxic than unsubstituted PAHs8 but most 

toxicological assessments of crude oil only focus on the unsubstituted 16 US-
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EPA priority PAHs. In addition, most toxicological assessments do not include 

the effects of PAH phototoxicity. Consequently, a large part of the adverse 

effects on aquatic organisms exposed to an oil spill is not characterized. To 

address this issue, the current project studied the phototoxicity of alkyl-

anthracenes to fish. 

Partition controlled delivery (PCD) was used to maintain constant aqueous 

concentrations of alkyl-anthracenes in test solutions during the bioassays. PCD 

is a new static method developed to overcome the problems of testing alkyl-

PAHs with existing test systems. PCD has been used to improve alkyl-PAH 

chronic exposure assays with Japanese medaka (Oryzias latipes) embryos9,10 

and involves a slow but continuous partitioning of hydrophobic compounds from 

a solid polydimethyl siloxane (PDMS) film to the solution in a test vessel. The 

partitioning compensates for the loss of hydrophobic compounds from solution 

and allows a stable and reliable water concentration to be maintained at or below 

solubility limits over a period of weeks.9,10 The small scale of the PCD assay and 

the small amount of compound used (8-10 mg) lower costs in general. PCD has 

been used successfully with alkyl-phenanthrenes10,11 but has not been used with 

alkyl-anthracenes yet. It is unknown whether the equilibration rate of the PDMS 

film could match the photodegradation rate of alkyl-anthracenes. Consequently, 

the ability of PCD to maintain a stable aqueous concentration of alkyl-

anthracenes was determined before the toxicity assays were performed.  

To our knowledge, no work has yet been published on the phototoxicity of 

alkyl-anthracenes to fish larvae. Furthermore, the toxic potential of alkyl-
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anthracene photoproducts to fish has not been reported. Consequently, the 

objectives of this research were to determine the phototoxicity of alkyl-

anthracenes and the toxicity of their photoproducts to fish using the PCD method 

of exposure. A characterization of the actual exposure regime of PCD using a 

series of alkyl-anthracenes was performed before the bioassays were done. 

Values such as solubility limits and film:solution partition constants (Kfs) were 

determined, and the capacity of films to compensate for compound loss from 

solution was investigated for each test compound. The phototoxicity of alkyl-

anthracenes was then assessed using PCD by exposing medaka embryos 

(Oryzias latipes) to continuous light (24LT) and dark (24DK) conditions. The 

toxicity of photoproducts was assessed by exposing the test vials to light prior to 

the start of the bioassay. Egg observations were made on a daily basis to identify 

abnormally developing fish, and aqueous concentrations of test compounds were 

measured regularly throughout the assay using synchronous fluorescence 

scanning spectrometry (SFS). 

3.2 Methods  

3.2.1 Chemicals and reagents 

Anthracene (Ant), 1-methylanthracene (1-MA), 9-methylanthracene 

(9-MA), 9,10-dimethylanthracene (9,10-DMA), anthraquinone (AQ) and 2-

hydroxyanthraquinone (2-OH-AQ) were purchased from Aldrich Chemicals 

(Milwaukee, WI, USA) at their highest purity grade available and the purity was 

confirmed by reverse-phase HPLC analysis. A compound that could not be 

purchased, 2-hydroxy-anthracene (2-OH-Ant), was synthesized by Dr. Ray 
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Bowers at Queen’s University, Kingston, ON, Canada. Poly(dimethylsiloxane) 

(PDMS) aquarium sealant (Dow Corning Corporation, Midland, MI) was 

purchased from a local pet store. The embryo rearing solution (ERS) (1 ml of 

10% NaCl, 1 ml of 0.3% KCl, 1 ml of 0.4% CaCl2•2H2O, 1 ml of 1.63% 

MgSO4•7H2O, and 95 ml of double-distilled water) was prepared in-house with 

chemicals from different suppliers at their best purity available. Double-distilled 

water was prepared in the lab using a glass still. Ethanol, methanol and hexane 

(HPLC grade solvents) and phosphoric acid (85%) were obtained from Fisher 

Scientific (Toronto, ON, Canada). 

3.2.2 Egg collection and culture 

Japanese medaka is an ideal species for laboratory exposure assays 

because of its rapid egg production, relatively short generation time, small overall 

size, and clear chorion that allows for observation during developing stages. 

Culture conditions for medaka were as suggested in Kirchen and West.12 Fish 

were kept at a temperature of 25 to 27 °C with a 16L:8D photoperiod. To ensure 

continuous oogenesis, the fish were fed brine shrimp nauplii (Artemia sp.). 

Female medaka were able to produce between 10 and 30 eggs per day. These 

were fertilized by cohabiting males at the time of release and easily collected 

manually from the female’s vent where they were attached by chorionic filaments 

for several hours post-release.13,14 After collection, egg clusters were rolled on 

the palm of the hand to separate the eggs. Fertilized eggs were kept in a Petri 

dish containing ERS until exposure. 
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3.2.3 Preparation and characterization of assay 

Modified procedures described in Kiparissis et al.9,10 and in Brown et al.9,10 

were used to prepare the PCD bioassay test vials. A 6 mg/ml PDMS solution 

containing various concentrations of test PAH was prepared by dissolving 

aquarium sealant in HPLC grade hexane and mixing with PAH already dissolved 

in hexane. A volume of 600 µl of the PDMS solution was deposited on the side of 

20 ml vials held at 45°. After overnight evaporation of the hexane, the vials were 

filled with 15 ml of ERS and were placed on an orbital shaker at 900 rpm for 2 to 

2.5 hrs to establish equilibrium between the concentrations of PAH in the ERS 

and in the PDMS film. 

Two fertilized Japanese medaka eggs were added to each vial for a 

17-day embryo toxicity test at 26 ± 1 °C (n = 20 for each treatment and control). 

The experiment was done in 24LT and in 24DK photoperiods. A third set of vials 

was prepared using the same concentrations and kept in 24LT for 4 to 6 days 

prior to the assay in 24LT. This third test was done to let the photoproducts be 

formed prior to exposure.  

During the bioassay, the vials were kept at an angle of 45° and carefully 

positioned so that eggs were not in contact with PDMS films at all times, ensuring 

that effects were attributed to dissolved test compounds only and not to direct 

uptake from the film. Vials were opened daily and shaken gently by hand to keep 

oxygen levels adequate. To prevent degradation of water quality, dead eggs 

were removed whenever they were found. Concentrations were measured 

throughout the time of the assay by fluorescence using samples of ERS taken 

from test vials and diluted 50:50 in HPLC grade ethanol.  

 



 

3.2.4 Analytical procedures  

The concentration of PAH in water was measured using a fluorescence 

spectrophotometer (QuantaMaster QM1, Photon Technology International, 

London, ON, Canada), as described elsewhere.9 Excitation and emission slits 

were set to 2 nm band-pass for all measurements. Synchronous fluorescence 

scanning (SFS) was used because it is a method that improves the selectivity of 

conventional fluorescence spectroscopy by keeping a constant and optimal 

wavelength difference (Δλ) between the emission and excitation 

monochromators during the simultaneous scan.15  Samples were diluted 50:50 

(v:v) with HPLC grade ethanol and if a higher dilution was necessary, the same 

50:50 ratio of ethanol and water was maintained. Each sample was sonicated for 

3 minutes prior to measurement. Offset values were 126 nm for Ant, 128 nm for 

1-MA, 132 nm for 9-MA and 143 nm for 9,10-DMA. Concentrations were 

determined using a calibration curve made from 5x10-8 M to 5x10-5 M standard 

solutions (in 50:50 ethanol: water) for each compound. 

3.2.5 Embryo observation and EC50 determination  

During a 17-day exposure period, controls and exposed embryos were 

observed once a day for morphological alterations using a dissecting 

microscope. Pericardial edema was identified by enlargement of the pericardial 

sac caused by a fluid accumulation in the pericardial sac. Similarly, yolk sac 

edema was identified by fluid accumulation in the yolk sac. Haemorrhages 

observed anywhere on the fish were recorded as well. Spinal deformities were 

identified by curvatures of the vertebral column. Abnormal swimming skills and 
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delayed swim bladder inflation and yolk sac absorption were recorded after hatch 

and until the end of the assay. Mortality and percent hatch were also recorded. 

For each measured aqueous test concentration, the results were expressed as 

the percentage of fish that had at least one sign of toxicity. EC50 values were 

approximated as described in Appendix A. EC50 values estimated with the 

parametric method were compared to EC50 values approximated with a probit 

calculation program (US-EPA) to examine the robustness of the fit values.16   

3.2.6 Determination of log Kfs, log P and solubility values 

Log film:solution partition constants (log Kfs) and experimental solubility 

limit values were calculated before the bioassays were performed. In the test 

vials, equilibrated PAH concentrations varied linearly with film concentrations and 

reached a plateau at higher concentrations. The plateau of the curves provided 

the experimental solubility limit values of the compounds in water. After 

logarithmic transformations of the data, linear regressions were calculated in the 

ascending portion of the curves. The intercepts of the regression lines 

represented the log Kfs values. Statistics (linear regression, R2, normality test) 

were performed with p = 0.05 using SigmaStat 3.5 (Systat software, inc. 2006).  

The ALOGPS 2.1 program from the Virtual Computational Chemistry 

Laboratory (VCCLAB)17,18 was used to predict the log P values of the 

compounds. For each compound, the average log P value provided by ALOGPS 

2.1 was used because these average values compared well to the experimental 

values determined for a few compounds in our lab (data not shown). The 
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predicted solubility values of the test compounds are from experimental sources 

compiled in ALOGPS 2.1.  

3.2.7 Analysis of photoproducts 

At the end of the 17-day stability study and for each compound, water from 

the vials was pooled in larger containers and acidified to pH 2.5. The PAHs and 

photoproducts present in the water were concentrated on a C18 Isolute® SPE 

column (0.5 g of sorbent, Chromatographic specialties Inc, Brockville, Ontario, 

Canada) and eluted with ethanol. The column was used as recommended by the 

manufacturer. The films were left to dry in the dark and the PAHs were extracted 

three times with 2 to 4 ml of methanol, evaporated to dryness and reconstituted 

in ethanol. 

The separation of PAHs and photodegradation product was performed on 

a Varian Star Chromatography system coupled to a Prostar model 240 

quaternary pump, a Prostar model 430 autosampler, a Prostar model 330 photo-

diode array detector (slit widths set to 4 nm and the spectral collection window 

spanned from 220 to 400 nm), a Prostar model 360 fluorescence detector with 

excitation and emission wavelengths set at 245 nm and 370 nm (Varian, 

Mississauga, ON, Canada) and a Zorbax C18 column (250 mm x 4.6 mm, particle 

size 5 µm, Chromatographic Specialties Inc., Brockville, ON, Canada). The 

gradient elution profile was modified from Mallakin et al.2 and used acetonitrile 

(ACN) and double-distilled water acidified to pH 2.5 with phosphoric acid. Initially, 

the mobile phase was 1% ACN isocratic for 2 minutes; it was then increased 

linearly to 90% ACN during 32 minutes, held for 20 minutes and finally increased 
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linearly to 98% during 5 minutes and held for a minute. The column was 

regenerated after each run during 5 minutes. The flow rate was 1 ml/min and the 

injection volume was 100 µl. Detection was done by comparing retention time, 

absorbance spectra, and fluorescence signal of compounds. 

3.3 Results and Discussion  

3.3.1 Characterization of the actual exposure regime of PCD 

The PCD method of exposure has been developed for chronic embryo 

toxicity assays with eggs from medaka and was previously used to assess the 

chronic toxicity of a series of alkyl-phenanthrenes.9,10 The PCD method of 

exposure was chosen for the current project instead of conventional methods 

because it is more cost-efficient and is able to deliver desired and reliable 

concentrations of hydrophobic compounds below their solubility limits for 

extended periods of time.  

Prior to the determination of the phototoxicity of a series of alkyl-

anthracenes (Table 3.1) and the toxicity of their photoproducts to fish using the 

PCD method of exposure, a characterization of the actual exposure regime of 

PCD was completed. For the series of alkyl-anthracenes tested, the required 

time to reach equilibrium between the film and the water was 2 to 2.5 hours using 

an orbital shaker. This was a longer time than needed by phenanthrenes (1.5 to 

2 hrs).10,11 At equilibrium, water concentrations varied linearly with film 

concentrations and reached a plateau at the highest film concentrations 

(Figure 3.1). The plateau (outlined symbols) provided an approximation of the 

solubility limit of the compound in water. 
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Table 3.1: Molecular structures.  
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Figure 3.1: Measured aqueous concentration of anthracene after 
equilibrium from PDMS film. Symbols represent average concentrations ± σ 
and n = 3 for each symbol. For some data points, the standard deviation is 
so small that the error bars are not visible. The linear regression was 
calculated in the ascending portion of the curves (black symbols) using 
SigmaStat 3.5 (p = 0.05) and the sample size of the regression is indicated 
on the graph along with the equation and R2 values. The Kfs value can be 
determined in the ascending portion of the curve. The solubility limit is 
indicated by the plateau of the curve (outlined symbol).  

 

  

78 

 



 

The plot of log[solution] vs log[film] was used to determine log film:solution 

partition constant (log Kfs). Log Kfs was the intercept of the linear regression 

(Figure 3.2, Table 3.2). Points on the plateau of the plots as in Figure 3.1 were 

omitted from the regression but are shown in Figure 3.2 as outlined symbols. The 

log Kfs values increased with the number of carbon substituents from 4.0 for Ant 

to 4.6 for 9,10-DMA. The log Kfs values previously reported for Ant (4.019 and 

4.19) and 1-MA (4.39) were similar to the values determined experimentally (4.0 

and 4.4 respectively) emphasizing the reproducibility of the results. Each log Kfs 

value was then graphed as a function of the log P value that was predicted with 

ALOGPS 2.1.17 The alkyl-phenanthrene log Kfs and log P values from Chapter 2 

were also graphed for comparison (Figure 3.3). On the graph, it can be observed 

that the different PAH data points are grouped by the number of carbon 

substituents on the rings. There was also a linear relationship between log Kfs 

and log P (R2 = 0.86) that could be used to approximate either value when 

unknown.  

It was previously concluded11 that the plateau of the equilibrated 

concentrations curve was an approximation of the aqueous solubility limit of the 

compounds. The solubility values that were experimentally determined for Ant, 

1-MA and 9,10-DMA were below their predicted values for pure water 

(Table 3.2). This had also been observed with some of the alkyl-phenanthrenes11 

and was attributed to a salting-out phenomenon caused by the salts present in 

the embryo rearing solution (ERS).20 The 9-MA solubility value was higher than 
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Figure 3.2: Measured aqueous concentrations of PAHs after equilibration 
from PDMS films, photoperiod 24DK. Symbols represent average 
concentrations ± σ and n = 3 for most symbols. For some data points, the 
standard deviation is so small that the error bars are not visible. The linear 
regressions were calculated in the ascending portion of the curves (black 
symbols) using SigmaStat 3.5 (p = 0.05) and the sample size of each 
regression is indicated on the graphs along with the equation and R2 
values. The intercepts of the regression lines represent the log Kfs values. 
The outlined symbols were not in the linear part of the curve (Figure 3.1 for 
example).  
 
 
  

80 

 



 

Table 3.2: Characterization of partition controlled delivery method of 
exposure with alkyl-anthracenes. The experimental water solubility is 
indicated by the plateau on the graphs from Figure 3.1 and the predicted 
solubility values (from ALOGPS 2.1) are shown for comparison. The Kfs 
values (intercepts of linear regressions from Figure 3.2) are compared to 
the log P values predicted by ALOGPS 2.1.  
 

