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ABSTRACT 

Exposure of polycyclic ammetic '1ydmc:arl,am (PAIis) to lipt bas been shown to rault in an iDcreue 

in toxicity of PAHs to aqnefic a,niPM Tk obacned a:rcuc in toxicity ii a gmaal phcnswmmn, 

and bu been obacned in badaia, plaall, iaw:rtcbrata and filb. Two mecbaaiPDI of aaiaa far dus 

increue in toxicity ~ pbotnatrsitizatim (lt-odlacnon ,. Rnpt l'fXYPD) and phntooxidation, whereby 

* oxidaaon prodaldl are llllft taxic dlan 1-pannt PAHs. Eilbr:r may ba~ -peat.er drec:t, 

dq,cnding ca 1-a,pni- wt die apmure biltary. Plmaully. specific toxic produm of PAH 

pbn,ooxidatioa ~ not bem -1 cbaractc:rilc:d F11rthcs11-P_. PAHs and PAH pbotoprodllC&S Gilt 

almost exclusively as complex mixtures in CDviroamcnlal oomp-xti10As, and medlods for addressing 

mixture toxicity are required. 

P AH pbotoproduas were generated by exposing PAHs, either in solution or in bound phase, to 

natural sunlight or a light source mimicking solar radiation The generated pbotooxidatioo product.s 

were identified by GC/MS, HPLC/diodc array, and/or by c:omparism with autbmtic stmdards. 

Photooxidation experiments were condnctcd with two to five ring P AHs, specifically napbtbalenc, 

phenanthrene, fluorantbene, pyrmc, bcm.o(a)antbracme, bcmo(b)anduaccne, cbryscnc, and 

benzo(a)pyn:nc. The toxicity of obscrwd pbotoproducts was addRssed either by the use of toxicity 

assays, or reference to published toxicity data. The primary organism used to estimate 111c relative 

toxicity of P AH pbotoproduc:ts and intact P AHs was the Juminesca,t marine bacteria, PhotobocteriMm 

phosphoreum. It was found in many cases that the producu of PAH pbotooxidalion wen: more toxic 

than the intact P AHs. The observed toxicity was fiutbcr c:ormborated by toxicity asscsPl'1"Jlt uing 

other species as test organisms. P AH quinones were identified as a class of compounds m:qucndy 

bavina greater toxicity than the intact P AHs. Some observed photoproduc:ts were also previously 

identified as toxicants or mutagens, n:sulting from metabolism of PAHs in mammalian systems. 

Two facton influencing the pbotodegradation rates of P AHs were identified. The ability of 

P AHs to generate singlet oxygen by pbotosensitiz.ation reactims was related to P AH rcactioa rates, as 

was the change in the ~localizatioo energy of P AH electtonic orbitals on oxidation. Cbange,c ua 

de.localization energy were also used to predict tbennodynamicaly favoured oxidation products. 
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PAiia CXGII' iD CDinlllmallal .,,,.,.., ...... •,., • .,._......_ ... cam PAIi may produce 

sewnl major pbotqn,t,,m TIius. a - to -die IUXieit)- of a mixaure olPAHa and PAR 

phorGprncte,m ii .....W 'F,vtimel -•tha Jc:eipe' wac aa-■atat ID addrcu die toxicity al 

441.,.-Z DYXIIIRI. liar +:sips provide a - to rm fix iearac1iaell and to A eni.Pfe t1le 

bclumour af mae,y-ai+1y-rcd miXllua u a wllalc. widMu at, m-e claa. n:quito--a•s. Om aldae 

deeipe ._. ued to ien r r.- s•rmN 1lridliea apaup af PAHt wt PAH plw,.,,._.+,,... uaiaa die 

P. plwpl,orna lmLicit)· way. Far die an-mixlln oF denninth ae-1 die badaial taaicity .my, a 

C"'W •-wlion additM: madcl a1---. wu DIHMI tD lie a pod cleacripa oldie c1a1a-.. .,_,..,. a 

trmd to sligbdy aratcr dulHl additiw ieRlactiao ..-. ablcrwd b m mixlurel. 
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CJIAPTERl 

JNTRODUCI'ION 

The field of c:nviromncmal toxicology Im dcvelaped over die lut IC¥eral ~ m rapome to 

incrcuing public awan:acu of aaviroamm1al iuua. A. mcmbcn of a modem, mde•srrialised 

IOCic:ty, we~ in die po1ilioa afbcina able to COIIICioualy in6JCIN".c what impects we lave an die 

CllVU'OIIIIICII UOUDd us. and to wbat clqpee. Uafadumrdy, die myopic t,:p.lcnr;ica 11/E aur IOCicty 

usually cauac as to w.dca•iuwtc tJac Joaa-ta'ID impecU tJ■at we have on aur CIMIOIIIIIClll in 

filvour of more immediate ocoaomic pilll - we tmd to live olf the capital of enviromnmtal 

resources, instead of living off the interest. This coma at 1be expense of most otbc:r orpnisms 

with which we share our environment. 

Impacts on ecosystems can be divided into two broad, non-exclusive caregorics: loss of 

habitat specific to a given ec:osystcm, and degradalion of babiaat. Loss of habitat may be the result 

of harvesting of natural resoun:cs such u forcsu or mineral deposits to fuel the economy, or 

through encroachment by urban sprawl Dcgradatioa of babicat may occur via the introduclion of 

chemical and physical agents that impair ecosystem fimctiaa, or by the repositioning of cbcmical 

or physical agents currently within an ccosystcm. Habitat lou and degradation an: recAgniscd as 

harmfu~ and efforts are taken by society to reduce environmental impact. Resource managmaent 

and urban planning tangentially addrcsa habitat loss, and environmental toxicology addresses 

degradation of habitat by chemical or physical agents. 

Environmental toxicology can be defined u the saudy of the impam of contaminanu llll 

the structure and function of ecological systems (Landis and Yu 1995), at various levels of 

organisation from genetic and molecular, through individual organisms, to populations, 

communities and ecosystems (Rand et al. 1995). Environmental toxicology is a multidisciplinary 

science, borrowing from a variety of disciplines including chemistry, biology, physics, limnology, 

ecology, madiematics and statistics. This thesis is a reflection oftbe interdisciplinary natuR of the 

field, and draws from several fields ofSludy, as required to address specific questions. Here, the 

1 



1bane uniting these disciplina is the eavironmcntal fate 111d toxicology of polycyclic ammatic 

hydrocarbons and their dqsradaaioa products. 

Polyeydic aromalic taydroca,brm (P Alla) an: widely dislributcd CIMl'ODmCPlal 

ma&ami.,.,.., occ:urriag ip sediment, fialawatcr, acmo,ptric wt marine CIMIOIIIIICIIIS. 

Deleterious enviffJIIIIICDlal nnp;,cu -:IIIC to PAiia an: n,cnpised aa an illUC of cavimnmadal 

importance. 1-toxicity af tbis &mily of compounds ia a complex problem, u dae is no aac 

dominant mode of adim. Dq,mdina cm tbc ~ism a lbc cnviroamcnt ;n which it;. c:xpmed 

to P AHs, tbcre an: ICVClal pauibll' rnoda of taxic: Kliaa by wbida PAIis may haft cf&c:u. 

One pom"ble source of toxicity associated widl PAIis is through the formaaioa of 

oxidation products by c:xposurc of P AHs to ligbl. 1beN photocbatlical reactions can occur in 

both the amaospherc and within aquatic systems. 1- pbotocbcmical reactions of P Alls, the 

toxicity of the photoproducu, and methods of assessing lbc toxicity of complex mixtures are 

addressed in this thesis. As P AHs and P AH photoproducls occur almost exclusively as mixtures 

in natural systems, an cff'ort was made to address the means by which the toxicity of complex 

mixtures may be assessed. This n:sulted in the generatioa of novel experimental designs to 

investigate interactions within multi<0mponcnt mixtures. 

1.1 Chemical properties, Sources, ud Occurrence or PAIis 

Polycyclic aromatic hydrocarbons (PAHs) are a class oflaydrocarbons t"-00ta,ining two or more 

fused benzene rings (Neff 1979). The most ftequently occurring PAHs contain two to five 

aromatic rings. Sample SUUdUreS of some of the more common PAHs arc shown in Figure 1.1. 

Polycyclic aromatic compounds conmioiog nitrogen, sulphur, or oxygen, which arc functionally 

and chemically related to PAHs, arc sometimes included within the PAH family (Varanasi, 1989). 

Oxygenated polycyclic aromatics (oxyPAHs) are ftcqueat products of PAH photoreactions, and 

specific oxyP AHs will be discussed in detail in lalcr c:bapt.ers. 

PAHs are only slightly soluble in waler, and will partition out of the water phase and into 

both sediments and the lipids within organisms. One means of estimating the tendency of a 
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Cf'o ~ ~ 
Naphthalene Fluorene AnUncene 

Benzo[b)antlvaclne Benzo(a)anthnlcene 

Pyrene Fluoranthene Benzo(b)fluoranthene 

cc9 
Phenantlwene 

Ch,ysene 

Benzo(kJftuoranthene 

Benzo[a)pyrene Benzo(e)pyrene Dibenzo[a,i)anthracene 

Perylene lndeno[12kd)pyrene Benzo(ghl]pe,-,tene 

Figure 1.1: Chemical structures of some commmon P Alis. 
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cbrmical to partitioa iDlo lipidt is via die OClaDOl/waaa' partitioa coefticiac, ,.. K... 1'hc K.. of a 

substance is the ratio ofils ~ou31tioui (at equiJibtium) wbm the • .,,.,,we ii dilln"butcd 

bc:twrm two immi1e1ltlc Jicpdl, OC8anOI 111d _._ Hipc:r K.. wlua imply dial die dlanical 

will partitioa into lipidl wilbia arpn;..,. 'i» a•--- depec. ad .. can be mare awilable to 

elicit a toxic dfect (I ipnick 1995). Bada die IOlubility wl die oaanallwa&II s-tiliaia cocffic:ialt 

~ dcpeadcat on die 111Um1re wl mohruhrweipt oLdle PAIi, wida a paaal 1nlld tawanll 

decreasing aqucous IOlubility wl UM:l'CalUII IC.. wida inc:reuina molen•lv weight (Table 1.1). 

The chemical propcrtia of PAIis have a larp in#h•cace on their mtc1K1iona of PAIis widl bioca. 

An exception to the mcn:ued upCab by "'IMiPDI with incrcuing JC.. OCCUII for die high 

molecular weight PAIis, • upcakc of IGIIIC of die laqcr PAHi docs not occur with a high 

efficiency in some CJ"IIDiPN (van Bnmunclca ct al 1996). 

Table 1. 1: Physiochemical properties of n:pracmativc P AHs. K.. ii die octanol/watcr 

partition coefficient. 

Com2ound Molecular wcis!!! Solubil!!Iz mg/L 1 LosKc,.rangcl 

Naphthalene 121 31.7±0.2 3.3-3.5 

Fluorene 166 1.98 ±0.04 3.1-4.2 

Anthracene 171 0.073 ± 0.005 4.4-4.7 

Phenanthrene 171 1.290 ± 0.070 4.4-4.6 

Fluoranthene 202 0.260 ± 0.020 5.1-5.3 

Pyrene 202 0.135 ±0.005 4.1-5.3 

Benzo[ a]anthracenc 221 0.014 ± 0.0002 5.6-S.9 

Chrysene 221 0.002 ± 0.0002 5.6-S.8 

Benzo[a]pyn:ne 252 0.003 ± 0.001 6.0-6.1 

Benzo[k)fluorantbene 252 0.0017 6.0-6.1 
1 from Mackay and Shiu 1977, Neff' 1915 
2 from van Bnunmelcn 1995 

P AHs in the absence of light an: rdativcly inert compounds. However, due to the highly 

conjugated aromatic structure of P AHs they n:adily absorb UV or visible light, cbanging the 
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electronic configuration oftbe molec:ule to• umtablc cxciled mte (Gilbert and Bagou 1991). 

This changes the chemistry of P ARI significantly as the eleclr0Dically excited stata of P AHs, 

while short lived, are &r mcn rcadiw dma tbe pound llale (Malkin 1992) 

Thi: major souroe oC envimnmcatal P Alla ii the incomplde c:ombullioa or cndcing of 

organic material (Suaa, 1976; ~ 1915). Sources of PAHi include indUluial actmty, 

a.atomobila, YQirap.xa. and fmat ma. Biaayndlclil olPABI can alto occur to a ....al clearee 

(Graf and Did 1966; Bomcff ct al 1961). but by &r the largelt 90Un:CI are anlbropogenic. It bu 

been cstimalcd dial 230,000 t.m1s of PAH macr aquatic environmc:,g each year (Ncwsled and 

Giesy 1987; Eisler, 1987). Contributon to tbe aquatic environment include surface runoff: 

atmospheric deposition, industrial cfflucnls, and pmolcum spillage (Neff' 1985; Wan 1994). Due 

to their highly hydrophobic nanue, P AHs in aquatic cnviromnents will accumulate in sediments 

at levels in the ppm range (Enviromncnt Canada 1994). COIICClllralioa sccn in tbe water column 

are usually in the range of parts per 1rillion to parts per billion (Ansten ct al. 1996). The 

concentration bound to particulate matter can be much higher. 

Overall environmental levels of PAHs have increased dramatically since the industrial 

revolution. Historical records of P AH conccmrations obtained from diff'ercnt environmental 

compartments show that concentrations are com:lated to industrial activity, using net world 

petroleum production as an index (Jones et al. 1989; Sanders et al. 1993; Kawamura ct al. 1994). 

Even in compartments far removed &om human activity, a large increase in P AH CODCCDtnltion 

has been observed since the industrial revolution. In the study by Kawamura et al (1994), a 203 

meter ice core obtained ftom a Greenland glacier provided a record of aanospbcrically deposited 

P AHs dating back to the 16* century. It showed an almost exponential increase in P AH 

concentration &om the 1930s onwards, with a 50-fold increase relative to the 18* century. 

1.2 Photochemistry of P AHs 

In the absence of light or other activating processes, PAHs are relatively unreactive molecules. 

The conjugated aromatic structure of P AHs gives them a high degree of resonance stabilisation 
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and low cncrgy in 1be ground Slall:. making 1bcm raillallt"' cbcmu:al attack la at pllHCIKC 'X 

light. the rmdivity ofPAHs varies t,cmcndously. and is drpeadeot on tbe wavelength ofincidcllt 

light and 1be suucmre oftbc PAIi in question. Upon ablorbina a photon of light, 1bc molecule 

undergoes a tnnsitioa to aD elccuonically c:xeitcd Slate. The moleaale can tbc:a dissipalc tbc 

absorbed c:ncraY and mum to pound mte via ftuoracacc (in wbidl a pboloa ollipl is 

emitted). or 1broup infernal ~ wbcre 1be cacqy is diuipa&ed u beat. AJtcmeri-ucly. 1be 

excited saatr molecule may undcqo aD imcnystcm c:rouing firm a singlet to a 1rip1ct llate, or 

vice vcna. From 1bc acw CIICl'IY Slall:. 1bc molcmJc can mum to ground saatc by anittina • 

photon (phosphoresence) or dissipate the energy as beat via iDtcrsyslem deg,adatio,L 

Monomolecular c:xcitcd stat.e transitions may be graphically represented as a Jablonski diaplm 

(Figure 1.2). Bimolecular ractions from excited states also occur and in some cues have a very 

high yield. 