  Experimental Predicted     

  
Water Water 

log Kfs Predicted log PSolubility solubility 
  µg/l µg/l     

Ant 42 80 4.0 4.4 
1-MA 195 269 4.4 4.9 
9-MA 375 250 4.2 4.9 

9,10-DMA 23 56 4.6 5.4 
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Figure 3.3: Linear relationship between log Kfs and log P. The log Kfs values 
(intercepts from linear regressions in Figure 3.2) were graphed as a 
function of the log P values predicted by ALOGPS 2.1 (Table 3.2). The alkyl-
phenanthrenes values from Chapter 2 were graphed for comparison.  
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the predicted value and this was possibly due to an inaccuracy in the predicted 

value provided by the ALOGPS 2.1 calculation program or to an analytical error. 

In future experiments, more points could be added to the 9-MA and 1-MA plateau 

of Figure 3.1 to improve the accuracy of the experimental solubility value.  

The results also showed that 9-MA was almost twice as water soluble as 

1-MA although they both shared the same log P value. Solubility and log P are 

closely related but they represent different properties. The aqueous solubility of a 

substance is its ability to dissolve from a pure solid in water. Log P of a 

substance is the log of the ratio at equilibrium of the concentration in water to the 

concentration in octanol.21 For liquids, log P is an indication of the solubility but 

for solids, the solubility also depends on the energy required to break the crystal 

organisation.22 It is possible to find solids with high log P values that are very 

soluble because of a low melting point and vice versa. In the case of 1-MA and 

9-MA, the melting point of 9-MA is slightly lower than the melting point of 1-MA 

(81.5 °C and 85.5 °C, according to PhysProp database23). This difference could 

maybe explain the different solubility limits determined when characterizing the 

PCD films.   

3.3.2 Capacity of films to compensate for compound loss from solution 

When the actual regime of PCD was characterized with alkyl-

phenanthrenes, it was observed that the partitioning compensated for most of the 

loss of compounds from aqueous solution.11 Partitioning allowed a stable 

aqueous PAH concentration to be maintained for at least 17 days. Anthracenes, 

known for their photoreactivity,2 had not previously been tested with PCD and it 
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was uncertain if the partitioning of PAH from the film to the water would be able 

to match the loss of PAH by photodegradation. To verify this, prior to the 

bioassays, the stability of the aqueous concentrations was investigated for a 

period of 17 days with 24LT and 24DK photoperiods. With the 24LT photoperiod, 

the partitioning was only able to compensate for the losses by photodegradation 

for Ant. For the three alkyl-anthracenes, the water concentration was much lower 

after 17 days, sometimes even below limit of detection (Figure 3.4). With the 

24DK photoperiod no variations in concentration were observed during 17 days. 

This difference between the 24LT and 24DK photoperiods indicated that 

photodegradation was the main cause of the decline in concentration and that 

the partitioning from PDMS films was not sufficient to maintain the aqueous 

concentrations of alkyl-anthracenes at their initial levels during 17 days. A 

modified PCD system with greater surface area of PDMS might provide a higher 

capacity to compensate for this loss.  

The capacity of the films to deliver constant aqueous concentrations was 

also investigated during the 17-day bioassays. The bioassays were done in 24LT 

and 24DK photoperiods to assess the role of the phototoxicity on the overall 

toxicity of alkyl-anthracenes. There were two types of 24LT bioassays. The first 

type (24LT with prior photodegradation) was left four to six days to allow the 

formation of photoproducts before the beginning of the assay. The second type 

(24LT without prior photodegradation) was started without delay and the initial 

photodegradation happened in the presence of the eggs.  
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Figure 3.4: PAH test concentrations measured at day 0 and at day 17, 
photoperiod 24LT, no eggs in the vials. The symbols represent the average 
concentrations ± σ; and n = 3 for each symbol.  
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It was observed in the 24LT assays without prior photodegradation that 

the concentration of anthracene declined slightly over the course of the bioassay 

(Figure 3.5). Ant test concentrations followed a trend similar to the alkyl-

phenanthrenes11 with slopes varying from -1.4 to -0.2 µg/day (Table 3.3). The 

higher test concentrations had the steeper slopes. With alkyl-phenanthrenes,11 a 

more pronounced decline in concentration was observed after hatching day (day 

9). In the present case, insufficient measurements were taken before and after 

hatching day to assess the effect of hatching on the decline in test concentration. 

However, similarly to the alkyl-phenanthrenes, the presence of eggs did not have 

a distinct influence on the capacity of the PDMS films to deliver constant 

aqueous Ant concentrations. For the alkyl-anthracenes, it was observed in the 

24LT assays without prior photodegradation that the test concentrations 

decreased between day 0 and day 4 until the alkyl-anthracenes were barely 

detectable in the water (Figure 3.5). The photodegradation of test compounds 

was the main cause of this decline in concentration. In the second type of 24LT 

bioassays, 24LT with prior photodegradation, the alkyl-anthracene 

concentrations were near the limit of detection but Ant concentrations were 

similar to the 24LT without prior photodegradation. Lastly, the concentrations in 

the 24DK bioassays did not decline much during 17 days for Ant, 1-MA and 9-MA 

but declined by 40% for 9,10-DMA (Figure 3.5). This decline was caused by the 

presence of the fish and by the daily embryo observation with a light microscope. 

From all of these results on the capacity of the PDMS films to deliver constant 

aqueous concentrations of test compounds, it could be concluded that the 
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Figure 3.5: PAH test concentrations measured at different times during the 
17-day bioassay, photoperiod 24LT (clear symbols) or photoperiod 24DK 
(full symbols), each vial contained 2 eggs. Each line represents one of the 
test concentrations. The symbols represent the average concentrations ± 
σ; and n = 3 for each symbol. For some data points, the standard deviation 
is so small that the error bars are not visible.  
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Table 3.3: Linear regressions for anthracene test concentrations in Figure 
3.5. The experiment was done with a 24LT photoperiod. Linear regressions 
and statistical tests were calculated using SigmaStat 3.5 with p = 0.05. N = 
12 for each concentration.  
 
Test concentration 

on day 0 
(µg/l) 

Slope 
(µg/l/day) 

 
R2 

46 -0.8 0.88 
39 -1.4 0.92 
28 -0.9 0.93 
13 -0.4 0.77 
8.7 -0.3 0.86 
3.7 -0.2 0.87 
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 partitioning of alkyl-anthracenes from a PDMS film could not match the loss 

caused by photodegradation. Other removal processes, such as metabolism and 

adsorption on the glass, were compensated to an acceptable extent by the 

partitioning.  

At the end of the 24LT stability study (no fish in the vials), the 

photoproducts in the water and in the films for Ant, 9-MA and 9,10-DMA were 

analyzed by HPLC using a C18 column. Access to analytical standards was 

limited and most photoproducts could not be identified. However it was possible 

to determine that the test water contained quinones (Table 3.1) and low 

concentrations of test compounds. The films had high concentrations of test 

compound and some quinones were also detected in low concentration. These 

results suggested that PAHs in the films were able to partition from the films 

throughout the time of the assay, but that they were readily photodegraded once 

in the water phase. The high concentration of parent PAH remaining in the film is 

maybe an indication that UV light was not reaching in the PDMS films or that 

oxygen, which is required for photodegradation,4 was quickly depleted. Oxygen 

concentrations could be monitored by fluorescence quenching, a technique that 

measures the effects of oxygen on a fluorophore present in the PDMS.24 

3.3.3 Toxicity assays using PCD of PAHs with medaka embryos 

The prevalence of signs of toxicity was concentration-dependent. EC50 

values estimated using a logistic regression model were compared to EC50 

values estimated using a probit regression model16. The concentrations used for 

the calculation of EC50 values were measured at the beginning of the assay, 
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before any variations could be introduced by the photodegradation or by the 

presence of the eggs. Both regression approaches generated similar EC50 values 

(Table 3.4, Figure 3.6) although in some cases, e.g., for 1-MA, a difference of 

13% was observed between both calculated values. Ant 24LT and all four 

compounds from the 24LT with prior photodegradation did not cause a 50% 

response of affected fish within the test concentrations. All calculated EC50 

values were below the respective aqueous solubility of each compound. These 

results provided a more realistic evaluation of the toxicity in aqueous media than 

EC50 based on nominal concentrations, which are often higher than their 

solubility limits.  

When examining the EC50 values for both types of 24LT assays, it was 

observed that for similar initial concentrations, the photodegradation before the 

beginning of the bioassay decreased the toxicity of alkyl-anthracenes. The alkyl-

anthracenes were more toxic when the eggs were present during the 

photodegradation of the PAH. Similar results were observed in a study with 

bluegill sunfish (Lepomis macrochirus) dosed with Ant in shaded and in sunlit 

microcosms.3 In that study, fish that were exposed to Ant photoproducts did not 

experience toxicity. It was also observed that fish exposed to Ant in the shaded 

area died when transferred to the sunlit area. In a last experiment, exposed fish 

were left in a shaded microcosm long enough for depuration to happen and no 

mortality was observed when these fish were later transferred to a sunlit 

microcosm. The sunfish study and the current project have both demonstrated 

that toxicity is not caused by persistent toxic photoproducts in water but rather by 
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Figure 3.6: Frequency of abnormal medaka embryos after 17-day exposure 
to varying concentration of PAHs. The sigmoidal dose-response equation 
with variable slope (GraphPad Prism 4.02, freeware version) Y=Bottom + 
(Top-Bottom)/(1+10^((LogEC50-X)*HillSlope)), identical to the four 
parameter logistic equation, was used to estimate the EC50 values (Table 
3.3). Legend L: 24h light photoperiod without prior photodegradation; D: 
24h dark photoperiod. The solubility limit is represented by the vertical 
dashed line. 
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Table 3.4: EC50 values for each compound tested. A sigmoidal dose-
response equation with variable slope (GraphPad Prism 4.02, freeware 
version) and a probit calculation program (US-EPA) were used to estimate 
the EC50 from measured aqueous concentrations.  
 

Graph pad Probit 
EC50 (95% C.I.) EC50 (95% C.I.) 

Photoperiod PAH µg/l µg/l 

24h light 

Ant > 41 > 41 
1-MA 82 (53 to 130) 81 (62 to 123) 
9-MA 199 (145 to 272)  161 (122 to 219) 

9,10-DMA 12 (9 to 15) 10 (8 to 13) 

24h light, eggs 
added after 

photodegradation 

Ant > 38  > 38 
1-MA > 195 > 195 
9-MA > 370 > 370 

9,10-DMA > 24 > 24 

24h dark 

Ant > 40 > 40 
1-MA 190 (114 to 316) 104 (64 to 170) 
9-MA 258 (253 to 264) 126 (30 to 3300) 

9,10-DMA < 12 1.5 (0.61 to 2.6) 
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 the photoactivation of the PAH and alkyl-PAHs already taken up by fish. There 

were some differences between both projects that influenced the toxicity of Ant, 

which was found to be more toxic in the experiments with sunfish. The type of 

light, the location of the experiments (indoor or outdoor), the age of the fish, and 

the different species could all be reasons for this difference. 

In 24LT assays without prior photodegradation and in 24DK assays the 

toxicity increased from Ant, 9-MA, 1-MA to 9,10-DMA. For each compound, the 

EC50 values were similar in both types of assay. If UV light from the sun had been 

used instead of fluorescent lighting (minimal UV), toxicity 1000 times higher could 

have been observed in the 24LT assays.25 In both types of assay, the observed 

signs of toxicity suggested different mechanisms of toxicity. The predominance of 

non-hatching observed in the 24DK assay in conjunction with the low (or absent) 

photodegradation of the test compound was consistent with narcosis as the 

mechanism of action in these assays. The alkyl-anthracenes in the 24LT assays 

without previous photodegradation had a hatching rate comparable to controls 

and had signs of toxicity similar to alkyl-phenanthrenes11 such as morphological 

deformations and oedema. The fish were often dead before the end of the 

bioassay and often right after hatch. However, alkyl-anthracenes did not induce 

CYP1a production (results not shown) as do alkyl-phenanthrenes26, so a different 

mechanism of action than AHR-mediated toxicity must have caused the toxicity. 

It is very likely that phototoxicity was the cause of the enhanced toxicity of alkyl-

anthracenes in the 24LT assays without prior photodegradation. The reaction of 
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PAHs with UV produces many radical species, which are very reactive with 

macromolecules,27 and subsequently causes toxicity and death of the fish.  

The toxicity of 9-MA to medaka was lower than 1-MA in the 24LT assays 

without prior photodegradation and in the 24DK assays. Metabolism could 

explain this difference in toxicity in both types of bioassays. In other experiments, 

metabolites with hydroxylation on the alkyl chain have been detected in the bile 

of trout exposed to 1-MA by intraperitoneal injection but only metabolites formed 

on the ring systems were detected for 9-MA (Chapter 5). Benzylic metabolites 

can be more toxic than phenolic metabolites and adducts originating from 

benzylic metabolites have been detected in the liver of fish exposed in the 

laboratory to alkyl-PAHs.28 For the 24LT bioassays only, different mechanisms of 

photodegradation may cause the observed difference in toxicity between 1-MA 

and 9-MA. It was observed that these two compounds have different rates of 

photodegradation (Figure 3.4 and 3.5). It is known that PAHs can be 

photodegraded via a reactive triplet state or via a reactive singlet state.4 Ant and 

9-MA, for instance, go through the triplet state while benzo[a]pyrene and pyrene 

react through the singlet state.4 The photodegradation pathway of 1-MA is 

unknown and more research is required to determine if it could be a factor in 

enhanced toxicity by allowing the formation of different high-energy 

intermediates.  

 Lastly, too few data were available to graphically study structure-toxicity 

relationships. Only three of the tested compounds had an EC50 value within the 

range of test concentrations and two of these compounds (1-MA and 9-MA) 
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shared the same log P value. A general toxicity trend based on the number of 

alkyl groups present on the molecules was observed, but not enough alkyl-

anthracenes were tested to further determine if the size and the position of alkyl 

groups could make a difference in their toxicity.  

3.4 Summary and conclusions 

The phototoxicity of a series of alkyl-anthracenes and the toxicity of their 

photoproducts to medaka embryos were determined using the PCD method of 

exposure. The PCD assays did not take long to prepare, only required 8-10 mg 

of each test compound, and took little space in the laboratory. Chemical 

constants such as Kfs and solubility limits could be calculated from the 

concentrations at equilibrium. Unlike the alkyl-phenanthrenes,11 the stability of 

the aqueous concentrations was not obtained with the alkyl-anthracenes in the 

24LT assays because the partitioning of the compounds from the film could not 

compensate for the photodegradation process. Slight modifications such as 

changing vials every four to five days could be implemented to improve the 

assay, but more test compound would be required and costs would be multiplied. 

Other suggestion would be to change the photoperiod from 24LT to 18:6 D:L or 

to 24DK to slow down the photodegradation process and to increase the surface 

area of the PDMS films.  

The toxicity of alkyl-anthracenes increased with the number of carbon 

substituents on the rings. Different mechanisms of toxicity were responsible for 

the alkyl-anthracene toxicity observed in all the bioassays. In the 24DK assays, 

where no photodegradation happened, narcosis was the likely mechanism of 
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toxicity. In the 24h light assays, except for Ant test vials where little 

photodegradation happened, the suggested main mechanism of toxicity was 

phototoxicity. The photoproducts alone were not toxic to fish. Phototoxicity is a 

real concern with young fish and fish eggs that are often found in shallow areas 

where sunlight can reach them. Phototoxicity will be less damaging to older fish 

that hide in shaded areas or in opaque or deeper water.  

Overall, these results showed that the traditional classification of PAHs as 

a common class of compounds may lead to misrepresentation of toxicity because 

similar alkyl-PAHs are toxic by different mechanisms, as observed with the alkyl-

phenanthrenes11 and the alkyl-anthracenes. PAHs should be considered 

individually to better represent the toxicity of petrogenic mixtures.  
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Abstract 
In vitro phase I metabolites of alkyl-phenanthrenes were produced using rainbow 
trout (Oncorhynchus mykiss) CYP enzymes. These metabolites were 
predominantly hydroxylated on the alkyl chains. Alkyl-anthracenes are a class of 
compounds very similar in shape and in chemical properties to alkyl-
phenanthrenes but their metabolism has not been determined yet. In this project, 
in vitro phase I metabolites of alkyl-anthracenes were identified. Test compounds 
were incubated with postmitochondrial supernatant (S9 fraction) prepared from 
the liver of rainbow trout exposed to β-naphthoflavone (BNF), a CYP1a inducer. 
The metabolite separation was done using a HPLC system equipped with a C18 
column and using a water-acetonitrile gradient. A UV-diode array detector was 
used for all samples and MS was used in specific cases. The UV spectral 
analysis determined that alkyl-anthracenes were metabolized predominantly on 
the rings. MS methods were successfully developed with standards but were not 
successful in confirming the phase I metabolites structures. 
 

 



 

4.1 Introduction 

Crude oil is a complex mixture containing unsubstituted and alkylated 

polycyclic aromatic hydrocarbons (PAHs). Alkyl-PAHs constitute more than 90 % 

of the total PAHs found in crude oil1 and their environmental relevance was 

recognized after the 1989 Exxon Valdez oil spill in Alaska in which approximately 

1300 miles (2000 km) of shoreline were oiled. Morphological abnormalities and 

reduction in recruitment were seen in fish growing in contaminated areas.2-4 

These adverse effects were correlated to aqueous concentrations of alkyl-PAHs 

released from sediment into the water in experimental egg incubators.5 A 

syndrome called blue sac disease (BSD) was apparent in affected fish and was 

expressed as edema, hemorrhaging, deformities and induction of CYP1a.5  

After uptake into a fish, PAH molecules are readily biotransformed into 

more polar compounds. These metabolites are easily excreted because of their 

water solubility. The metabolism takes place through a two-phase process.6,7 

During the first phase, an oxygen is added and during the second phase, an 

organic ligand such as glucuronic acid, glutathione, sulfate or amino acid moiety 

is conjugated to the oxygen.8 After phase II biotransformation is completed, ATP-

dependent membrane transporters can pump the metabolites in the extracellular 

environment where they will be excreted9.  

In fish, CYP1a catalyzes the phase I reaction of PAHs.10 CYP1a is an 

inducible form of CYP4508 found in highest concentration in the smooth 

endoplasmic reticulum of liver cells.11 Binding of an inducer, such as 

β-naphthoflavone (BNF),12 to the cytosolic aryl hydrocarbon receptor triggers a 
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sequence of molecular events mediating CYP1a levels.8,10,13 The induction of 

CYP1a is fast and activity levels can be increased by 100-fold within hours after 

exposure.8 The oxygenated products of the enzymatic reaction can be phenols, 

diols, quinones, tetrols or epoxides14,15 and the reaction can happen more than 

once on the substrate.8,16 

Compounds with polar groups, like phase I metabolites, have a low 

volatility and are usually derivatized before analysis by gas chromatography 

coupled to a mass spectrometer (GC-MS).15 Derivatization however complicates 

the analysis and can also introduce artifacts. In addition, phase I metabolite 

isomers cannot be distinguished by GC because they co-elute.15 HPLC coupled 

with a UV diode array detector (UV-DAD), fluorescence or MS is a much easier 

and more convenient method.17-19 No derivatization is necessary when analyzing 

phase I metabolites with HPLC and metabolite isomers can be separated with 

the appropriate column and elution program.19  

Metabolism will usually detoxify potentially damaging substances but 

occasionally some metabolites can be more toxic than their parent 

compounds.8,14 For instance, when the procarcinogen  benzo[a]pyrene (BaP) is 

bioactivated by CYP1a, a highly reactive diol-epoxide intermediate is formed on 

the ring system20. It can then bind to nucleotide bases and permanently change 

DNA sequences.21 When BaP was incubated together with CYP1a and DNA, 

covalent DNA adducts were observed21 similar to aromatic DNA adducts seen in 

fish exposed to PAHs after an oil spill.22  
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CYP1a can also oxygenate the alkyl chains of PAHs,16,23,24 leading to the 

activation of mutagens and procarcinogens. After the benzylic oxygenation is 

done, an enzymatic conjugation with a sulfate group will create a good leaving 

group on the metabolite. A resonance stabilized electrophilic benzylic 

carbocation intermediate will then be formed and will react with the nucleophile 

macromolecules in the cell such as DNA, RNA and proteins.24 DNA adducts 

resulting from exposure to benzylic activated intermediates have been seen in 

humans and rodents and were correlated to increased cell proliferation, which is 

one of the first steps toward cancer development.16,23,24 The formation of benzylic 

intermediates could explain the increased toxicity of alkyl-PAHs over their 

corresponding non alkylated forms.  

Understanding the toxicity of alkyl-PAHs to fish is important and 

metabolism studies enable more accurate predictions to be made based on what 

types of reactive intermediates are generated for each class of PAH present in 

crude oil. Of the predominant alkyl-PAH classes found in crude oil, the 

metabolism of chrysenes, pyrenes and phenanthrenes has received most 

attention.23,25-27 Alkyl-phenanthrenes and alkyl-pyrenes were metabolized 

principally on their alkyl chains whereas alkyl-chrysenes were metabolized on 

their rings.23,25-27 Alkyl-anthracenes are a class of compounds very similar in 

shape and in chemical properties to alkyl-phenanthrenes28 but the in vitro phase I 

metabolism of alkyl-anthracenes has not been determined yet and this is one 

objective of this research project. For this purpose, in vitro hydroxylated 
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metabolites were generated for each alkyl-anthracene and characterized using a 

HPLC with a UV-DAD detector.  

4.2 Methods 

4.2.1 Material and reagents 

Anthracene (Ant), 1-methylanthracene (1-MA), 9-methylanthracene 

(9-MA), 9,10-dimethylanthracene (9,10-DMA), 2,3-dimethylanthracene 

(2,3-DMA), 2,3,6,7-tetramethylanthracene (TMA), pyrene and 

phenanthrene-methanol (phen-MeOH) were purchased from Aldrich Chemicals 

(Milwaukee, WI, USA) at their highest purity grade available and the purity was 

confirmed by reverse-phase HPLC analysis. Compounds that could not be 

purchased (9-hydroxy-1-methylphenanthrene (9-OH-1-MP) and 

2-hydroxy-anthracene (2-OH-Ant)) were synthesized by Dr. Ray Bowers at 

Queen’s University, Kingston, ON Canada. See Table 4.1 for molecular 

structures. 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid sodium salt (HEPES), 

β-nicotinamide adenine dinucleotide phosphate (reduced form; tetra sodium salt; 

NADPH), 3-amino benzoic acid ethyl ester (MS222), sodium acetate and 

ammonium salt were purchased from Sigma (St-Louis, MO, USA). 

β-naphthoflavone (BNF) was purchased from Acros Chemical (Fair Lawn, NJ, 

USA). The BIORAD protein assay (dry reagent concentrate, control 82855A) was 

purchased from BIORAD Laboratories Inc. (Hercules, CA, USA). Double-distilled 

water (DDW) was prepared in the lab using a still. Methanol (MeOH), acetonitrile 

(ACN) and dimethylsulphoxide (DMSO) were obtained as HPLC grade solvents  
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Table 4.1: PAH and metabolite structures.  
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from Fisher Scientific (Toronto, ON, Canada). Phosphoric acid (85 %) was 

purchased from Fisher Scientific.  

4.2.2 Preparation of hepatic postmitochondrial supernatant (S9 fraction) 

Rainbow trout were purchased from Rainbow Springs Trout Hatchery 

(Thamesford, ON, Canada) and were kept in a holding tank in flowing 

dechlorinated Lake Ontario water maintained at 13 ± 1 °C. After fasting for 48 

hours, each fish (150-250 g) was anaesthetized in MS222 in control water 

(1 g/10 liters) and weighed individually before being intraperitoneally injected with 

BNF dissolved in corn oil (1 mg/ml/100 g of body weight). The fish were revived 

in control water and transferred to the exposure tank for a period of 24 hours. 

The exposure tank had a constant flow of dechlorinated water from Lake Ontario 

maintained at 13 ± 1 °C and was continuously aerated throughout the exposure 

period. Dissolved oxygen level and pH were 8.4 ± 1.0 mg/ml and 7.9 ± 0.2 mg/ml 

respectively. 

At the end of the 24 hr exposure period, the fish were anaesthetized in an 

aqueous solution of MS222 (1 g/10 liters) and their spinal cords were severed. 

The livers were pooled and homogenized in cold 0.02 M HEPES grinding buffer 

(pH 7.5, [KCl] = 0.15 M) with a Potter-Elvehjem homogenizer and a Teflon pestle. 

The volume of buffer was adjusted to reach a final ratio of 5 ml buffer/g of liver. 

The homogenate was centrifuged in 1.5 ml Eppendorf tubes at 9000 g for 20 

minutes at 2 °C. The S9 fraction was aspirated with a glass Pasteur pipette, 

combined in 2 ml cryovials and frozen in liquid nitrogen before being stored at 

-80 °C.  
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A kinetic assay of EROD activity was used to estimate the level of CYP1a 

enzymatic activity in the S9 fraction, as described in Fragoso et al.29 The 

fluorescence of the enzymatic product, resorufin, was measured at 490 nm 

excitation and 580 nm emission wavelengths with a Spectra Max Gemini 

microplate spectrofluorometer (Molecular Devices, Sunnyvale, CA, USA). A 

BIORAD colorimetric assay (BIORAD Laboratories, Hercules, CA, USA) was 

used to measure the protein concentration of the S9 fraction against a standard 

curve of bovine serum albumin using a Spectra Max Plus microplate 

spectrometer (Molecular Devices). Activity expressed in fluorescence units per 

minute was converted to specific molar activity (pmoles resorufin/min/mg protein) 

by using a standard curve of resorufin and dividing by the protein concentration 

of the S9 fraction. The results were expressed as a mean ± SD.30 

4.2.3  In vitro production of phase I metabolites  

For each enzymatic reaction, 2.0 ml of the S9 fraction, 1.6 ml of 0.1 M 

HEPES buffer (pH 7.8) and 400 µl of 100 µM PAH in DMSO were mixed and 

equilibrated for 10 min in a water bath set at a temperature of 37 °C. The 

reactions were started by the addition of 400 µl NADPH (1 mg/ml in DDW) and 

the vials were kept in dark conditions during the incubation. After 20 min, the 

reactions were stopped by the addition of 15 ml of DDW acidified with phosphoric 

acid (pH 2.3) and the vials were kept in dark conditions until the metabolite 

isolation was performed. Control reactions were prepared identically but no 

NADPH was added.  
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4.2.4 Isolation of phase I metabolites 

The reaction mixtures were cleaned up using a silica SPE column (1 g 

sorbent) (Chromatographic Specialties Inc., Brockville, ON, Canada) to remove 

the excess protein. The metabolites were extracted into C18 Isolute® SPE 

columns (0.5 g of sorbent, Chromatographic Specialties Inc.) wrapped in 

aluminum foil. The columns were rinsed with 8 ml of methanol and conditioned 

with 8 ml of DDW acidified with phosphoric acid (pH 2.3). The incubation 

mixtures were spiked with pyrene, a recovery standard, and loaded onto the 

column at the rate of 1-2 ml/min. The samples were then washed with 16 ml of 

acidified DDW at 1-2 ml/min and metabolites and parent compounds were finally 

eluted with 8-10 ml of methanol. The eluent was completely evaporated under 

nitrogen flow in a water bath set at 40 °C. The residues were reconstituted in 650 

µl of ACN:DMSO [20:1] and stored in dark conditions . The recovery for 

2-OH-Ant and Ant on the SPE columns was 88-95 %.  

4.2.5 Analysis of phase I metabolites 

A chromatographic method was designed for analysis of hydroxylated 

metabolites without additional derivatization. The metabolite separation was 

performed on a Varian Star Chromatography system coupled to a Prostar model 

240 quaternary pump, a Prostar model 430 autosampler, a Prostar model 330 

photo-diode array detector (slit widths set to 4 nm and the spectral collection 

window spanned from 220 to 400 nm), a Prostar model 360 fluorescence 

detector with excitation and emission wavelengths set at 245 nm and 370 nm 

(Varian, Mississauga, ON, Canada) and a Zorbax C18 column (250 mm x 4.6 
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mm, particle size 5 µm, Chromatographic Specialties Inc.). The gradient elution 

profiles were adapted from Engs et al.,27 and Tabash.23 Eluent A was DDW 

acidified to pH 2.3 with phosphoric acid and eluent B was MeOH:ACN [50:50]. 

The first method was used for 1-MA, 9-MA and 9,10-DMA. Initially, the mobile 

phase was 80 % eluent B, which was linearly increased to 89 % during 10 

minutes, then to 98 % during 5 minutes and maintained for 15 minutes and finally 

increased to 100 % during 5 minutes and maintained for 25 minutes. The second 

method was used for Ant. Initially, the mobile phase was 80 % eluent B, which 

was linearly increased to 89 % during 10 minutes, then to 98 % during 10 

minutes and maintained for 15 minutes and finally increased to 100 % during 5 

minutes and maintained for 20 minutes. The third method was used for 2,3-DMA 

and TMA. Initially, the mobile phase was 80 % eluent B, which was linearly 

increased to 89 % during 10 minutes, then to 93 % during 5 minutes and 98 % 

during 10 minutes and maintained for 15 minutes and finally increased to 100 % 

during 5 minutes and maintained for 15 minutes. The column was regenerated 

after each run during 5 minutes. The flow rate was 1 ml/min and the injection 

volume was 100 µl. Detection was done by comparing retention time and 

absorbance spectra of metabolites to those of parent compounds. 

4.2.6 HPLC-Mass Spectrometry methods 

HPLC with mass spectrometric detection was performed on a Waters 

2690 HPLC system (Waters, Milford, MA, USA) coupled to a ZQ ESI mass 

spectrometer (Waters) using a Zorbax C18 column (250 mm x 4.6 mm, particle 

size 5 µm, Chromatographic Specialties Inc.). A gradient method was developed. 
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Eluent A was 0.7 mM ammonium acetate (or 0.7 mM sodium acetate) in acidified 

DDW to pH 2.3 with phosphoric acid, eluent B was methanol and eluent C was 

acetonitrile. Initially, the mobile phase was 32 % eluent B and C, which were 

linearly increased to 42 % at 15 minutes, then increased at 50 % during 2 

minutes and maintained at 50 % for 3 minutes. The column was regenerated 

after each run during 5 minutes. The flow rate was 0.5 ml/min and the injection 

volume was 100 µl. The parameters for the ZQ module were: a capillary voltage 

of 2.87 kV; a cone voltage of 35 V; a source temperature of 80 °C; a nebulizer 

temperature of 120 °C; a nebulizer and a desolvation gas (N2) flow rate of 900 l/h 

and 500 l/h respectively. 