The relative abundance and probability of transitions between the electtoDically excited 

singlet and triplet states are fimdamental to the understanding of the ph01ochemical reactivity of 

PAHs. In any photochemical process, the absorption ofa photon of light causes an electron to 

undergo a state transition from a lower energy quantum scare to a higher energy stat.e. While 

molecules can absorb light from states other than the ground state under certain conditions, these 

transitions are not particularly relevant to environmental photochemistry. It will be assumed here 

that photon absorption occurs ftom the ground state. 

Briefly, singlet and triplet states describe the quantum spin of the electrons in tbc highest 

occupied electronic stat.es. F.ach electron bas two possible spin states, spin up ( t ) or spin down 

( .J, ). F.ach electron in a molecule may be desaibed by a spatial function .,, and a spin fimction z. 
where each function may be symmetric ( "- and z.) or antisymmetric ( "- and zJ. ~ first 

recognised by Heisenberg (1926). two indistinguishable electrons within a molecule must have a 

total wave function that is antisymmetric ( ¥'.Za or ¥'.r.). The most important implica!ion of this 

with respect to molecular structure is the Pauli exclusion principle, which stipulates that no two 

electrons within a molecule can exist in identical states (Pauli 1924). Thus, two clecttons must 
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Tz-----

Sensitization 

hv .. s1 

Photooxidation 

T1(PAH) + 30 2 

S0(PAH) + 10 2 

► T•x:: 

product(s) 

product(s) 

Figure 1.2: Mono- and bi-molecular pb«ochcmical n:a:tions of P AHs. The Jablonski cliaglam 
(top) shows the monomolendar reactions of PAHs. Gmund Slate PAH (SJ absorbs a photon 
and forms an excited singlet Slale (S1, SJ. It can 1ben undergo tluorcscencc, pbospboracence, 
intersysaem crossing (ISC) to a triplet scare (cg. T1). internal coavenioa, or Vl"braaional n:laxatioa. 
Non-radiative processes are designated by wavy lines. Two general types of oxygen dcpendmt 
bimolecular reactions occur (bottom): the transfer of energy to oxygen forming singlet stale 
oxygen (sensitization), or reaction oftbe PAH with oxygen to fonn a new compound 
(photooxidalion). 

7 



have eilbcr differ• tperial fimctiom or oppoait& lpim. Giwa tw'1 eJcdNai lJf an orpnic 

molecule, if they are in the hipc:st occupied molecular arbiaal (HOMO) and have the w spaaial 

fimctioa. the declroa spins~ necessarily antiparallcl (t +). Wbm the elec:trom in the two 

highest stata have different spatial fimctiom and are of the same spin, the molecule is in a 1riplct 

stare. 11ac are adllally tbrec parallel lpiD mta allowal qi•adl,m rnccbenicelly tor a pair of 

eledlUiii. tt. U. and u../2 ( t + -+ t ). If die en,;..,,, ,poc11a of a lriplct-.. is obRrvecl in die 

p~ of a mapctic field. dlCle tbree mm show up• duee c:bcly spaced bands (hence the 

name triplet). MOil orpaic molea,J" bave a ground._ u a singlet s&aae (Gilbert and Bagou 

1991). A notable exception to this is oxygen. which hu a triplet ground state. 

The singlet and triplet states of molecules have remarkably diff'ereat properties. DiRCt 

transitions from singlet to triplet stales by absorption of a pbatoa are forbidden by quantum 

mechanics, u they rc:quire an dectron to undergo a cbanp in spin whill! changing orbitals. Thus 

direct transitions from ground state to excited triplet stata tend to occur wi1h a very low quantum 

yield. However, in some molecules (such as PAHs). population of triplet stales from excited 

singlet states do occur with a high quantum yield. Typically a triplet state is generated after a 

molecule in ground state absorbs a photon to fonn an excited singlet state. 1bc singlet state 

decays into a triplet state via an intersystem crossing to a vibrational level of a triplet state, which 

then undergoes an intcma1 convcnion to the lowest excited triplet state. Since changes in 

electron spin are forbidden by quantum mechanics, transitions from an exciled triplet state to 

singlet ground state are orders of magnitude more long lived than excited singlet stales (Malkin 

1992). Furthermore, as the triplet states arc longer lived, the probability of a chemical reaction 

from the triplet state is greater than that from the singlet state. 

Another outcome of the antisymmetry requirement for a pair of dectrons is the exchange 

energy, or the energy diff'ercncc between the singlet and triplet star.cs. 1bc singlet state electrons 

have a symmetric space function .,, .. and will tend to be close together, whereas the triplet state 

electrons have an anti-symmetric space fimction .,, .. and will tend to avoid each other. As 

electrons are negatively charged, there is a Coulomb charge repulsion between them and there is 
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more cnc:rgy in dae •iaalct Slate, wbcrc dae dcdaum ue claR tapehcr~ dlaa ia dae 1riplct 11ate, 

where they arc &rtla aput (Frmdl wl Talyor, 1971). 11lis difli:rencc ia c:m:rgy is clcfiacd u the 

ncbange cnc:rgy, and ii 1bc rcuon for triplet stata bciDg of lower mcqy than dae wuapoming 

singlet s&alea. 

In adddiaa. to 1- IDCJIIOIDOJca•!ar iatcrcanvcnirm olaaled --molecula, 

bimolecular ""1"time alao occur fioaa tbe excited_,,._ Qnancbina ._.. wbca • cxritrd .._ 

oL a molec:ulc iatcrads GI' rCIIICII with a ICcoad molec:ule, 1bc cp•mchcr_ ne excited --may 

ttaosfa: its mcqy to 1be qncacba: wl mum illlaCt to paUlld llafC, or it may n:act direcdy widl 

dae quencher to form a new chemical species (Malkin 1992). If oxygen ii dae quencher. these two 

types of reactions summarise two p01S1ble mccbanwffll ofPAHtoxicity. In dae first, 

pbotoscnsitizauon, triplet state P AH transfers its energy to molecular oxygen, resulting in around 

state PAH and the highly readive singlet oxygen (Landrum et al 1986; Arfstm et al. 1996). In 

the second, the P AH ii oxidised ftom an excited state, •a111ting in a difTcrcat cbc:mical species 

which can have greatly altered biological effects than the parent PAH (Huang et al. 1997; Krylov 

et al. 1997) (Figure 1.2). 

1.l Photoreactiom or PAIis 

The process of sensitisation, where triplet state P AHs 1raDSfer energy to singlet oxygen, bas been 

discussed. TIM= arc a number of specific bimolecular reactions in which P AHs result in dae 

formation of photoproducts. P AHs may undergo addition rcaaioas with molecular oxygen in 1bc 

presence of light via reaction with singlet state oxygen. The excited state P AH forms singlet 

oxygen, which can then react with the ground state P AH via a 1,4-photocycloaddition aaoss a 

ring or a 1,2-photocycloaddition to a double bond, resulting in cndopcroxides (Gilbert and 

Baggott 1991; Malkin 1992). These reactions are typified by the reactions of amhracene and 

phenanthrene with molecular oxygen (Figure 1.3). It is also possible that this readion may occur 

directly from the reaction of ground state oxygen with an excited state PAH. 1,4-pbotocyclo-­

additions are dependent upon the rate of formation of singlet oxygen by the P AH, and the relative 
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Anthracane 1,4-photocycloaddition 

0 

+ ... 

Phenanthrene 1,2-photocycloaddition 

hv,~ 

+ ... 

Figure 1.3: Photocycloaddition reactions ofanthracene and phenanthrene. Due to the 
different electron configurations of the two molecules, the most reactive sites diJfer and 
will favour different types of initial photoreactions. Both reactions proceed via an un­
stable endoperoxide, which disassociates to form a diradical intermediate. In each case, 
the resulting quinone is two electrons more reduced than the intermediate endoperoxide. 



reactivity ofdle riDp within the PAK Liacarly anncr1eted 1tAHI (Mpdaekne, aaduaccne. 

~ pc•!C!Ae!'e) sbow mcrasiDa rcaaivity wida iDcnuiDa 1mmbc:r of rings (Wiberg 

1997). Pcnaarcnc (5 rinp) is Raetive with caypa • n,om tcmpcnllllle and cloca not require 

~ hc:aN:ac (6 rinp) is llllllabfc wl will clocomp0lc. IOOIII tcmpc:ramre. 1bc 

reactivity is due to the radical c:baradcr of opposing carbom ia die CClllCr' riag(s). 1bc enalogous 

ICrica of PAHi annce1etcd 'It obtuae 81111• (pbcaalllbrmc, c:bryscae, piccnc) have c:ampuable 

total cacray aa the carrapnactina linear PAHi, but the DOD-liacar 11n1e1111e tmds to n:infan:c 1be 

doubfc band c:bam:ter of the c:m:maJ bondl lada drm the radical cbarad.cr of the oppcwina 

carbons, and an: DIOR Slab&,! against IJXYSCD additions. [1,2)-pborocycloadditiom acnm bonds 

with a strong double bond cbaractcr (and associated elecaron density) an: more libly to occur 

within this group of P AHs, and at a slower rate than the oxidation of the linear P Alls (Wiberg 

1997). 

Another type of reaction with caygen that is partic:ufady impol1ant for the coack:Ned IJOD­

linear P AHs such• pyn:ne, benzo(a)pyrene, and tluorandlme, is the ebmacrioa of a hydrogen ar.cm 

from the hydrocalboo by singlet oxygen (Payne and Phillips 1985; Mafkin 1992). 1bc rcsufting PAH 

radical is likely to fiuthcr react with oxygen or other awilablc molecules, resulting in hydroxyP AHs, 

quinones, or ring fiagmentation products. 

Within a mixture of P Alls and other hydrocarboas, numerous other reactions can occur. 

In the presence of pbenolics, which &cquently co-exist with P AHs and an: afso P AH dcgradalion 

products, additional ftce radical reactions can be initiated by light. 1bc photoactivmion of 

phenolics results in the generation of radical species capable of hydrogen abstraction from 

hydrocarbons and fiom water. This subject bas been addressed in a review of the photochemisuy 

of petroleum in water (Payne and Phillips 1985). 

1.4 Mechanisms or PAH Toxicity 

lbere are several possible modes of action by which P Alls can affect an organism. Each of the 

various modes of action may be significant, depending upon the organism, internal concentrations 

11 



of P AH, and tbc extcmal cnviromnaat. Tbe possible dfccu may be cateaoriscd iDro fhe --­

exclusive model ofaaioa· D011-POlaraarcolil, paotoxicily_ CDdocriae and imm11ae efrec:11, 

photoscncirizarion, and toxicity via pbalooxidaiioa produm. It is likely that scven1 oldae 

modes can opc:mc simultaneously widua all orpnitm, tbough there is usually" clamiDMt mode 

of action c1iciting the observed drccts. 

1. 4.1 Non-polar norcon1 

Non-i,olar DIRXJais is somctimcs ~ed to u baldiae taxicily, in wllidl toxic efl"ocu ae die 

n:sult of accmnui.ion of chemical in the biological membranes of all oqpnism (McCarty ct al 

1992; Rand ct al. 1995). The strudUre of the cell membrane is disturbed by the presence of the 

toxicant, and at high enough concentrations the biological function of the mcmbraae is 

sufficiently impaired to cause death of the organism (Lipnick 1995; van Wczel ct al. 1996). 

Effects are caused when the molar concentration of chemical within tbc membrane reaches a 

threshold level (approximately 2 to 8 mmol/kg for fish) and is similar for any chemical acting via 

this mode of action alone (McCarty ct al. 1992). As PAIis are highly lipophilic and will 

concentrate in membranes. low environmental concentrations of P AHs can result in sufficient 

accumulation of P AHs in organisms ta cause acute toxic effects. It should be noted that P AHs are 

only marginally soluble in water, and thus it is an infrequent case where dissolved PAHs will be 

at high enough concentrations ta cause non-polar narcosis via water exposure alone. However, 

there can be narcotic effects from c:xposurc to P AHs in food or sediments. The other modes of 

action are more specific to certain organisms and environmental conditions, and can occur at 

much lower concentrations (Rand et al. 1995). 

1.4.2 Genotoxicity 

Once incorporated into an organism's tissues, PAiis can undergo biochemical activation to 

carcinogenic or mutagenic compounds. The best and most studied of these reactions is tbc 

enzymatic transformation ofbenzo(a)pyrcne to its 7,S~ol-9,lkpoxide, which cowlcndy binds 
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to the DNA base gnaaiM (Tunbrdl 1991). The DN~ addnc:t formed CID CVCIIIUally iault ia 

carcinogencm or tcratoaeacsis, •eaclina to 1be dcada of 111e mpnin ne enzyme family 

rcspomiblc fix tbe ac:tiwaim of PAHi to c:arcinoplll ii die mixed fiaDClion oxygcn•rc (MFO) 

system (Payne ct al. 1987; l..mDptoac ct al 1919). ID putimlar, P450 cnzyma add• axyam to 

the PAHi as an mi&ial stq, towards tbe mccabolism ar dimination oftbe PAK Some of the 

rcac:live UIICnMCliat.c:a formed, suda u BAP-7.~-9,lC).cpaxide, CID Ulla'C:alatc wida DNA ar 

fiJnn covalcat bonds with pn,teia. A aumbcr of ICYicWI have been publisbed oa rncdanisms of 

P450 mc:taboliun (Livinptonc ct al 1919; Vuanui 1919; Bw:feel• ad Fent 1995; Di Giulio ct al. 

1995). Interestingly. the levels of PAIis ftom c,qpaivu • caatuniaated sites CID be lowcrtban 

those from cleaner sites, due to induction of the MFO system. Van dcr 00lt ct al. (1994) found 

increased excretion of 1-hydroxypyreac and increased aumbcn of DNA adducts in organisms • a 

P AH contaminated site, but no increase in the tissue lewis of pyrcnc as compan:d to 

uncontaminated sites. An increased rate of mutanons bas been observed in fish from 

contaminated sites (Malins ct al. 1988; Baumann 1989: 1Mdah! ct al. 1990) and also in beluga 

whales exposed to PAiis (De Guise ctal. 1994). 