4.3 Results and Discussion 

4.3.1 Generation of metabolites and peak assessment 

The objective of this project was to investigate the metabolism of alkyl-

anthracenes by trout CYP enzymes. In order to accomplish this objective, the S9 

fraction was incubated with each alkyl-anthracene to generate metabolites. The 

S9 fraction was prepared from fish exposed to BNF and the CYP1a induction 

level was verified by a kinetic assay of EROD activity.29 The protein 

concentration was 5.9 ± 0.4 mg/ml and the mean specific EROD activity was 

129 ± 13 pmol/mg/min (standard deviations calculated with N = 3). This level of 

induction was comparable to BNF external positive controls that were assessed 

in parallel (95 pmol/mg/min). 

After the incubation, the hydroxylated metabolites were cleaned up using 

SPE cartridges and separated using a HPLC system with a C18 column and a 
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water-acetonitrile gradient. UV spectra were recorded with a UV-DAD. Results 

have shown that incubation of anthracene (Ant) and its alkyl derivatives with the 

S9 fraction generated metabolites, but that no metabolites were found in control 

reactions in which NADPH was omitted. These results indicated that metabolites 

formed were the products of a NADPH-dependent enzymatic reaction rather than 

the products of a spontaneous reaction during the time of the assay. 

On the chromatograms, the compounds eluted from the more polar (early 

time) to the more hydrophobic ones (later time) and Figure 4.1 illustrates the 

different retention times for Ant and 2-hydroxyanthracene (2-OH-Ant) standards. 

Ant, 1-methylanthracene (1-MA), 9-methylanthracene (9-MA), 

9,10-dimethylanthracene (9,10-DMA), 2,3-dimethylanthracene (2,3-DMA) and 

2,3,6,7-tetramethylanthracene (TMA) chromatograms are shown in Figures 4.4, 

4.6 and 4.8. The metabolites were identified by M1 if the hydroxylation was on 

the ring system and by M2 if the hydroxylation was on the alkyl chain. The 

different isomers were identified by letters (M1a, M1b, etc.). The spectra of some 

metabolites could not be resolved and these metabolites were identified by Mx. 

The internal standard was identified by IS and structures of the parent 

compounds and metabolites are shown in Table 4.1. 

4.3.2 Classification of metabolites by absorbance spectroscopy 

The parent compounds were identified by their retention times and by 

comparison of their UV spectra with standards. It was however impossible to rely 

on standards to identify the metabolites of Ant and alkyl-anthracenes because 

most of these compounds are not commercially available. A spectroscopic  
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Figure 4.1: 2-OH-Ant standard (a) and Ant standard (b). Chromatograms 
collected with a DAD, slits widths of 4 nm, window of 220 to 400 nm, and 
shown at 254 nm.  
 
  

 



 

method developed by Tabash and coworkers23 for the identification of phase I 

and phase II alkyl-phenanthrene metabolites was therefore used in the present 

work. This method compares the parent and the metabolite UV spectra to 

determine if the hydroxylation was added on the ring or on the alkyl chain. The 

spectrum of an alkyl-chain hydroxylated metabolite is overlaid with the spectrum 

of its parent compound whereas the spectrum of a ring hydroxylated metabolite 

is red shifted, or different, from its parent compound spectrum. The bathochromic 

shift (red shift) is the result of a change in the spectroscopic properties of the 

conjugated ring system after the addition of a hydroxyl group on the rings.31 The 

lone pairs of the oxygen are shared with the conjugated system, reducing the π* 

energy and modifying the spectrum.32 Conversely, hydroxylation on the alkyl 

chain does not provide lone pairs to the conjugated ring system and the 

absorbance spectrum does not change.  

In the present study, assessing the UV spectral shift could be done by 

comparing two different regions of the spectra: around 254 nm and between 300-

400 nm. Ant and 2-OH-Ant standards were first used to verify the method. In 

Figure 4.2 left, when observing the spectra around 254 nm, it could be seen that 

the spectrum of 2-OH-Ant standard was red shifted from the Ant standard 

spectrum. The shift was also noticeable when magnifying the 300-400 nm region 

(Figure 4.2, right). This result confirmed that a spectral shift is observed when 

there is a hydroxylation on a ring of anthracene. The spectroscopic method was 

then used to make a distinction between ring and alkyl in vitro phase I 

hydroxylated metabolites. Ant metabolites can only, by default, be hydroxylated  
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Figure 4.2: Absorbance spectra of Ant and 2-OH-Ant between 200-400 nm 
(left) and a magnification of the 300-400 nm region (right).  
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Figure 4.3: Detail of Ant, 9,10-DMA and selected metabolites absorbance 
spectra between 300-400 nm.  
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Table 4.2: Classification of phase I in vitro metabolites of anthracene and 
alkyl-anthracenes. The relative abundance of a metabolite is the area under 
the metabolite peak divided by the area under all metabolite peaks from the 
same chromatogram.  

Metabolite Spectral 
Shift 

Hydroxylation 
Position 

Relative Abundance 
(%) 

Ant-M1a 
Ant-M1b 
Ant-Mx 

Yes 
Yes 
ND 

Ring 
Ring 
Ring 

46.6 
45.6 
7.8 

1-MA-M1a 
1-MA-M1b 

Yes 
Yes 

Ring  
Ring 

32.8 
67.2 

9-MA-Mxa 
9-MA-Mxb 

ND 
ND 

Unknown 
Unknown 

53.0 
47.0 

9,10-DMA-M1a 
9,10-DMA-M1b 
9,10-DMA-M2 
9,10-DMA-Mx 

Yes 
Yes 
No 
ND 

Ring 
Ring  

Alkyl Chain 
Further Oxidized 

16.8 
3.1 
2.1 

78.0 
2,3-DMA-M1a 
2,3-DMA-M1b 

Yes 
Yes 

Ring 
Ring 

72.4 
27.6 

TMA-M1 Yes Ring 100 
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Figure 4.4: In vitro formation of phase I metabolites of Ant by trout CYP 
enzymes (a). In vitro formation of phase I metabolites of 1-MA by trout CYP 
enzymes (b). Enzymatic reaction stopped after 20 minutes. Chromatogram 
collected with a photo-diode array detector, slits widths of 4 nm, window of 
220 to 400 nm, and shown at 254 nm. 
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Figure 4.5: Absorbance spectra of Ant, 1-MA and in vitro phase I 
metabolites.  
 
 
  

 



 

on the rings and an observation of the 300-400 nm region of their spectra 

determined they were all shifted from the Ant spectrum (sample spectra in Figure 

4.3 left). The metabolism of 9,10-DMA could happen either on the ring system or 

on the alkyl chains. The observation of the 300-400 nm region of the 9,10-DMA-

M2 metabolite spectrum revealed that it overlaid with the spectrum of its parent 

compound (Figure 4.3 right). This was attributed to the presence of a 

hydroxylation on the methyl group. (Full spectra for Ant-M1a and 9,10-DMA-M2 

can be seen in Figures 4.5 and 4.7). These results confirmed that spectral shifts 

could be used to classify hydroxylated metabolites of alkyl-anthracenes.  

The classification method was ultimately used to sort the major 

metabolites detected on each chromatogram. On some occasions, when the 

metabolite concentrations were low, the 300-400 nm regions on the spectra were 

difficult to evaluate and observing the region around 254 nm was often the only 

way to determine if a shift had occurred (Figures 4.5, 4.7 and 4.9). After 

completing the observations, the metabolites were categorized as ring or alkyl 

hydroxylated metabolites based on their spectral shifts (Table 4.2). There was a 

predominance of ring metabolites for each compound in which metabolites could 

be classified. Alkyl metabolites could only be detected for 9,10-DMA and they 

represented 2 % of the total metabolites for this compound. The metabolism of 

alkyl-anthracenes predominantly occurring on the rings was a contrast with the 

metabolism of alkyl-phenanthrene by fish that principally took place on the alkyl 

chain.23 
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Figure 4.6: In vitro formation of phase I metabolites of 9-MA by trout CYP 
enzymes (a). In vitro formation of phase I metabolites of 9,10-DMA by trout 
CYP enzymes (b). Enzymatic reaction was stopped after 20 minutes. 
Chromatogram collected with a photo-diode array detector, slits widths of 4 
nm, window of 220 to 400 nm, and shown at 254 nm.  
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Figure 4.7: Absorbance spectra of 9,10-DMA and in vitro phase I 
metabolites.  
 
 
  

 



 

4.3.3 Unidentified metabolites 

Some peaks on the Ant, 9-MA and 9-10-DMA chromatograms could not 

be identified. Their UV spectra could not be resolved and compared to the 

parents’ spectra. Perhaps this was because of their low concentration or because 

of a co-elution with other metabolites. For 9,10-DMA, the metabolites identified 

on the chromatogram represented the three possible mono-hydroxylated isomers 

for this PAH, suggesting that 9,10-DMA-Mx could be a group of further oxidized 

metabolites. Metabolites isomers were not all detected for compounds such as 

1-MA and 9-MA. These isomers were either not formed or formed in too low 

concentrations to be detected. 

Distinctive spectra were identified for each ring metabolite isomer 

detected. This suggested that the position of the hydroxyl group on the aromatic 

ring was in part responsible of the differences in the absorbance spectrum. For 

Ant, neither of the two metabolite isomers for which a spectrum was resolved 

overlaid with the 2-OH-Ant standard spectrum. This observation suggested that 

the unknown metabolite Ant-Mx was 2-OH-Ant and that this metabolite was not a 

major product of the enzymatic reaction.  

For 2,3-DMA, the signal intensity on the chromatogram was not high 

enough to have a clear M1b spectrum but the position of the apex suggested it 

was shifted from the parent compound spectrum. The signal intensity on the 

chromatogram of TMA was also very weak. However, a ring hydroxylated 

metabolite, TMA-M1, was identified. Repetitions of the enzymatic reaction and 

increasing the parent compound concentration did not improve the intensity of  
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Figure 4.8: In vitro formation of phase I metabolites of 2,3-DMA by trout 
CYP enzymes (a). In vitro formation of phase I metabolites of TMA by trout 
CYP enzymes (b). Enzymatic reaction was stopped after 20 minutes. 
Chromatogram collected with a photo-diode array detector, slits widths of 4 
nm, window of 220 to 400 nm, and shown at 254 nm. 
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Figure 4.9: Absorbance spectra of TMA, 2,3-DMA and in vitro phase I 
metabolites.  
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either chromatogram. Additional metabolites could be identified if more 

concentrated samples were analysed. 

Pyrene was used as an internal standard and was added before cleaning 

up the incubation mixture on the C18 SPE cartridge. Recovery was calculated to 

be between 70-96 %. Recovery was not determined for 2,3-DMA and TMA 

because the internal standard was not detected. The intensity of the signal on 

these two chromatograms was also much lower than on the other 

chromatograms. The incubation with S9 fraction and the metabolite isolation on 

SPE columns have been done many times for these two compounds and this 

poor recovery implied that something in the method was systematically done 

improperly. 

4.3.4 Identification of metabolites by HPLC-ESI-MS 

The MS method development was first done using sodium acetate 

(0.07 mM) to create sodium adducts. A new elution profile was developed with 

standards. The classification method used in Tabash23 to discriminate between 

compounds was reproduced with the two standards phen-MeOH and 

9-OH-1-Me-Phen. In this method, the ring hydroxylated standard, 

9-OH-1-Me-phen, was detected as the [M-H]- ion (m/z 207) in negative ion mode 

while the alkyl chain hydroxylated standard, phen-MeOH, was detected as the 

[M+Na]+ (m/z 231) adduct in positive ion mode (Table 4.3a). 

In a second method, ammonium acetate (0.07 mM) was used to create 

ammonium adducts. Phen-MeOH and OH-Ant were the standards used. No alkyl 

hydroxylated Ant standards were available so Phen-MeOH was used as a  
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Table 4.3: MS Method development with a) sodium adducts b) ammonium 
adducts. The ring hydroxylated standards were detected as the [M-H]- ion 
in the negative ion mode while alkyl chain hydroxylated standards were 
detected as the [M+Na]+ or [M+NH4]+ adduct in the positive mode. 
a) 

 m/z Phen-MeOH  
Ion structure Detection 9-OH-1-Me-Phen  

Ion structure Detection

Po
si

tiv
e 

M
od

e 

231 
[M+Na]+ 

OHNa +

Yes,  
strong 

OH

CH3Na
+

 

No 

209 
[M+H]+ 

OH
H +

Yes, 
 weak 

OH

CH3
H

+

 

Yes,  
Weak 

N
eg

at
iv

e 
M

od
e 

231 
[M+Na]+ 

OHNa +

No 

OH

CH3Na
+

 

No 

207 
[M-H]- 

O -

No 

O

CH3 -

 

Yes,  
Strong 
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b)  
 m/z Phen-MeOH 

Ion structure Detection m/z 2-OH-Ant 
Ion structure Detection 

Po
si

tiv
e 

M
od

e 

226 
[M+NH4]+ 

OH
NH4

+

Yes, 
strong 

212 
[M+NH4]+

OH

NH4
+

 

Yes, 
strong 

209 
[M+H]+ 

OH
H

+

No 195 
[M+H]+ 

OH
H

+

 

No 

N
eg

at
iv

e 
M

od
e 

226 
[M+NH4]+ 

OH
NH4

+

No 212 
[M+NH4]+

OH

NH4
+

 

No 

207 
[M-H]- 

 
O -

No 193 
[M-H]- 

O -

 

Yes, 
strong 
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surrogate. As in the first method, it was possible to distinguish between the ring 

and the alkyl hydroxylated compounds. The ring hydroxylated standard, OH-Ant, 

was detected as the [M-H]- ion (m/z 207) in the negative ion mode while alkyl 

chain hydroxylated standard, phen-MeOH, was detected as the [M+NH4]+ (m/z 

226) adduct in the positive ion mode (Table 4.3b).  

These two methods lead to an excellent identification of the standards; 

however the results were not as good with the in vitro phase I metabolites. The 

intensity of the total ion and UV chromatograms was too low for detection. In an 

attempt to overcome this problem, ten reaction mixes were pooled. Some 

improvements were seen but the UV and MS signals were still not intense 

enough to identify any metabolites. After the experiments were completed, 

mechanical problems were reported (injection needle and inner parts of the pump 

module) and may have been partly responsible for the poor results.  

4.4 Summary and conclusions 

It has been determined from studying the Exxon Valdez oil spill that alkyl-

PAHs present in crude oil were more toxic than their non alkylated 

counterparts.33 In other studies, it has been determined that some alkyl-PAHs 

could be biotransformed into a reactive resonance stabilized electrophilic 

benzylic carbocation intermediate that had the possibility to react with the 

nucleophile macromolecules in the cell.24 Study of alkyl-PAH metabolism can 

help identify which classes of alkyl-PAHs could have enhanced toxicity through 

this pathway by determining where the phase I metabolism occurs. In this 

project, it was determined that alkyl-anthracenes are predominantly metabolized 
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on the ring system. This was contrasted with the metabolism of alkyl-

phenanthrenes and alkyl-pyrenes that occurred predominantly on the alkyl 

chains.23,25-27 The metabolism of alkyl-anthracenes was similar to the metabolism 

of alkyl-chrysenes,25 suggesting there is no universal route for alkyl-PAHs to be 

metabolized. These results also suggest that alkyl-anthracenes are not likely to 

show enhanced toxicity through proposed mechanisms such as the formation of 

a reactive carbocation intermediate. Enhanced alkyl-anthracene toxicity could be 

caused by other factors such as bioconcentration, which can be predicted from 

log P (octanol/water partition coefficient), since the log P coefficient increases 

with the number of carbon substituents.34 It is also possible that alkyl-

anthracenes undergo photoactivation differently. More research is needed to 

determine the mechanism of toxicity of alkyl-anthracenes and to determine the 

metabolism of other classes of alkyl-PAHs from crude oil by fish CYP enzymes. 

A comparison of the in vitro metabolites determined in this study to metabolites 

found in bile of fish should also be done to confirm their in vivo formation. 

Knowing the metabolism of alkyl-PAHs is important to better predict the toxicity of 

hydrocarbon mixtures, like crude oil, to fish. 
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Abstract 
Metabolism is a two-step process that increases the polarity of xenobiotics to 
facilitate their excretion. In previous work, the study of major in vitro phase I 
metabolites of alkyl-anthracenes by rainbow trout (Oncorhynchus mykiss) CYP 
enzymes has revealed a predominance of ring hydroxylated metabolites. In this 
project, in vivo phase II metabolites of alkyl-anthracenes and alkyl-
phenanthrenes have been identified in juvenile rainbow trout and in Japanese 
Medaka (Oryzias latipes), respectively. Bile was collected from trout exposed to 
individual alkyl-anthracenes with, in some cases, a co-exposure to 
β-naphthoflavone (BNF). Metabolites in medaka were extracted from larvae that 
were exposed during 17-day chronic embryo toxicity assays. For both species, 
some of the samples were digested with the β-glucuronidase enzyme to confirm 
the presence of glucuronide conjugates. The metabolite separation was done 
using a water-acetonitrile gradient on a HPLC system equipped with a C18 
column and a UV-diode array detector. It was found that BNF induced enzymes 
and endogenous enzymes produced the same metabolites but a higher 
concentration of metabolites was detected for the induced enzymes. The UV 
spectral analysis determined that alkyl-anthracenes were metabolized 
predominantly on the rings whereas alkyl-phenanthrenes were mainly 
metabolized on the alkyl chains. A predominance of glucuronide conjugates was 
found for all compounds.  
 

 



 

5.1 Introduction 

Aquatic organisms are susceptible to crude oil toxicity.1 In 1989, a large 

amount of crude oil entered the Alaskan aquatic environment during the Exxon 

Valdez oil spill. Fish larvae growing in contaminated areas suffered from 

morphological abnormalities and reduction in recruitment.2-4 Sediment 

concentrations of alkyl-phenanthrenes, alkyl-naphthalenes and alkyl-chrysenes 

corresponded with the adverse effects,5 implying that they are more toxic than 

non-alkyl-PAH compounds.6 The induction of CYP1a enzymes was also seen in 

affected fish,5 suggesting metabolism could be responsible for the enhanced 

toxicity in these fish. 

After uptake into a fish, a two-phase biotransformation process renders 

PAHs more polar and thus more water soluble.7,8 Phase I adds an oxygen and 

phase II conjugates an endogenous organic ligand such as a sugar derivative, an 

acetate, a peptide or a sulfate to the oxygen.9,10 The phase I reaction is catalyzed 

by CYP1a,11 an inducible form of CYP4509 found in highest concentration in liver 

cells.10 CYP1a induction occurs quickly9 and CYP1a levels are mediated by a 

sequence of molecular events that follows the binding of an inducer to the 

cytosolic aryl hydrocarbon receptor (AHR).9,11,12 A specific catalytic assay for 

CYP1a is the measurement of ethoxyresorufin-O-deethylase (EROD) activity in 

liver microsomes.13 Phase II enzymes include uridine diphosphate glucuronosyl-

transferases (UDPGT).9 UDPGT are involved in the conjugation of glucuronic 

acids.9 Some forms of UDPGT are inducible and found in most tissues along with 

CYP450. Their levels are also mediated by the AHR pathway.11,12 Xenobiotics 

135 

 



 

will therefore activate both phase I and phase II enzymatic systems after 

recognition by AHR, ensuring a rapid elimination. Many PAHs like anthracene 

and phenanthrene are not able to induce CYP1a.14,15 In this case, without co-

exposure to an inducer, fish will use their constitutive level of enzymes to perform 

the biotransformation of these PAHs.  

Gas chromatography (GC) coupled to mass spectrometry (MS) is the 

method most often used to analyse PAHs16 and alkyl-PAHS from oil.17 GC-MS 

has some limitations when analysing PAH metabolites that are very polar and 

non-volatile. A derivatization step is often necessary for phase I metabolites, 

although it can introduce artifacts if side reactions produce other products. Phase 

II metabolites normally cannot be analyzed even with derivatization, so the first 

step is usually deconjugation. In the case of glucuronide metabolites, they are 

deconjugated by digestion with β-glucuronidase enzyme to facilitate their 

analysis. β-glucuronidase removes glucuronide conjugates while leaving other 

types of conjugates intact.8 The digestion products are hydroxylated metabolites 

that can be analyzed as phase I metabolites.  

Metabolites are best analysed by HPLC coupled with fluorescence, UV 

diode array (DAD) or MS detectors.18-20 This technique can analyze metabolites 

without the need for deconjugation or derivatization and good resolution of 

metabolite isomers is often achieved.20 

Metabolism usually detoxifies potentially deleterious substances but 

reactive metabolites can sometimes be generated during either phase.10 A phase 

I example is the bioactivation on the ring system of the procarcinogen 
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benzo[a]pyrene (BaP) by CYP1a. A highly reactive diol-epoxide intermediate is 

formed21 and can covalently bind to DNA.22 A phase II conjugation on the alkyl 

chain can also result in the activation of reactive metabolites. For instance, the 

addition of a sulfate group to an alkyl chain oxygenated PAH generates a good 

leaving group on the metabolite. A resonance stabilized electrophilic benzylic 

carbocation intermediate may then be formed and can react with nucleophile 

macromolecules such as DNA.23 In both examples, DNA sequences are 

permanently changed after binding to the reactive intermediate,22 which can lead 

to tumour initiation. Studying the metabolism of alkyl-PAHs in fish could provide 

information about their toxicity and help to better predict crude oil toxicity.  

In the previous chapter, major in vitro phase I metabolites of alkyl-

anthracenes were identified, revealing a predominance of ring hydroxylated 

metabolites, but it remains to be determined if ring metabolites are formed in 

vivo. The first objective of this project will be to investigate phase II in vivo 

metabolism of a series of alkyl-anthracenes in rainbow trout (Oncorhynchus 

mykiss). For this purpose, bile will be collected from trout exposed to individual 

alkyl-anthracenes with, in some cases, a co-exposure to BNF. Some of the bile 

samples will be digested with β-glucuronidase to help further the metabolite 

identification. The metabolite separation will be done using a water-acetonitrile 

gradient on a HPLC system equipped with a C18 column and a UV-DAD detector. 

MS will be used to confirm the structure of some specific metabolites. On the 

chromatograms, the peaks will be phase I hydroxylated metabolites and phase II 

conjugated metabolites and either could indicate metabolism on the rings or on 
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the alkyl chains. These metabolites will be distinguished by their retention time, 

their UV spectral shifts and their digestion by β-glucuronidase.  

Alkyl-phenanthrene in vivo metabolism in trout generally happens on the 

alkyl chains24 but it is unknown if they will be metabolized through the same 

pathway in a different fish species. The second objective of this project is 

therefore to investigate the phase II in vivo metabolism of a series of alkyl-

phenanthrenes in a different fish species, the Japanese medaka (Oryzias 

latipes). In order to accomplish this second objective, metabolites of a series of 

alkyl-phenanthrenes will be extracted from Japanese medaka larvae that were 

exposed during 17-day chronic embryo toxicity assays. The metabolites will be 

analyzed with the same HPLC and enzymatic methods as were used for rainbow 

trout samples. The results of this research will provide new information to better 

estimate risk of PAHs in aquatic ecosystems. 

5.2 Methods 

5.2.1 Material and reagents 

Anthracene (Ant), 1-methylanthracene (1-MA), 9-methylanthracene 

(9-MA), 9,10-dimethylanthracene (9,10-DMA), 2,3-dimethylanthracene 

(2,3-DMA), 2,3,6,7-tetramethylanthracene (TMA), pyrene and 

phenanthrene-methanol (Phen-MeOH) were purchased from Aldrich Chemicals 

(Milwaukee, WI, USA) at their highest purity grade available and the purity was 

confirmed by reverse-phase HPLC analysis. Chemicals that could not be 

purchased were synthesized in our Dept. of Chemistry (Queen’s University, 

Kingston, ON, Canada). Anthracene-glucuronide (Ant-glu) and 
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2-hydroxy-anthracene (2-OH-Ant) were synthesized by Dr. Ray Bowers while 

9-hydroxy-1-methylphenanthrene (9-OH-1-MP), 1-methylphenanthrene (1-MP), 

1,7-dimethylphenanthrene (1,7-DMP), 2,7-dimethylphenanthrene (2,7-DMP) and 

7-ethyl-1-methylphenanthrene (7-E-1-MP) were synthesized as described in Cai 

et al., 2004.25 Zone refined phenanthrene (Phen), and 2-ethyl-phenanthrene 

(2-EP) were purchased from Aldrich at the highest purity grade available. 

7-isopropyl-1-methylphenanthrene (retene) was obtained from ICN Biomedicals 

Inc (Costa Mesa, CA) and was further purified with normal phase HPLC to >95% 

purity. 

β-nicotinamide adenine dinucleotide phosphate (reduced form; tetra 

sodium salt; NADPH), was purchase from MP Biomedical (Solon, OH, USA). 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid sodium salt (HEPES), 

3-amino benzoic acid ethyl ester (MS222), β-glucuronidase (Type B-1 from 

Bovine liver; 100,000 units/g of solid, B-glu), albumin from bovine serum 

(Fraction V, ≥ 96%; BSA), sodium acetate and ammonium salt were purchased 

from Sigma (St-Louis, MO, USA). β-naphthoflavone (BNF) was purchased from 

Acros Chemical (Fair Lawn, NJ, USA). 7-ethoxyresorufin (7-ER) and resorufin 

sodium salt were purchased from Sigma-Aldrich (Oakville, ON, Canada). 

The BIORAD protein assay (dry reagent concentrate, control 82855A) was 

purchased from BIORAD Laboratories Inc. (Hercules, CA, USA). Corn oil was 

purchased from a local grocery store. Double-distilled water (DDW) was 

prepared in the lab using a still. Methanol (MeOH), acetonitrile (ACN) and 

dimethylsulphoxide (DMSO) were obtained as HPLC grade solvents from Fisher 
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Scientific (Toronto, ON, Canada). Phosphoric acid 85% was purchased from 

Fisher Scientific.  

5.2.2 Exposure of rainbow trout and preparation of hepatic 
postmitochondrial supernatant (S9 fraction) 

The work was done under the Queen’s University Animal Care program, 

specifically permits #Hodson-2003-023 and Hodson-2007-032. Rainbow trout 

were purchased from Rainbow Springs Trout Hatchery (Thamesford, ON, 

Canada) and were kept in a holding tank in flowing dechlorinated Lake Ontario 

water maintained at 13 ± 1 °C. After fasting for 48 h, a first group of fish (150-250 

g) was anaesthetized in MS222 in control water (1 g/10 liters) and weighed 

before being intraperitoneally injected with the test PAH dissolved in corn oil (1 

mg/ml/100 g of body weight). Control fish were injected with corn oil only. The 

fish were revived in control water and transferred to the exposure tank for 36 

hours. The exposure tank contained flowing dechlorinated water from Lake 

Ontario maintained at 13 ± 1°C and continuously aerated throughout the 

exposure period. The dissolved oxygen level and pH were 8.4 ± 1.0 mg/ml and 

7.9 ± 0.2 respectively. A second group of fish was injected with BNF dissolved in 

corn oil (1 mg/ml/100 g of body weight) to induce CYP1a production and then, 24 

hr later, injected with the test compound dissolved in corn oil (1 mg/ml/100 g of 

body weight) for PAH exposure lasting 36 hr. At the end of the exposure period, 

both groups of fish were anaesthetized in MS222 in control water (1 g/10 liters) 

and their spinal cords were severed. The gall bladders were removed and stored 

at -80 °C. An aliquot of 0.050 g was taken in triplicate from each liver and 
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homogenized in 1.250 ml of cold 0.02 M HEPES grinding buffer (pH 7.5, [KCl] = 

0.15 M) with a hand homogenizer in 1.5 ml Eppendorf tubes. The homogenates 

were centrifuged at 9000 g for 20 min at 2 °C. The supernatants and microsomal 

layers (S9 fraction) were aspirated with a glass Pasteur pipette and frozen in 

liquid nitrogen before being stored at -80 °C.  

5.2.3 EROD and protein assays 

A kinetic assay of EROD activity was used to estimate the level of CYP1a 

enzymatic activity in the S9 fractions, as described in Fragoso et al., 1998.26 The 

fluorescence of the enzymatic product, resorufin, was measured with a Spectra 

Max Gemini microplate spectrofluorometer (Molecular Devices, Sunnyvale, CA, 

USA). The wavelengths used were 490 nm for excitation and 580 nm for 

emission. A BIORAD colorimetric assay (BIORAD Laboratories, Hercules, CA, 

USA) was used to measure the protein concentration of the S9 fraction against a 

standard curve of bovine serum albumin using a Spectra Max Plus microplate 

spectrometer (Molecular Devices). Activity expressed in fluorescence units per 

minute was transformed to specific molar activity (pmoles resorufin/min/mg 

protein) using a standard curve of resorufin and dividing by the protein 

concentration of the S9 fraction.27 

5.2.4 Extraction of metabolites from trout gall bladders 

The method used to analyze the phase II biliary metabolites was adapted 

from Tabash and coworkers.24 The gall bladders were thawed on ice and diluted 

1:1 with acetonitrile. The extracts were filtered through a 0.45 μm centrifuge filter 

(Chromatographic Specialties, Brockville, ON, Canada) and separated in two 
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groups of aliquots. The first group was analyzed by HPLC-DAD-UV and the 

second group was digested with β-glucuronidase (B-glu) prior to HPLC analysis. 

5.2.5 Extraction of metabolites from medaka larvae 

Medaka eggs and larvae were pooled and kept at -80 °C at the end of a 

17-day chronic toxicity embryo larval assay done with a series of alkyl-

phenanthrenes (Chapter 2). The larvae (30-50 mg) were thawed in methanol and 

the metabolites were extracted with ultrasound for 30 minutes. DDW acidified 

with phosphoric acid (pH = 2.3) was added and the metabolites were isolated in 

C18 Isolute® SPE columns (0.5 g of sorbent, Chromatographic Specialties, 

Brockville, ON, Canada). The columns were rinsed with 8 ml of methanol and 

conditioned with 8 ml of acidified DDW. The incubation mixtures were spiked with 

pyrene, and loaded onto the column at the rate of 1-2 ml/min. The samples were 

then washed with 16 ml of acidified DDW at 1-2 ml/min and the metabolites and 

the parent compounds were finally eluted with 8 to 10 ml of methanol. The eluent 

was completely evaporated under nitrogen flow in a water bath set at 40 °C. The 

residues were reconstituted in 650 µl of MeOH:DMSO [20:1 vol:vol], filtered using 

a 0.45 µm centrifuge filter (Chromatographic Specialties) and stored in the dark 

until analysis by HPLC-DAD-UV. For some compounds showing a higher 

concentration of metabolites, an aliquot of the extract was used for digestion with 

B-glu prior to HPLC analysis.  