This type of toxicity is specific to certain P AHi and certain classes of organisms. Some 

P AHs such as beoz.o(a)pyrcne arc potent pro-carcinogens, while others such as pbenanthrene 

show little or no carcinogenic activity. Organisms have an equally great variability in 

susceptibility. For the requisite formation of the activated metabolites, the organism must have a 

well developed MFO system capable of forming the active metabolites in sufficient quantity. The 

life span of the organism is also a factor; organisms with a rdatively short lifetime arc unlikely to 

exhibit genotoxic effects, as the time required for tbcsc cffccas to appear is comparable to the 

lifespan of the organism. Thus, aquatic invertebrates arc unlikely to exhibit genotoxic effects, 

whereas larger more complex species such as fish or marine mammals will be more likely to 

show genotoxicity. 
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1. 4. J Endocrine dis"'Jllion and i""""1t0toxic -Jfet:a 

The pot • for P Alls to have mic: or aaliauc,p-; Ktivity bu rcccady brm reviewed 

(Saatndoaaro 1997). Specifically, tbe aadbor' reviewed tbe ctfec:tof PAHs 011 tbe human endocrine 

system and 1bc role played by 1bc PAIis iD ~ Muda oftbe wort coadurtecl to date 

bas fiJcuac,d on two highly c:an:inogcnic PAiu, ctimcdayl,c:nnnrbrw and 3-mcdaylcbolaadnnl:. 

While dae two PAIis occur aaly at w:ry low coacee◄raliaiii • cavimnmearal samples, u a 

&mily of compounds PAIis are likely candidarcs for bomoaa1 diuuplion. J. ■-1a,bcr of 

invesrigaton (Payne ct al. 1987; Hall ad Oris 1991; vaa Bruwlaa 1991) bav~ aagaced tbe 

potential for interference ofbormoae fimdion by PAiu. Honnaaa1 efl'ecll of PAiia may be 

induced by P AH metabolites which have strudUral fcatula similar to some steroid bormones 

(Jordan 1994; Miiller et al. 1995). PAIis may also have illdirect endoc:rinc drccts through 

induction of the MFO enzyme system, which is involved in the actinlion and dcactinlion of 

steroid hormones. While there is potential for P AHs to have din:ct or indirect bormoaa1 effects, 

endocrine disruption due to environmental P AH exposure bas yet to be definitively dcmonsU'atcd 

(van Brummelen 1998). 

Immunotoxicity, similar to bonnonal eft"ects, c:m be induced by exposure to P AHs. 

Exposure to subacutc levels of P AHs bas resulted in immunosupression of human T cells (Davila 

et al. 1997). There an: several proposed mechanisms by which P AHs may induce 

immunosupression. P AH immunotoxicity may be induced by binding of PAHs to an aryl 

hydrocarbon (Ah) receptor in the organism, with subsequent induction of regulatory and possibly 

stress proteins. P AH metabolites may also induce autoimmune or hypcneositivit)- responses, via 

protein adduct formation (Griem ct al. 1998). >J with CDdocrinc drccts, it is diffic:uJt to relate 

impacts at the cellular level to impacts at the ecosystem level. While investigation of 

immunotoxic effects using model ecosystems bas not shown that P AH exposure impain immune 

response, it has been shown that P AHs can modulate innarc immune responses at tbe cellular 

level (Kam>w 1998). 
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1. 4. 4 Photosensiltrl:ltion 

The toxicityofpolycydic aromatic bydrocarbaas (PAHi) to aqualic ~ium such as microbcl, 

fish, and plants bu been sbown to peady i11C1a1C upcm expoaure to 1iabt. capecially ultraviolet 

radiarion 'Ibis is known to proceed via pboaenlmzation ud/oc photooxictarion oftbc 

compounds to more toxic specia radiarion (Huang ct al 1993; Bowling ct al. 1983; Oris and 

Giesy 1986; Newsted and Giesy 1987; Scbocny ct al. 1988; Gala and Giesy 1992; Ankley ct al. 

1994; Rm ct al 1994). 

Pbotosemitimion is a well studied mechanism of photoinduccd toxicity. A schematic 

representation of a pldoscnsitizati'Jll reaction is shown in Figure 1.2. A P AH molecule absorbs a 

photon, then undergoes an intersystem crossing event to form a metastable triplet state. The triplet 

stare P AH transfers its energy to ground state triplet oxygen, resulting in ground state singlet 

P AH and singlet oxygen. Singlet oxygen is a highly reactive oxygen species and can cause 

significant damage to biomolecules such as lipid bilayers, pror.cins, and DNA (Landrum et al. 

1986; Krylov et al. 1997). As the PAR returns to ground state intact, it can n:peat the process and 

many molecules of singlet oxygen can be produced by a single PAH molecule. 

P AH mediated photoscnsitization is dependent upon several physiochemical and 

physiological factors (Kiylov et al. 1997): the ability oftbc PAH to absorb incidental solar 

radiation, the efficiency of intersystem crossing to produce the triplet state P AH, the lifetime of 

the triplet state, and the efficacy of energy transfer to molecular oxygen. The physiological 

factors affecting the susceptibility of an organism to photosensitization are the uptake rate of 

P ~ the rare of P AH depuration, the degree of light penetration into sensitive tissues, and the 

ability of the organism to protect itself against free radical damage. These factors all have an 

influence and can be integrated to give the expected amount of singlet state oxygen reaching a 

target site within the organism. Photosensitization is a likely dominant mode of action, but only if 

the following conditions arc met: the organism bas light incident on sensitive organs, it is exposed 

to a high level of light, and there is sufficient P AH accumulated at the site of action. 
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Pbotoscnsitization bu been implic:atcd ill the phototaxicity of PAHi to Dapl,nia w,agna (Newslcd 

and Giesy 1987; Holst and Giesy 1989). the algae ~kna.rtnull capriconn"1ml (Cody et al. 1984; 

Gala and Giesy 1992). and the fish species upomis macrochirm (Oris and Giesy 1915; Oris and 

Giesy 1986). The degree to which PAIis are pbotoscali&izcn varies widely. Some PAHs llldl u 

ftuorwbcae and pyn::ne ue potent pbarOICDlitizcn, wbile odlas aencntc liulc or no 1inaJct 

oxyaen when e:xpolCld to ligbt at .. ........,,,, pramt ia molipe 

1.4.5 Toxicity of PAR Photoprodw:u 

Another means by which P AHs can be toxic is by the crcalion of toxic photoproducts on cxpomre 

to light (Ren et al. 1994; Huang et al. 1995; Huang et al. 1997; McConkey et al. 1997). This 

means of phototoxicity is more complex than pbotosc:nsitizati'>n, and has been less well smdied. 

PAHs are pbotoreactive in the aunosphere (Zafiriou 1977). and the upper pans of the water 

column (Zepp and Schlotzhauer 1979), so there is little doubt that pbotoproducts are formed in 

the environment. It is likely that P AH pbotoproduct toxicity would impact organisms under 

different situations than photosensitiz.ation, as the expected conditions under which toxicity 

occurs are different. For pbotoproduds to form and accumulate in environmental companmcms, 

the parent P AHs must be photochemically reactive, and the rate of degradation of photoproduct 

cannot be much faster than the rate of parent P AH degradation. The organisms exposed to the 

photoproducts do not need to be transparent for toxic effects to appear (unless the products are 

themselves photosensitizers), nor is co-exposure to light a requirement for toxic effects to be 

observed. To elicit a toxic effect, the photoproducts need to accumulate within the oqpnism, so 

some degree of hydrophobicity of the products is a likely requirement for toxic effects. As these 

chemical species have a higher water solubility than the parent P AHs, organisms could be exposed to 

higher concentrations of P AH pbotoproducts as compared to the parent P AHs. This can present a 

greater toxic risk, especially since oxidised P AHs are known to be more reactive and biologically 

damaging than the parent compounds in some circumstances (Nikolaou et al. 1984; An:y et al. 