5.2.6 Digestion of bile samples with β-glucuronidase  

Each aliquot containing a metabolite extract was dried under a flow of 

nitrogen. The residues were reconstituted in 500 µL of 0.03 M acetate buffer at 
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pH 5.0 and equilibrated for 10 minutes at 37 °C in a water bath. The dried B-glu 

enzyme was reconstituted in the same buffer (10 mg/ml) and equilibrated at 

37 °C. To allow for total digestion, 500 µl of the reconstituted enzyme was added 

to each bile extract aliquot and reacted for 24 hrs at 37 °C. The enzymatic 

reactions were cleaned up using C18 Isolute® SPE columns (0.5 g of sorbent, 

Chromatographic Specialties). The columns were rinsed with 8 ml of methanol 

and conditioned with 8 ml of DDW acidified with phosphoric acid (pH 2.3). The 

incubation mixtures were spiked with pyrene, and loaded onto the column at the 

rate of 1-2 ml/min. The samples were then washed with 16 ml of acidified DDW 

at 1-2 ml/min. The hydrolyzed metabolites and the parent compounds were 

finally eluted with 8 to 10 ml of methanol. The eluent was completely evaporated 

under nitrogen flow in a water bath set at 40 °C. The residues were reconstituted 

in 500 µl of ACN and stored in the dark. The Ant-glu standard was processed 

using the same procedure.  

5.2.7 Separation of phase II metabolites and hydrolyzed metabolites by 
HPLC 

The metabolite separation was performed on a Star Chromatography 

System (Varian, Mississauga, ON, Canada) coupled to a Prostar model 240 

quaternary pump, a Prostar model 430 autosampler, a Prostar model 330 photo-

diode array detector (slits widths set at 4 nm and the spectral collection window 

spanned from 220 to 400 nm), a Prostar model 360 fluorescence detector with 

excitation and emission wavelengths set at 245 nm and 370 nm (Varian) and a 

Zorbax C18 column (250 mm x 4.6 mm, particle size 5 µm, Chromatographic 
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Specialties Inc.). The gradient elution profile was adapted from Engs et al.28 

Eluent A was DDW acidified to pH 2.3 with phosphoric acid and eluent B was 

methanol:acetonitrile [50:50]. Initially, the mobile phase was 80% eluent A, which 

was linearly decreased to 16% over 20 minutes, then to 10% for 15 minutes and 

finally to 2% for 5 minutes. The column was regenerated during 5 minutes after 

each run. The flow rate was 1 ml/min and the injection volume was 100 µl. The 

metabolites were classified as benzylic or phenolic forms based on spectral 

shifts,24,29 as discussed in section 5.3.2. 

5.2.8 Analyses of samples with HPLC-MS 

The samples were analyzed by HPLC-MS using the procedure described 

in section 4.2.6 

5.3 Results and discussion 

5.3.1 Generation of metabolites and peak assignment 

The objectives of this study were 1) to investigate the phase II in vivo 

metabolism of a series of alkyl-anthracenes in rainbow trout (Oncorhynchus 

mykiss) and 2) to investigate the phase II in vivo metabolism of a series of alkyl-

phenanthrenes in medaka larvae (Oryzias latipes).  

In order to accomplish the first objective, a group of trout were each 

exposed to an alkyl-anthracene through an intraperitoneal injection and killed 

after 36 hours. To increase the levels of inducible biotransformation enzymes, a 

second group of trout were exposed to BNF 24 hours prior to PAH exposure. Gall 

bladders and livers from both groups of fish were individually snap-frozen and 

kept at -80 °C until analysis. S9 fractions were prepared from the trout livers and 
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the CYP1a induction levels were measured by an EROD assay.26 CYP1a was 

not induced by anthracene, as expected.30 or by any of the alkyl-anthracenes. 

The fish exposed to BNF and to a PAH had CYP1a induction levels similar to the 

BNF controls (63 pmol/mg/min). 

In fish, the gall bladder is the organ that stores the bile and concentrates 

the metabolites before their excretion.31 The bile was analyzed for the presence 

of metabolites, which were separated by HPLC using the C18 column, and their 

UV absorbance spectra were recorded with the DAD. Metabolites were detected 

in bile after the trout were exposed to PAHs, or to BNF and PAHs, but not after 

exposure to control conditions (corn oil). This indicated that metabolite formation 

was a consequence of PAH exposure.  

In order to accomplish the second objective, medaka larvae exposed to 

alkyl-phenanthrenes during bioassays were pooled and the metabolites were 

extracted in methanol by ultrasonication. After isolation on SPE cartridge, the 

metabolites were analyzed by HPLC by the same methods used for the 

anthracenes.  

On the chromatograms, the metabolites eluted from the more polar first to 

the more hydrophobic ones later in time. An example illustrating how retention 

time varied with polarity can be seen in Figures 5.1a, 5.1c and 5.1d where Ant-

glu, 2-OH-Ant and Ant standards were analyzed by HPLC-UV-DAD. Ant-Glu, the 

most polar of the three standards, eluted at around 25 minutes. 2-OH-Ant is less 

polar than Ant-Glu and eluted later, at around 29 minutes. Finally, Ant, the least 

polar of the three, eluted at 40 minutes. The retention time can therefore give  
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Figure 5.2: UV absorbance spectra of OH-Ant, Ant-Glu and Ant standards 
from Figure 5.1. 
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Figure 5.3: Left) UV absorbance spectra for anthracene and Ant-M1 ring 
metabolite. Right) UV absorbance spectra for 1-MA and 1-MA-M2 alkyl 
metabolite. 
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information about the polarity of the molecules and help to determine if they are 

phase I or phase II metabolites. 

Chromatograms of the bile samples from in vivo metabolism of the six 

alkyl-anthracenes can be seen in Figures 5.4, 5.6, 5.8, 5.10, 5.12 and 5.14. 

Chromatograms of the bile samples from in vivo metabolism of the six alkyl-

phenanthrenes are shown in Figures 5.16, 5.18 and 5.20. Parent compounds 

were identified by comparison with standards and the metabolites were grouped 

according to their retention time and spectroscopic properties. The metabolites 

were labelled in increasing order of polarity, from right to left on the 

chromatograms, M1: ring hydroxylation; M2: alkyl hydroxylation; M3: ring 

hydroxy-glucuronide; M4: alkyl hydroxy-glucuronide; M5: ring hydroxylated 

unknown phase II ligand; M6: alkyl hydroxylated unknown phase II ligand; M7: 

ring (or a combination alkyl and ring) di-glucuronide; M8: alkyl di-glucuronide; 

M9: ring (or a combination alkyl and ring) hydroxylated unknown phase II ligand; 

M10: alkyl hydroxylated unknown phase II ligand; Mx: unresolved. 

Representative structures of the metabolites and their parent compounds can be 

seen in Table 5.1. For the great majority of metabolites, no analytical standards 

were available to help in their identification. Consequently, UV spectra and 

retention times were used as initial classification tools.  

5.3.2 Classification of metabolites by absorbance spectroscopy 

Metabolites can either be a benzylic form (e.g. 1-MA-M2) or a phenolic 

form (e.g. 1-MA-M1) depending on whether the metabolism happens on the alkyl 

chain or the ring24,32 and discrimination between the two forms is difficult to  
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Table 5.1: Alkyl-anthracene and metabolite structures.  
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achieve without analytical standards. In the previous chapter, the classification of 

in vitro phase I metabolites of alkyl-anthracenes in alkyl-hydroxylated or ring-

hydroxylated PAHs was done using their UV absorbance spectra and their 

retention times. It was observed that the spectrum of an alkyl-chain hydroxylated 

metabolite overlaid with the spectrum of the parent compound while the spectrum 

of a ring hydroxylated metabolite was shifted, or different, from the parent 

compound spectrum. A bathochromic shift (to longer wavelength) was caused by 

the hydroxylation on the aromatic ring.29 The lone pairs of the oxygen were 

shared with the conjugated ring system, reducing the π* state energy and 

modifying the spectrum.33 In contrast, a hydroxylation on the alkyl chain was 

isolated from the rings and did not interact with the conjugated ring system or 

significantly modify the UV absorbance spectrum. In both cases, the metabolites 

were more polar and eluted at an earlier time than the parent compounds. 

This classification tool has been used in another study that looked at trout 

phase I in vitro and phase II in vivo metabolites of alkyl-phenanthrenes.24 In that 

specific study, after obtaining structure confirmation by MS and comparing 

metabolite and parent UV absorbance spectra, it was determined that the phase 

II conjugation of a polar ligand to a hydroxylated phase I metabolite did not 

modify its UV absorbance spectrum. The metabolites originating from alkyl chain 

hydroxylated phenanthrenes had spectra overlaid with their parent compounds 

and the metabolites originating from ring hydroxylated phenanthrenes always 

resulted in shifted or different spectra.24 The use of the UV absorbance spectral 

shifts was therefore expected to be a good tool for the initial ring or alkyl form  
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Table 5.2: Phase II metabolites of alkyl-PAHs detected in trout gall bladders 
or in medaka larvae. The relative abundance of a metabolite is the area 
under the metabolite peak divided by the area under all metabolite peaks 
from the same chromatogram. Legend OH; hydroxylated metabolite; GLU: 
glucuronide metabolite; di-GLU: di-glucuronide metabolite; OR: 
hydroxylated metabolite with unknown substituent; di-OR: further oxidized 
metabolite with unknown substituents.  

Metabolite 

Relative abundance 

Spectral 
shift 

Hydroxylation
Position B-glu Digestion Identity PAH 

exposure  
% 

PAH and 
BNF 

exposure  
% 

Ant-M1 0.6 1.8 Yes Ring ND OH 
Ant-M3 62.1 52.3 Yes Ring Mostly Hydrolyzed GLU 
Ant-M7 37.3 45.9 Yes Ring Hydrolyzed di-GLU 

1-MA-M1 1.5 0.4 Yes Ring ND OH 
1-MA-M2 4.3 2.2 No Alkyl Non Hydrolyzed OH 
1-MA-M3 42.8 31.4 Yes Ring Mostly hydrolyzed GLU 
1-MA-M7 51.4 66.0 Yes Ring Hydrolyzed di-GLU 
9-MA-M1 2.8 6.0 Yes Ring ND OH 
9-MA-M3 5.5 20.0 Yes Ring Mostly Hydrolysed GLU 
9-MA-M7 
9-MA-Mx 

84.9 
6.7 

63.5 
10.5 

Yes 
ND 

Ring 
ND 

Hydrolyzed 
ND 

di-GLU 
OR 

9,10-DMA-M1 3.2 5.8 Yes Ring ND OH 
9,10-DMA-M3 2.7 13.5 Yes Ring Hydrolysed GLU 
9,10-DMA-M5 14.9 26.8 Yes Ring Non Hydrolyzed OR 
9,10-DMA-M7 79.2 53.9 Yes Ring Hydrolysed di-GLU 
2,3-DMA-M1 3.0 2.2 Yes Ring ND OH 
2,3-DMA-M3 9.0 6.3 Yes Ring Hydrolysed GLU 
2,3-DMA-M5 6.7 10.7 Yes Ring Non Hydrolyzed OR 
2,3-DMA-M6 23.5 29.2 No Alkyl Non Hydrolyzed OR 
2,3-DMA-M7 57.8 51.6 Yes Ring Mostly Hydrolysed di-GLU 

TMA-M5 18.9 ND Yes Ring ND OR 
TMA-Mx 81.1 ND ND ND ND OR 
2-EP-M1 2.9 ND Yes Ring ND OH 
2-EP-M6 4.6 ND No Alkyl ND OR 
2-EP-M8 92.5 ND No Alkyl Hydrolyzed di-GLU 
1-MP-M5 9.3 ND Yes Ring ND OR 

1-MP-M10 90.7 ND No Alkyl ND di-OR 
1,7-DMP-M1 1.5 ND Yes Ring ND OH 
1,7-DMP-M6 4.3 ND No Alkyl ND OR 

1,7-DMP-M10 94.2 ND No Alkyl ND di-OR 
2,7-DMP-M5 100 ND Yes Ring ND OR 
7-E-1-MP-M6 4.3 ND No Alkyl ND OR 

7-E-1-MP-
M10 95.7 ND No Alkyl ND di-OR 

Ret-M6 23.4 ND No Alkyl ND OR 
Ret-M10 76.6 ND No Alkyl ND di-OR 
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classification of the alkyl-anthracene phase II metabolites from trout and the 

alkyl-phenanthrene phase II metabolites from medaka.  

The spectral shift determination, in the present study, was based on 

observation of the region between 200 and 300 nm of the parent and metabolite 

spectra although it is also possible to magnify the 300 to 400 nm region of the 

spectra to assess spectral shifts. An example of a shift caused by a ring 

substitution on anthracene is shown in Figure 5.3 (left). It can be observed that 

finer details of the spectrum are lost. The spectrum of the alkyl hydroxylated 

metabolite 1-MA-M2 is shown in Figure 5.3 (right) overlying with the spectra of 

1-MA. The observation of the 300-400 nm region has not been used much to 

assess the results in the present study. The alkyl-anthracenes have a maximum 

UV absorption around 254 nm and do not absorb much in the 300-400 nm 

region. For most metabolites present in low concentration, only the 200-300 nm 

region could be resolved. More concentrated samples would be necessary to 

generate better spectra in the 300-400 nm region.  

The absorbance spectra of each group of metabolites were collected with 

the UV-DAD detector and can be seen in Figures 5.5, 5.7, 5.9, 5.11, 5.13, and 

5.15 for anthracenes and in Figures 5.17, 5.19 and 5.21 for alkyl-phenanthrenes. 

From looking at the spectra, it could be determined that some metabolites had 

spectra that were overlaid with the parent compounds and others were shifted or 

different from the parent spectra. Based on these observations, the major groups 

of phase II metabolites were classified as originating from alkyl chain or ring 

hydroxylated PAHs (Table 5.2).  
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Figure 5.4: (a) In vivo formation of phase II metabolites from trout exposed 
to Ant (b) In vivo formation of phase II metabolites from fish co-exposed to 
BNF and Ant (c) B-glu digestion of Ant phase II metabolites. 
Chromatograms collected with a DAD, slits widths of 4 nm, window of 220 
to 400 nm, and shown at 254nm. Legend New Ant-M1: digestion product. 
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Figure 5.5: Absorbance spectra of Ant and in vivo phase II metabolites. 
Legend New Ant-M1: digestion product. 
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Figure 5.6: (a) In vivo formation of phase II metabolites from trout exposed 
to 1-MA (b) In vivo formation of phase II metabolites from fish co-exposed 
to BNF and 1-MA (c) B-glu digestion of 1-MA phase II metabolites. 
Chromatograms collected with a DAD, slits widths of 4 nm, window of 220 
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Phase II metabolites derived from ring hydroxylated anthracenes were 

found in the bile of trout exposed to each anthracene. Phase II metabolites 

derived from alkyl hydroxylated anthracenes were only seen for 1-MA and 

2,3-DMA and their proportion of the total metabolites produced for their parent 

compound were 4.3% and 23.5%, respectively. There was a predominance of 

alkyl-phenanthrene substituted metabolites in the phase II metabolites extracted 

from medaka larvae. They represented more than 90% of the total metabolites 

for each alkyl-phenanthrene except for 2,7-DMP that had only one group of ring 

substituted metabolites detected. The 2,7-DMP chromatogram, however, did not 

have intense peaks. The distribution of ring and alkyl substituted metabolites 

would probably change if more peaks could be detected in a more concentrated 

sample. Finally, some metabolites, TMA-Mx (Figure 5.14), could not be resolved. 

Their UV spectra had too much interference from other co-eluting compounds 

and a different method would need to be developed in order to better separate 

these metabolites. After the initial metabolite classification was completed, 

digestion with the β-glucuronidase enzyme (B-glu) was done in specific cases to 

confirm the identity of some of the phase II metabolites (section 5.3.6). 

Although the goal of this study was to identify phase II metabolites, some 

phase I metabolites were also identified by their early retention time and UV 

spectra. The detection of phase I metabolites was possible because there were 

still some parent compounds available to phase I enzymes at sampling time. 