1992; Huang et al. 1993; Ren et al. 1996; Kosian et al. 1998). It bas been found that the 
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pbotoproducts of P AH oxidatioa are llill hydropbabic cnoup to be readily usimilated iato lipid 

tissues (Duxbury et al. 1997). The padiways of P AH dcgradatioa and the toxicity of specific P AH 

degradation producrs are nat c:um:ady well cbaradcrised, and this question hu been addrcuecl in 

this thesis. 

1.5 PAI& Md • re tomity asw1me■t 

Aslcssmcat of mixmre interactirm is bciDa recopised • incrcasinalY importaat in 

envimomcataJ assessment, wbae it may be ncccsury to ddC:rmiac the combined tielcterious 

effect of many &don (Calabrese 1991; Feron et al. 1995; Fay and Feron 1996; Cuscc et al. 

1998). When <'.-ganiStDS are exposed to a mixmrc of cbemicals, the possible toxic intcndions 

theoretically range along a cantinuum from lea than additive action (antagonism), through strict 

additivity, to greater than additive dfcds (synergism). For any given mixluR, the difficulty is to 

determine where on the continuum the interaction falls. 

P AHs, and by association P AH photoprodu~ occur in the enviromnent almost 

exclusively as complex mixtures (N"akolaou et al. 1984). The composition of these mixtures can 

vary widely, so much so that the relative abundance of PAHs has been used to trace the source of 

contaminants (Neff 1985). F.stirnating the toxicity ofa mixture of PAHs might be accomplished 

through the use of predictive models, preferably ones that are capable of addressing interactions 

as well as main effects. Sometimes the assumption is made that all iateractions are negligible, and 

effects may be predicted by a strictly additive model. While an additive model may provide a 

conservative estimator of effect in many cases, it does not necessarily apply to P AHs and 

particularly mixtures of P AHs and P AH photoproducts. When the hypothesis of additivity is 

presumed, it must still be tested. For this reason it was necessary to investigate what methods 

were available to assess interactions within complex mixtures. Ideally, a consistent, reliable 

method with good sensitivity to interactions could be used to test interaction models. 

Unfortunately, most existing experimental designs for mixtures concentrat.c either on main f.actor' 

assessment in multi-component mixtures, or numerous points in a mixture containing few 
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componcnll. This sbortfaJI ia the litc:ralme led to the gcnmtion of fradiaaal simplex designs, 

discussed in Chapter 6. 1bac designs bavc applicaiioa outside of the fidd of toxicology as well 

as having applicaiim to environmental mixture assessment 

Existing mixlurc dc:signs, as well as the new designs p,acntcd ia Chapter 6, ba"YC the 

general goal of ecxa,ntina b die comributions made to observed rcspoalCI by main factors and 

&don in c:omNnation Main &ctor screening designs bave been addrewd previously (Snee and 

Marquardt 1976), but 1bey are generally not designed to ICRCII for iataail:lioas. 1bc most 

c:oaunooly used cxpeiimcataJ designs for assessing mixture inScradiom with duce or more 

components arc the simplex-lattice and simplex<entroid designs (ScbcfR 1958; Scbdfe 1963). A 

relatively uncomplic:arcd design for estimating main and quadratic effects in a system containing 

q factors is a { q,2} simplex-lattice, which consists of a design point for each pure component and 

for each binary combinatioa, resulting in q(q+ 1)/2 design points. 1bc more rigorous full simplex­

centroid design bas '2"-1 design points. >J the number of componen&s within the design increases, 

the number of design points in both of the above systems quic:kly become too large for practical 

testing. For larger numben of components, even the testing of all binary combinations becomes 

unfeasible from an economical or pragmatic perspective (Calabrese 1991; Cassee et al. 1998). 

Thus, an experimental design that could screen for the largest interactions present without testing 

all possible binary combinations was needed, and is introduced in this thesis. 

1.6 Statement of research objectives 

The research objectives of this thesis are to identify the most abundant products of PAH 

photooxidation under environmental conditions, and to address the toxicity of the identified 

products. Likely routes of degradation of general P AH structures are also presented. The relalive 

rates of P AH product formation and the relevance of this to environmental toxicology will be 

discussed, as will the conditions in which P AH photoproducts may be environmentally important. 

As P AHs occur most frequendy as mixtures in environmental compartments and P AH 

oxidation results in complex mixtures, methods for assessing the toxicity of many component 
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mixlura arc alao addrcued. nu. led to tbc paaaDma of J111JW ~ ••• clniaa •wd 

•~ simplex daipl'. nil mahod ii a pradical approada fix tatiDa fir mnn•:,gful 

interaaions within a larp number 9f compoacau, and widl a miniPYVD amber oL daip poillll. 

The basis 011 wbich tbc clnip mays were pnaatal and dlcir mnm oLCOllltnldiaa ere 

pl"fHD&cd GeDcral mod,el1 appropriate fir use widl mixlule data ICIS PR di1e11ued, end illullraf.ed 

with a sample PAIi dasa. 

The daaia bu beCD diwlecl imro cbeptcn by chemical a c+aamw 2 drmup 5. Cbapw 2 

discu■1e1 tbc pbgkMnridaticm ~napdve•~ wJ. c:hept• 1 dilcu■-1 1lle pbatochemica1 reacliom 

of the four ring P AH■. Cbaptcn 4 and 5 discuss 1be rares of formation and toxicity 1be 

photoproducts of pbcnanthrene and bcnzo(a)pyrmc n:spec.tivcly. Chapter 6 inttoduca the 

fractional simplex designs, end chapter 7 illuSb'ata the app!ic:atiaa of the desigm in dtapter 6 to a 

mixture of P AHs and P AH photoproducts. 
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CBAPTER2 

PHOTOOXIDATION PRODUCfS OF NAPBTBALENE 

2.1 INTRODUCI'ION 

Naphthalene (NAP) is die simplest PAH, camistiJla of two &wl bcnrcne riap. It bu iDdullrial wl 

c:ommcrcial ·applicatiom • the adive iapedieat ill modlballl and ia 1br- marn•fac::flJre of cadJaryl 

pesticides. It is also a majOI' compoacnt afdle aromatic ftaaiom of crude oils, psolina, wl creDIOtc 

(Cook ct al 1983; Ndf 1915). As the most volatile and most water IOlublc ofdle PAI&, ill 

physiochemical behaviour is an exception amoapt P AHs. In an aquatic syscem, intact naphthalene 

tends to partition into the atmosphere, instead of into sediments like most other P AHs. 1bus, previous 

research into the environmental and health impacts of napbdwene bas focussed mon: on aamospbcric 

exposure, and in particular human exposure via automobile exhaust and smog. 

Naphthalene and methylnaphdwencs arc a major component of 1hc aromatic ponim of diesel 

exhaust (Siegl et al. 1999). 1be products of naphthalene oxidation will be less volatile and thus more 

prone to remain in aqueous phase, so consideration of the effects of naphthalene photoproducts 

should not be limited to annospheric exposures. Interestingly, NAP has been found to be the only 

P AH, among sixteen tested, to elicit direct cytotoxicity at concenuations well below its water 

solubility limit (Schirmer et al. 1998). 

The toxicity of NAP has been previously studied, and like many P AHs the negative impacts 

of NAP to nwnmalian systems are believed to b~ associalcd with products of metabolic activation 

and not intact naphthalene (Kawabata and White 1990; Wilson et al. 1996; Sasaki et al. 1997; Zheng 

et al. 1997; Bagchi et al. 1998a; Bagchi ct al. 1998b; Hocke and Zellerhoff' 1998). The toxicity of 

NAP to plants has been found to increase on exposure to lighl (Ren et al. 1994). The products of 

metabolic activation ofNAP include 1-napthol and 1,2-and 1,4-napthoquinoncs, which have been 

implicated in the indirect cytotoxicity of naphthalene (Tingle et al. 1993; Flowers-Oeuy et al. 1996; 

Wilson et al. 1996; Zheng et al. 1997; Bagchi et al. 1998a; Bagchi et al. 1998b). 
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A major goal of this thesis is to undcntand die pbotomodificati'Oll rcaaiom of PAIis. A. die 

smallest and most soluble P AH. NAP provides a simple model wida which to begin thclc SIUdics. 

NAP is not u pbatorcadive u some of the larger PAHs (Malkin 1992), but docs undergo 

photoreactiom under ambient environmental c:aaditiom. Possible initial pbotorcadiom are (2,2) and 

[2,4) cycloadditiom of oxygen (Gilbert and Bagott 1991; Malkin 1992) to fonl' endnperoxKlcs, 

which quickly undcrao fiutbcr n:adiom. Under oxidizina c,oadmow lWIICl'izalicm rcac:tiom will be 

less favoured than oxidaritm reactiom (Gilbert and Bagou 1991) and the produm ofNAP 

photooxidatioa will 1bcrefore be at most two ring Sll'UdUl'a. 'l1IClc p~c:ts are likely to be 

sufficiently volatile and thermally stable to allow analysis by GCIMS. In addition, the n:latively 

uncomplicated structures are favourable for mass spectral analysis, as representative mass spcdla 

have a higher probability of being in the n:ference library (Palisade Co. 1990), and the fragmcmation 

patterns are moce readily interpreted. In contrast, larger P AH pbotq,roducts are unlikely to be 

thermally stable and sufficiently volatile to permit separation by gas chromatography, and even those 

meeting this requirement will be mon: difficult to interpn:t. 

In this chapter some of the major aqueous photoproducts of naphthalene were identified. 

Additionally, this provides a basis for identification of the products of larger PAHs. The toxicity of 

identified photoproducts will be discussed. 

2.2 MATERIALS AND METHODS 

2.2.1. Naphthalene photooxidation 

Naphthalene (NAP), >98% purity, was p,1rcbased From Sigma-Aldrich Chemical Co. (Oakville, ON). 

A stock solution of 20 mg NAP was prepared in 2 ml HPLC grade dichloromethane (Fisher Scientific 

Ltd., Mississauga, ON). Two ml of the NAP stock was added to a 200 ml pyrex glass beaker and the 

solvent evaporated to dryness. 200 ml of distilled water was added to the beaker, and the beaker 

covered with polyethylene film. The system was allowed to equilibrarc for 18 hours prior to light 

exposure. The pyrex glass bad a measured light transmittance limit of 300 nm, detennined as 10% 

transmission using an Perkin-Elmer Lambda 3 UVNisible spectrophotometer. This is comparable to 
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the sbortat wavelength of ligbc transmitted through the amosplae, approximaldy 291 nm. Tbc 

polyc:thylrm film used bad a mcasural UV cutoff of 285 11111, effectively traumiUing all wavdengtbt 

of incident solar radiation.. The cxperimcntal se1up provided a system cont;aining NAP in solution, 

plus an additional source of NAP (in solid phase adsod,ecl to the bottom of the beaker) to n:place 1be 

NAP comamed in photorcactions. The beaker c:nnta,inina tbe NAP and water was c::xposed to Ullllal 

sunlight fiJr a toeal of 24 bows over a daree-day period. A caatrol sample was pRlpU'ed and incubated 

in darknca. Tbc pbotooxiclizecl solutioa mataiacd a mix1IR of products at sufficient CC>lk.C•4ralion 

fi>r sepamiOll and ideatificatiOD. 

2.2.2 Preparation of sample for analysis 

The 200 ml aqueous photoproduct mixture was acidified to pH 2.0 by addition of phosphoric acid, 

and a liquid-liquid extraction was used to transfer photoproducts into dichlorometbanc. The 200 ml of 

aqueous solution was transferred to a SOO ml glass sepamory funnel, and extraded with two volumes 

of SO ml dichlorometbane. 1bc dichloromctbanc CXP'actiom were combined, and evaporated to 

approximately 2 ml using a rotary evaporator. The 2 ml of dichloromc:thanc was transferRd to a IS 

ml conical graduated cylinder. The sample was solvent exchanged into 2 ml methanol, by addition of 

S ml methanol then evaporation under a stream of nitrogen to a volume of approximately O.S ml. The 

volume was then adjusted to 2.0 ml by further addition of methanol. 

2.2.3 HPLC separation 

The concentrated mixture of photoproducts was separated by high pressure liquid chromarography 

(HPLC). using a Spectraphysics model 8100 liquid chromatograph with an SP8400 UVNasible 

detector and an SP4270 integrator. The detector was set at 254 nm with a 4 nm bandwidth. The 

column used was a 2S cm x 4.6 mm LD. Supclcosil LC-11 revcne phase column, with a S J1ffi 

packing (Supelco Inc. Bellafontc, PA USA). Double distilled war.er. adjusted to pH 2.S with 

phosphoric ~id, and HPLC grade methanol (VWR/Canlah~ Mississauga, ON) were used as the 

elution solvents. The injection volume of the concentrated extract was 1 ml. An extended gradient 
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time program was used to obtain maximum scpara1im oftbe pbatoprodum during cluciaa fiom die 

HPLC column. The padicnt profile was as follows: 10 mimrta isocratic • 100% water. dim a linear 

gradient to 10%- m,:tbaool fiom 10 to 40 miruata, followed by a linear gradient to 50%- mc:tbaml from 

40 to 90 minutes, and isoc:ratic at SO% methanol for 1be remaining 10 minutes. Camtit»cnrs -.ppearina 

as major peaks on the HPLC 1nce were collected at 1be detector outlet. Fr.Idiom (approximate•y 0.5 

ml in mctbanoVwater) were evapomcd to dryac:u under a Sln:am of nitrogen and rautpmdcct in 

cyclobexanc. 

2.2. 4 GCIMS analysis 

A Hewlett-Packard Model 5890 gas chomatograph equipped with a model 5970 mass selective 

detector was used for analysis of the HPLC fiadion components. Ao HP-5. 95% methyl:5% phenyl 

column (length 30 m. internal diameter 0.2 mm. 0.33 µm film thickness) was used. The GC inject« 

port and initial oven temperature was set at 250°C and 60°C respectively. 1be initial oven 

temperature was held constant for two minutes after injection. then linearly increased to 250°C at a 

rate of 8°C/min and held at the maximum tcmperatwe for 2 minutes, This general temperature 

gradient program was used with all fiadions. The detector was usc:d m scan mode from 40 to 400 

atomic mass units (amu). 

The Wiley registry of mass spectral data (Palisade Co. 1990) was used foe idmtification of 

products where possible. When a good hbrary match was not obtained. compounds were identified by 

assigning partial structures to the observed peaks in the fragmentation mass spectra, using stmdard 

MS identification techniques and comparison to similar products for which reference mass spectra 

existed (Palisade Co. 1990; Silventein et al. 1991). 
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2.JRESULTS 

2.3.1 Detection ofphotopradllc# 

Naphthalene was treated for a total of 24 hours under natural sunlight to produce a mixture of NAP 

phocoproduc:u. There were approximately 11 major coastitueDts and more 1ban 40 minor co--,tihlCl'ls 

observed in the final mixlwe analyzed by HPLC (Figure 2.1). This ii consistalt with the c:xpoc:tcd 

presence of ftec radical reactions, which can result in numerous produc:rs (Andino ct al 1996; 

Forsmer et al. 1997). Wbilc detection of products at 254 nm ablorbaDce will not ddcct all products 

with the same efticienqr, oac can be msoaably c:cnaill that all c:ompo11ndt "da;n;ng • illlaCt 

aromatic-ring will be detected (Silverstein ct al. 1991). The control sample did not exhibit 

accumulation of photoproduct. 