These metabolites were also classified and are indicated in Table 5.2.  
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Chromatograms collected with a DAD, slits widths of 4 nm, window of 220 
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Figure 5.9: Absorbance spectra of 9-MA and in vivo phase II metabolites. 
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Figure 5.10: (a) In vivo formation of phase II metabolites from trout exposed 
to 9,10-DMA (b) In vivo formation of phase II metabolites from fish co-
exposed to BNF and 9,10-DMA (c) B-glu digestion of 9,10-DMA phase II 
metabolites. Chromatograms collected with a DAD, slits widths of 4 nm, 
window of 220 to 400 nm, and shown at 254 nm.  
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Figure 5.11: Absorbance spectra of 9,10-DMA and in vivo phase II 
metabolites.  
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5.3.3 Comparison between in vitro phase I and in vitro phase II metabolites 
of alkyl-anthracenes from rainbow trout 

It was observed that phase II in vivo metabolism of alkyl-anthracenes 

produced metabolites predominantly derivatized on the ring system.  This was 

similar to phase I in vitro metabolism (see Chapter 4). In an in vivo system, 

phase II conjugation enzymes use phase I metabolites as substrates, suggesting 

that in vivo phase I metabolism produced a similar pattern to the previous in vitro 

phase I metabolism. There were, however, some differences between the in vivo 

and in vitro cases. In in vitro phase I metabolism, alkyl hydroxylated metabolites 

were only formed for 9,10-DMA and represented 2.1% of the total metabolites of 

9,10-DMA. Phase II metabolites originating from these phase I metabolites were 

not detected in vivo and may not have been formed during phase II or their 

concentration could have been below the UV-DAD detector limit of detection. The 

converse situation was observed for 1-MA and 2,3-DMA where alkyl substituted 

metabolites were only detected in the in vivo phase II experiments. In the case of 

1-MA-M2 (4.3%), it is possible that the corresponding alkyl substituted 

metabolites in phase I were further oxidized metabolites and consequently not 

detected as alkyl derivatized metabolites. This supposition is supported by the 

fact that phase I in vitro 1-MA-M1b metabolites eluted at an early time and could 

either be ring hydroxylated or further oxidized metabolites (Chapter 4, 

Figure 4.4). The difference between both phases for 2,3-DMA could be explained 

by the very low concentration of  in vitro phase I metabolites in the 2,3-DMA 

sample (previous chapter) that only allowed a partial metabolite identification to 

be done. If more concentrated samples had been available, the proportion of  
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Figure 5.12: (a) In vivo formation of phase II metabolites from trout exposed 
to 2,3-DMA (b) In vivo formation of phase II metabolites from fish co-
exposed to BNF and 2,3-DMA (c) B-glu digestion of 2,3-DMA phase II 
metabolites. Chromatograms collected with a DAD, slits widths of 4 nm, 
window of 220 to 400 nm, and shown at 254 nm. 
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Figure 5.13: Absorbance spectra of 2,3-DMA and in vivo phase II 
metabolites. 
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Figure 5.14: (a) In vivo formation of phase II metabolites from trout exposed 
to TMA (b) B-glu digestion of TMA phase II metabolites. Chromatograms 
collected with a DAD, slits widths of 4 nm, window of 220 to 400 nm, and 
shown at 254 nm.  
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detected ring and alkyl substituted metabolites may have been similar for both in 

vivo and in vitro experiments. 

5.3.4 Comparison between in vivo phase II metabolites of alkyl-anthracenes 
and alkyl-phenanthrenes from trout and medaka 

In a previous in vivo phase II study of juvenile rainbow trout exposed to 

alkyl-phenanthrenes, it was found that metabolism on the alkyl chain was 

favoured over ring metabolism.24 The present in vivo phase II study, done with a 

series of alkyl-phenanthrenes in medaka, produced similar results. This is in 

contrast to the metabolism of alkyl-anthracenes in trout that mainly produced ring 

metabolites. Too few alkyl-PAH families and fish species have been studied to 

draw solid conclusions about trends in alkyl-PAH metabolism. More work is 

required to determine if the metabolism of each series of alkyl-PAHs will be 

conserved across different fish species, either on the ring system or on the alkyl 

chain. The results of this work, in addition to toxicity assessment of the different 

alkyl-PAHs metabolites formed in vivo, would help to better predict toxicity of 

alkyl-PAHs containing mixtures to fish.  

5.3.5 Comparison of metabolism from fish exposed to alkyl-anthracenes 
and fish co-exposed to BNF and alkyl-anthracenes  

Metabolites were found in the bile of fish exposed to alkyl-anthracenes 

alone and to BNF and alkyl-anthracenes together. The PAH metabolite profiles 

determined were similar whether the fish were co-exposed to BNF or not (Table 

5.2, Figures 5.4, 5.6, 5.8, 5.10, 5.12 and 5.14). Metabolite concentration, 

determined by the peak area, was higher when fish were co-exposed to BNF.  
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Figure 5.17: Absorbance spectra of 2-EP and in vivo phase II metabolites.  
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Figure 5.18: (a) In vivo formation of phase II metabolites from medaka 
exposed to 1,7-DMP (b) In vivo formation of phase II metabolites from 
medaka exposed to 7-E-1-MP (c) In vivo formation of phase II metabolites 
from medaka exposed to Ret. Chromatograms collected with a DAD, slits 
widths of 4 nm, window of 220 to 400 nm, and shown at 254 nm.  
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Figure 5.19: Absorbance spectra of 1,7-DMP, 7-E-1-MP, Ret and in vivo 
phase II metabolites.  
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Figure 5.20: (a) In vivo formation of phase II metabolites from medaka 
exposed to 1-MP (b) In vivo formation of phase II metabolites from medaka 
exposed to 2,7-DMP. Chromatograms collected with a DAD, slits widths of 
4 nm, window of 220 to 400 nm, and shown at 254 nm.  
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Figure 5.21: Absorbance spectra of 2,7-DMP, 1-MP and in vivo phase II 
metabolites.  
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These results indicate that co-exposure of fish to BNF and an alkyl-anthracene 

increased the metabolic rate and the excretion rate in the bile, likely a result of 

metabolism by BNF-induced CYP1a and other enzymes. In fish not exposed to 

BNF, endogenous levels of enzymes such as CYP1a were responsible for the 

metabolism of alkyl-anthracenes. It is also possible that other hepatic or non-

hepatic enzymes, some other oxygenases for instance, could metabolize the 

alkyl-anthracenes in absence of CYP1a induction. However, CYP1a is generally 

accepted as the primary enzyme for the metabolism of PAHs in fish34 and other 

phase I enzymes were not studied in this research.  

5.3.6 Identification of metabolites by enzymatic hydrolysis 

For both fish species, when a test PAH yielded a high concentration of 

metabolites, digestion with β-glucuronidase (B-glu) helped to characterize some 

of the phase II metabolites. B-glu is an enzyme that removes a glucuronide group 

from a substrate by hydrolysis, leaving a hydroxyl group at the site of 

metabolism.35 This product with a hydroxyl group can be detected by HPLC-UV 

in the same way phase I metabolites are detected. Figures 5.1a and 5.1b 

illustrate the enzymatic digestion of the Ant-Glu standard. After the digestion, the 

Ant-Glu peak was mostly gone and a new, less polar peak could be seen on the 

chromatogram. This peak was the product of the enzymatic reaction and had a 

retention time matching the 2-OH-Ant standard (Figure 5.1c). A chromatogram of 

Ant is also shown to compare retention times (Figure 5.1d).  

The UV absorbance spectra of the three standards are presented in 

Figure 5.2. The 200-300 nm region could not be used to detect spectral shifts 

181 

 



 

because the three standards had a maximum absorption very close to each other 

at 254 nm. Instead, a magnification of the 300-400 nm region allowed the shifts 

to be detected. On the figure, normalized spectra indicate that metabolite 

classification is done using the same scheme as in the previous chapter. Both 

ring-derivatized metabolite compounds have spectra that are different from the 

parent compound. The metabolites have broader peaks with less defined 

structures, consistent with addition of the oxygen to the ring system. The hydroxy 

metabolite has a spectrum significantly shifted to the red (bathochromic), 

whereas the glucuronide metabolite (an ether) has a broader spectrum with the 

same maximum wavelength as the parent compound.  

The chromatograms of the digested alkyl-anthracenes and alkyl-

phenanthrenes samples are shown on the lower panel of Figures 5.4, 5.6, 5.8, 

5.10, 5.12, 5.14 and 5.16. In general, the digested samples were less 

concentrated than the original samples because of the extra steps that 

contributed to losses. For each compound, the peaks were classified according 

to the results of the enzymatic digestion and to their retention time. The TMA 

digested sample was too low in concentration to perform a complete spectral 

analysis. The final peak identities are reported in Table 5.2.  

The enzymatic treatment of the samples resulted in complete hydrolysis of 

the glucuronide and di-glucuronide substituted metabolites. The performance of 

the method was verified with standards (Figure 5.1). Mono-glucuronides are 

represented by M3 and M4 and di-glucuronides are represented by M7 and M8 

on the chromatograms. The key difference between mono and di-glucuronides 
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was their different elution time. The di-glucuronides eluted earlier than the mono-

glucuronide metabolites because they were more polar. For each PAH sample 

that could be digested, most identified metabolites were glucuronide conjugates. 

There was only a minority of unknown phase II ligands (represented by M5 and 

M6), which could be the products of glutathione S-transferases or 

sulfotransferases (ST), also present in fish but not as well studied.9 

In some cases, as for Ant and 1-MA, a new group corresponding to ring 

hydroxylated digestion products could be identified on the chromatograms. The 

presence of these products confirmed the generation of glucuronide conjugates 

from hydroxylated phase I metabolites in vivo. For the other compounds 

analyzed, new peaks were too weak to be detected if they were present.  

For the study of alkyl-phenanthrenes in medaka, the 2-EP sample was the 

only sample concentrated enough to be digested by B-glu. Di-glucuronide 

conjugates of 2-EP were identified and the digestion product was seen on the 

corresponding chromatogram (Figure 5.16). In both cases, for di-glucuronides 

and digestion products, the spectra were identical to the parent compound 

spectrum, indicating substitutions on the alkyl chains.  

5.3.7 Identification of metabolites by HPLC-ESI-MS  

HPLC and mass spectrometry can provide information on the nature of the 

phase II conjugates. The methods developed in the previous chapter were used 

with the aim to confirm the identity of phase II conjugates of alkyl-anthracenes in 

trout. However, no chromatographic runs could provide useful information; all the 

peaks were below limit of detection. A mechanical problem was later identified in 
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the MS system and assumed to be the cause of the unusable results. A specific 

method for the detection of phase II conjugates was therefore not developed.  

In ideal conditions, both negative and positive ionization ESI modes would 

be used to screen for metabolites. Glucuronide and sulfate conjugates would be 

detected by monitoring the [M-H]- ions36,37 and glutathione conjugates by 

monitoring the [M+H]+ ions.38 Glucuronide conjugates were expected to be more 

abundant, based on the β-glucuronidase digestion results. In-source 

fragmentation would be used to confirm whether the glucuronide conjugates 

originated from ring or alkyl chain hydroxylated PAHs. This determination is 

possible because the formation of [M-193]+ fragments corresponding to the loss 

of the O-glucuronide group creates a carbocation that can be detected in the 

positive mode24 and for alkyl-phenanthrenes, this carbocation was usually seen 

for alkyl chain hydroxylated PAHs.24 This method would have needed to be 

verified with alkyl-anthracenes and if it were applicable to this class of PAHs, in-

source fragmentation with alkyl-anthracenes could confirm that glucuronide 

conjugates are indeed ring conjugates. This method could also help gather more 

information on 2,3-DMA-M6. It was the only alkyl chain further oxidized 

metabolite detected in this study and its conjugated phase II ligand is unknown.  

5.3.8 Unidentified metabolites 

The identity of some metabolites could not be determined with the 

analytical methods used in this study. They are represented on the 

chromatograms by the labels M5, M6, M9 and M10. These metabolites could be 

categorized into ring or alkyl derivatized metabolites based on their UV 
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absorbance spectra, but not much could be said about the identity of the phase II 

ligands conjugated to these. For instance, both 2,3-DM and 9,10-DM have phase 

II metabolites that were not digested by B-glu and consequently their phase II 

conjugates could not be further identified, except to indicate they are not 

glucuronide conjugates. Other techniques, such as mass spectrometry, could be 

used to determine the nature of these phases II conjugates.  

Most of the alkyl-phenanthrene samples were not digested by B-glu and 

their phase II conjugate identity was not confirmed. However, it can be noticed 

that alkyl-phenanthrene chromatograms from medaka look similar to 

chromatograms of alkyl-phenanthrenes metabolised in trout in a previous study.24 

With trout, the presence of glucuronide conjugates was established by HPLC-

ESI-MS and B-glu digestion. The similarities between both set of chromatograms 

suggest that M10 and M6 groups from the medaka chromatograms could be 

glucuronide conjugates. More concentrated samples would be necessary to 

perform a B-glu enzymatic digestion to confirm this suggestion. 

There is also an uncertainty concerning the di-glucuronide metabolites M7. 

These metabolite UV spectra are all shifted, indicating a ring substitution. 

However, the presence of one substituent on the rings is sufficient to modify the 

UV spectrum regardless of where the second substituent is located. The 

technique used in this study (spectral analysis and enzymatic digestion) doesn’t 

allow discrimination between a pair of ring substituents and a combination of ring 

and alkyl substituents. The MS in-source fragmentation method would have 

helped to determine the structure of the M7 metabolites.  
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The last uncertainty that will be discussed concerns the identity of the 

various metabolite isomers. On most chromatograms, more than one 

hydroxylated metabolite isomer was detected and each was grouped with the M1 

label. It is impossible without standards to determine the exact position of the 

substituents when they are on the rings. Other techniques like nuclear magnetic 

resonance would be a great help in solving the structure, but the large amount 

(around 5 mg) of the purified metabolites required for this was not available in 

these experiments.  

5.4 Summary and conclusions 

The objectives of this study were to investigate phase II in vivo metabolism 

of a series of alkyl-anthracenes in rainbow trout and to investigate phase II in 

vivo metabolism of a series of alkyl-phenanthrenes in Japanese medaka larvae. 

Metabolites were detected in the bile of trout exposed to alkyl-anthracenes and 

co-exposed to BNF and alkyl-anthracene. Induced and endogenous CYP1a 

enzymes produced the same metabolites but higher concentrations of 

metabolites were detected with the induced enzymes. Metabolites were also 

present in the medaka larvae exposed to alkyl-phenanthrenes. Retention times 

and UV spectra were used to determine that the majority of trout alkyl-

anthracene phase II metabolites were in the phenolic form whereas most 

medaka alkyl-phenanthrene phase II metabolites were in the benzylic form. 

Furthermore, another study showed that alkyl-phenanthrene phase II metabolites 

in trout were predominantly in the benzylic form.24 The location on the molecule 

where the metabolism occurs may be related to the toxicity of the alkyl-PAH. 
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Consequently, if the metabolism of different alkyl-PAH classes were conserved 

across fish species, as was the case here with alkyl-phenanthrenes in trout and 

medaka, better predictions of crude oil toxicity to fish could be made. 

Digestion with B-glu has shown that most of the phase II ligands were 

glucuronide conjugates, either mono- or di-substituted. Mono-substituted 

glucuronides were classified as alkyl or ring metabolites based on UV spectra. 

The classification of di-substituted glucuronides could not distinguish between 

ring-ring or alkyl-ring di-glucuronide combinations, as both combinations will 

cause shifted or different spectra from the parent compounds. Elucidating the di-

glucuronide structures could be done with other spectroscopic methods like MS. 

The presence of glutathione or sulfate conjugates has not been investigated in 

this project and some work remains to determine the unknown phase II ligand 

identity. 
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Chapter 6 
Discussion and conclusion 

6.1 Overview 

The purpose of this thesis was to better understand the toxicity of two 

series of alkylated polycyclic aromatic hydrocarbons (alkyl-PAHs) to fish and to 

provide information on their mechanisms of toxicity. The toxicity of a series of 

alkyl-phenanthrenes (Chapter 2) and a series of alkyl-anthracenes (Chapter 3) 

was evaluated with medaka embryos (Oryzias latipes) using the PCD method of 

exposure. The phototoxicity of alkyl-anthracenes was assessed by exposing 

medaka embryos to continuous light (24LT) and dark (24DK) conditions. The 

toxicity of photoproducts was assessed by exposing the test vials to light prior to 

the start of the bioassay (Chapter 3). The PCD method of exposure was also 

further characterized with the series of alkyl-phenanthrenes and alkyl-

anthracenes. Parameters such as film:solution partition constant (Kfs) and 

solubility limit were determined, and the capacity of films to compensate for 

compound loss from solution was investigated for each test compound (Chapters 

2 and 3). Major in vitro phase I metabolites from rainbow trout CYP1a enzymes 

(Chapter 4) and major groups of in vivo phase II biliary metabolites (Chapter 5) 

were identified. The phase II in vivo metabolism of the series of alkyl-

phenanthrenes in medaka larvae (Oryzias latipes) was also investigated and 

compared with the in vivo metabolism of the trout (Chapter 5). 

 



 

6.2 Summary of findings  

6.2.1 Partition controlled delivery 

In this study, a new static method called partition controlled delivery (PCD) 

was characterized with alkyl-phenanthrenes and alkyl-anthracenes. PCD was 

previously reported to overcome the problems of testing alkyl-PAHs with current 

test systems.1 This method is based on the partitioning of the test compound 

from a high concentration in a polydimethyl siloxane (PDMS) film to the water of 

a test vessel. PCD has all the advantages of a flow-through assay but provides 

more control on the test concentrations. With PCD, the EC50 values of the test 

PAHs which give a response are always below their aqueous solubility limits, 

reflecting a true aqueous concentration. This exposure scheme is also more 

relevant to environmental exposure conditions.  

Before the start of the bioassays with alkyl-PAHs, chemical constants such 

as Kfs and solubility limits were determined by separate measurements of the 

concentrations in the film and in the aqueous phase at equilibrium. During the 

17-day medaka bioassays with the alkyl-phenanthrenes, the PDMS films 

delivered aqueous concentrations that did not decrease by more than a third of 

their initial values. The decline in concentration was slow and steady and was 

accelerated after hatching. For example, 1-MP concentrations decreased 

between day 2 and day 17 by 2.0 µg/l/day but the rate was -0.7 µg/l/day before 

hatch and -2.5 µg/l/day after hatch. Pure retene did not behave like the other 

compounds. Some of the retene test concentrations were twice as high as the 

initial concentrations at the end of the assay. It was probably due to the 
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adsorption of test compound on organic matter (e.g. soluble proteins) since the 

analytical methods could not discriminate between free and bound forms of 

PAHs. 

Unlike the alkyl-phenanthrenes in Chapter 2, stable aqueous 

concentrations were not obtained with the alkyl-anthracenes exposed to light in 

Chapter 3. The aqueous concentrations in the test vials exposed to light were 

close to the limit of detection after four to six days. The partitioning of alkyl-

anthracenes from the film could not compensate for their photodegradation. 

Improvements of the bioassay could include a change of vials every few days or 

a decrease in the photoperiod from 24LT to 18:6 D:L or to 24DK to slow the 

photodegradation process. A modified PCD system with greater surface area of 

PDMS might provide a higher capacity to compensate for the loss. Despite some 

concentration decline in concentration over time, PCD was still an improvement 

over conventional assays that can decline to 5% of their original concentration in 

less than 24 hours.2 

6.2.2 Toxicity of alkyl-PAHs 

The toxicity of alkyl-phenanthrenes was assessed using medaka embryos 

and the PCD method of exposure with a 24LT photoperiod. The phototoxicity of 

alkyl-anthracenes and the toxicity of their photoproducts to medaka embryos 

were also determined using the PCD. Differently from alkyl-phenanthrenes, the 

alkyl-anthracene bioassays were done using 24LT and 24DK photoperiods to 

evaluate the role of the phototransformation on the overall toxicity. There were 

two types of alkyl-anthracene 24LT bioassays. The first type (24LT with prior 
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photodegradation) was exposed to light for about five days to let the test 

compound photodegrade before the beginning of the assay. The second type of 

24LT bioassays (24LT without prior photodegradation) was started without delay 

and the initial photodegradation happened in the presence of the eggs. 

The addition of alkyl groups on phenanthrene and anthracene elicited in 

both cases an increase of toxicity to medaka embryos. CYP1a induction levels 

and signs of toxicity were however different between these two series of 

alkylated compounds. Signs of toxicity were also different between the 24DK 

(reduced hatching success) and 24LT alkyl-anthracene assays (BSD-type effects 

and no or delayed swim bladder inflation). These results suggested that more 

than one mechanism of toxicity was responsible for the observed toxicity.  

Unsubstituted phenanthrene did not induce CYP1a, when measured in an 

EROD assay, but alkyl-phenanthrenes did, and the induction levels increased 

with the number of alkyl substituents. Phenanthrene was toxic by narcosis 

whereas alkyl-phenanthrenes caused signs of BSD, mainly hemorrhaging, 

edema, and heart deformities, as observed in AHR-mediated toxicity. The 

addition of alkyl groups to phenanthrene increased the potency for BSD 

compared to unsubstituted phenanthrene. The more closely the structure of alkyl-

phenanthrenes resembled retene or TCDD, the more toxic they tended to be.  

Unsubstituted anthracene or alkyl-anthracenes did not induce CYP1a. In 

the 24DK assays, where no photodegradation occurred, narcosis was the 

favored mechanism of toxicity for each test compound. The addition of alkyl 

groups to anthracene did not seem to favor other mechanisms of toxicity when 
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compared to unsubstituted anthracene and the toxicity increased with the 

number of alkyl groups. In the 24LT anthracene assays without prior 

photodegradation, an EC50 value was not reached within the test concentrations 

but some fish larvae had signs of narcosis. For the alkyl-anthracenes, observed 

signs of toxicity were similar to alkyl-phenanthrenes (morphological deformations 

and edema). Because alkyl-anthracenes did not induce the production of CYP1a, 

a different mechanism of action than AHR-mediated toxicity must have caused 

the adverse effects. In this case, the suggested principal mechanism of toxicity 

was phototoxicity. The addition of alkyl groups on anthracene increased the 

toxicity and the photodegradation rate in the 24LT photoperiod without prior 

photodegradation. Finally, for each of the anthracenes and alkyl-anthracenes 

tested, the photoproducts alone were not toxic to fish.  

When comparing the results from both series of alkyl-PAHs, it can be 

concluded that although both alkyl-anthracenes and alkyl-phenanthrenes were 

toxic, different mechanisms of toxicity were at work. The addition of alkyl groups 

to phenanthrene favored a shift from narcosis to AHR-mediated toxicity. 

Anthracene and alkyl-anthracenes were toxic by the same mechanisms of 

toxicity: narcosis in the 24DK assays, and phototoxicity in the 24LT without prior 

photodegradation assays.  

6.2.3 Analysis of PAH metabolites 

Studying the metabolism of alkyl-PAHs is important to help determine their 

toxicity. As mentioned earlier in this thesis, some alkyl-PAHs are biotransformed 

on their alkyl chain which could lead to a reactive resonance stabilized 
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electrophilic benzylic carbocation intermediate that can react with nucleophilic 

macromolecules in the cell.3 Study of alkyl-PAH metabolism can help in 

anticipating which classes of alkyl-PAHs will have increased toxicity through this 

pathway by determining where the phase I metabolism has occurred. In Chapter 

4, major in vitro phase I metabolites of alkyl-anthracenes from rainbow trout 

CYP1a enzymes were identified. It was determined that metabolism 

predominantly occurred on the ring system. This was contrasted with the 

metabolism of alkyl-phenanthrenes and alkyl-pyrenes that occurred 

predominantly on the alkyl chains.4-7 The metabolism of alkyl-anthracenes was 

similar to the metabolism reported for alkyl-chrysenes,4 suggesting there is no 

universal route for the metabolism of alkyl-PAHs. These results also suggested 

that alkyl-anthracenes are not likely to show enhanced toxicity through the 

formation of a reactive carbocation intermediate.  

The phase II in vivo metabolism of alkyl-anthracenes in rainbow trout and 

of alkyl-phenanthrenes in Japanese medaka larvae were investigated in 

Chapter 5. Metabolites were detected in the bile of trout exposed to alkyl-

anthracenes and co-exposed to BNF and alkyl-anthracenes. Induced and 

constitutive CYP1a enzymes produced the same metabolites, and a higher 

concentration of metabolites was detected with the induced enzymes. 

Metabolites were also present in the medaka larvae exposed to alkyl-

phenanthrenes. Retention times and UV spectra were used to determine that the 

majority of trout alkyl-anthracene phase II metabolites were in the phenolic form 

whereas most medaka alkyl-phenanthrene phase II metabolites were in the 
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benzylic form. Moreover, another study showed that alkyl-phenanthrene phase II 

metabolites in trout were predominantly in the benzylic form.7 Digestion with β-

glucuronidase has shown that most of the phase II ligands were glucuronide 

conjugates, either mono- or di-substituted.  

The analytical techniques used in Chapter 4 and Chapter 5 were not able 

to discriminate between a pair of ring hydroxylations and a combination of ring 

and alkyl hydroxylations. The presence of a hydroxylation on the rings is 

sufficient to modify the UV spectra regardless of where the second hydroxylation 

is located. There is also an uncertainty with the identity of the metabolite isomers 

that were detected. On most chromatograms, more than one hydroxylated 

metabolite isomer could be detected. However, it was impossible to determine 

the exact position of the substituents when they were on the rings without 

analytical standards. 

6.3 Significance of findings and future work 

The results of this research have provided new information to better 

estimate risk of PAHs in aquatic ecosystems. Results from alkyl-phenanthrene 

and alkyl-anthracene bioassays in addition to results from metabolism studies 

have demonstrated that the traditional classification of PAHs, as a class of 

compounds with similar behavior, may lead to a misrepresentation of their 

toxicity.  

The series of alkyl-PAHs studied in this thesis acted by different toxicity 

mechanisms based on their physical and chemical properties. Their structure, the 

number and the position of their alkyl chains, their log P and their photoreactivity 
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all influenced their toxicity. Alkyl-PAHs were metabolized on their alkyl chains 

and/or on their ring system. The toxicological significance of alkyl chain 

hydroxylations deserves further consideration because a hydroxylation on the 

alkyl chain followed by the addition of a sulfate group could result in the formation 

of a highly reactive carbocation intermediate that can further react with lipids, 

DNA and proteins.3 DNA adducts resulting from the reaction of the electrophilic 

metabolites of 1-methylpyrene have been detected in rodents and in humans3 

and they were correlated with increased cell proliferation activity.3 In fish, it is 

possible that the toxicity of BSD-causing alkyl-PAHs is mediated through the 

formation of carbocation intermediates. Their reaction with the cell membranes 

would cause their weakening and consequent hemorrhages and edema, both 

signs of BSD. Membranes could also be attacked by epoxide metabolites that 

could have been present given that further oxidized metabolites formed in vivo 

were detected. In future work, the presence of aromatic adducts on DNA and 

oxidized membranes should be investigated in fish exhibiting signs of BSD in 

order to confirm the mechanisms of toxicity of alkyl-PAHs.   

Many questions arose from the work of this thesis and remain to be 

answered. In Chapter 2 and Chapter 3, the toxicity of six alkyl-phenanthrenes 

and four alkyl-anthracenes to medaka embryos was evaluated with the PCD 

method of exposure. Some structure-toxicity relationships were determined for 

the alkyl-phenanthrenes but there were not enough alkyl-anthracenes tested to 

determine such relationships. In future work, more alkyl-anthracenes could be 

tested to study their structure-toxicity relationships. Although these alkyl-PAHs 
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are not known to cause AHR-mediated toxicity, other structural factors could 

influence their toxicity such as the formation of different photodegradation 

intermediates and products with different levels of toxicity.  

The identity of some metabolites could not be determined with the 

analytical methods used in Chapter 4 and Chapter 5. These metabolites could be 

categorized into ring or alkyl oxygenated metabolites based on their UV 

absorbance spectra but not much could be said about which isomer was present.  

Other techniques like nuclear magnetic resonance spectroscopy or tandem MS 

would help in solving the structure of further oxidized metabolites and metabolite 

isomers. Also, the identity of the phase II ligand could not be further identified, 

except for glucuronide conjugates. Other enzymatic essays could be used to 

determine the nature of these phase II conjugates.  

Finally, in Chapter 4 and Chapter 5, the in vivo metabolism of alkyl-

phenanthrenes was similar for medaka and trout. More species and more series 

of alkyl-PAHs need to be investigated to determine if the metabolism of other 

alkyl-PAH is conserved across fish species. In correlation with results from 

toxicity assays, this would enable better predictions of crude oil toxicity to fish.  
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Appendix A: Estimation of EC50 values 

The EC50 values were estimated using a sigmoidal dose-response equation with 

variable slope: Y=Bottom + (Top-Bottom)/(1+10^((LogEC50-X)*HillSlope)) 

(GraphPad Prism 4.02, freeware version). This equation is a logistic regression, 

as demonstrated here: 

The logit function is expressed as the natural logarithm of the odds of death1: 

Logit(p) = ln(p/(1-p)) 

Because of linearity of the logit-transformed data, this equation can be modelled 

as logit(p) = a + bx and is equivalent to the following: 

p/(1-p) = odds of death = e(a+bx) or  

p (0 1) = probability of death = e(a+bx)/(1+ e(a+bx)) 

p (0 1) = e(a+bx)/(1+ e(a+bx)) * (e-(a+bx)/ e-(a+bx)) = 1/(1+ e-(a+bx)) 

where a = -log EC50 * Hillslope and b = Hillslope 

p (0 1) = 1/(1+e-(-log EC50 * Hillslope + Hillslope * x)) 

    = 1/(1 + e-Hillslope (-log EC50 + x)) 

    = 1/(1 + eHillslope (log EC50 - x)) 

Substituting 0 (min value) and 1 (max value) by bottom and top in the equation: 

p (0 1) = p (bottom  top) = bottom + (top-bottom)/(1+eHillslope (log EC50 - x)) or  

p = bottom + (top-bottom)/(1+10Hillslope (log EC50 - x)), as used in GraphPad Prism. 
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Table A.1: Fitting parameters used for the estimation of EC50 values.  

PAH Top Bottom Hillslope EC50 
Phen 100 N.A. 2.103 89 
1-MP 100 N.A. 11.68 116 
2-EP 100 N.A. 6.756 48 

1,7-DMP 100 N.A. 4.932 78 
2,7-DMP 100 N.A. 3.002 39 
Retene 
before 

purification 
100 N.A. 4.700 76 

Pure retene 100 11 0.7021 9 
1-MA 24LT 100 N.A. 6.068 82 
1-MA 24DK 100 N.A. 2.225 190 
9-MA 24LT 100 N.A. 3.581 199 
9-MA 24DK 100 N.A. 4.790 258 
9,10-DMA 

24LT 100 5 1.077 12 
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