2. 3.2 Identification of photoproducts 

GC/MS facilitated the identification of several of the major constituents of the mixture. 

The large peak at a retention time of 84 . .S minutes was NAP, based on comparison of the retention 

time with a NAP standard. Three of the remaining major peaks (#1, #3, and #6 in Fi&U" 2.1) were 

identified by comparison with spectra in the mass spectral library (W'dey 1990), and three additional 

products were tentatively identified based on their ion fragmentation patterns. 

The identification of 1-naphthol (Figure 2.2) is consistent with an initial (2,2) 

photocycloaddition of oxygen at the 1,2 position of naphthalene, followed by dissociation of the 

endoperoxide and formation of a more chemically stable species. 1-naphthol is known to be 

photoactive, and acts as a photoinitiator, abstracting hydrogen atoms following light activation and 

causing the formation of peroxide and other radicals (Klein and Pilpel 1974; Payne and Phillips 

1985). The generation of free radicals is a likely contributor to further photoreactions ofNAP and 

NAP products. 

Another expected product of an oxidative attack at the 1,2 positions of NAP is 1,2-

naphthoquinone, which was not observed as one oftbc major products in this experiment. 1,2-

naphthoquinone is likely not stable enough to survive the analytical methods. In addition, it would be 
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Figure 2.1. HPLC trace of photooxidised naphthalene (NAP), after 24 hours of 
sunlight exposure. Individual peaks were isolated from this sample; Peaks I to 6 
were putatively identified by GC/MS. 
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Figure 2.2. (Top) Mass spectra of peak #6 &om Figure 2.1. The peak was identified 
as 1-napbtbol, based on a library match (Boaom) from the Wiley mass spectral registry. 
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expected to undergo filrda rapid pbotocbcmical and oxidative tramformatioaa in thr cxpoaed 

solution. This contcmion is supported by the pfCSCIJC,C ofprodum that have the 1,2-quinonc • an 

intcrmcdiate. 

A [2,4] pbot.ocycloaddition of oxygen at tbe 1,4 positioa of napbtbalene is a poail,lc product 

in the preaence of pbotoscmitizcn (Saito and Malsuula 1979). rftJCCCdjna via reaction cl sinalct 

oxygen with ground state NAP. The product oftbe reaction ii a 1~4-aKlopc:roxidc. On expoauR afdae 

eadq,croxidc to light of the appropriate wavelength, die peroxide bond dissociates, forming a 

diradical which can then form 1,4-aaptboquinoae. Ifboda oxygen radicals bond ta the carbon at 

position I, isobenzofbranone can result on nmrangcmcnt, with a concum:at loss of an aa:tylcnc 

molecule. Isobcnzofiuanone was one of the observed photoproducts and was identified by 

comparison with library spectra (Figure 2.3). Coumarin, the product identified in Figure 2.4, is likely 

the result of 1,2-napthoquinone reacting with molecular oxygen at the electron deficient 1 and 2 

carbons, resulting in a loss of carbon dioxide and formation of the observed product. 

The double bond at the 2,3 position in 1,4-napthoquinone can also undergo oxidative attack, 

by either singlet oxygen or the hydroxy radical (generated via 1-naphthol) resulting in a radical that 

can subsequently abstract a hydrogen atom from water. Hydrogen abstraction from water is the 

proposed mechanism by which free radical ntediared reductions occur in atmospheric photoreactions 

(Andino et al. 1996; Forstner et al. 1997). The 2-hydroxy-2,3-dihydro-l,4-naphthoquinone is the 

molecule putatively identified to result from this reaction (Figure 2.S). This compound docs not 

appear in the mass spectra library, so the identification was based on analysis of the fragmentation 

pattern. The peak at rn/z = 176 is assigned as the molecular ion peak, consistent with a molecular 

formula of C1oH,O1. The peaks at rn/z ratios of S l, 77, and 105 are indicative of a carbonyl group 

alpha to an unsubstituted benzene ring (Silverstein et al. 1991 ). On comparison with the library mass 

spectra in Figure 2.3 and the spectra of 1,4-napthoquinone, substitution at the 2' position of the 

benzene ring does not appear to significantly alter this fragmentation pattern. 1be peak at rn/z = 133 

suggests that an additional carbonyl group is present in the structure. Working back from the 

molecular io~ the peak at rn/z 148 indicates a loss of a carbonyl group. A general occurrence in the 
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Figure 2 .3. (Top) Mass spectra. of peak # 1 ftom Figure 2 .1. The peak was identified as 
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Figure 2.4. (Top) Mass spectra of peak #3 from Figure 2.1. The peak was identified as 
cournarin, based on a library match (Bottom) from the Wiley mass spec.11.I registry. 
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as 2-hydroxy-2,3-dihydro-l,4-aapbthalencdionc. based on analysis oftbe ion fragmentation pattern. 
Molecular weight assignments for main fragments arc shown (Bottom). 
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n-agmeatatioa of ak:obols ii diuociaaioa of tbe C-C bond adjacent to die oxygen atom, which here 

leads to loss of CHO (m/z 147) or CIL=CHO (m/z 133). The lade of a 11r011g peak at~ - S6 

indic:at.es that the two carbonyl groups arc unlikely to be adjacent. This analysis provided sufficient 

evidence ta putatively idcnlify 1hc compound in Figure 2.5. 

The produc:t in Fipre 2.6, ci.r-3-pbcnyl-2-prnpcaal, was a wry dole malda to tbe library 

apecUa for trmu-3-pbcayl-2-pn,pcaal The primary dif&:rmcc bctwrm tbe library bat matdl and die 

observed spectra was tbe relative iarmsttirs of tbe molecular ion peak For tbe tram compoa1nd, die 

~ peak and~ - 1 peak are of comparable intensities, and tbe ~ - 1 peak is due to lou of die 

hydrogen adjacent ta the carbonyl group. The observed spectra bad a nmch stronger ~ - 1 peak, 

which was attributed both to loss of the hydrogen adjacent to the carbonyl and ta the loss of a 

hydrogen from the benzyl group, resulting in the stabilised ion with MW 131, shown in Figure 2.6. 

The last product was provisionally identified as 8-hydroxy-1,2-napthoquinonc. The 

hydroxylated derivative would be expected ta have greater stability than 1,2-naphthoquinonc, as the 

hydroxy group would stabilise the quinone due to intermolecular hydrogen bonding between the 

hydroxy group and the oxygen on carbon 1. The mass spectra (Figure 2. 7) bad a strong moleculac ion 

peak at rn/z 174, suggesting a bicyclic structure with molecular formula C1°"6O3, and also showed 

strong peaks at m/z 146 and 118, corresponding to the loss of one and two carbonyl groups 

respectively. The relatively strong peak at rn/z 118 suggests that the carbonyls are adjacent. The peak 

at rn/z 92, assigned to C'1{.O, and the lack of peaks at 77 and 105 indicate that the hydroxy group is 

on a different ring than the carbonyls. It is thought that this product is a result of oxidation of 1-

naphthol or 1,2-naphthoquinone. 

The reaction scheme shown in Figure 2.8 summarises the proposed pathways by which each 

of these products were formed. Structures highlighted in boxes were putatively identified. 

31 



PeakN 
100 

§ ao 

• ! 
j IO 

• 
j .a 

20 

0 
20 40 80 80 100 120 140 

Mass/charge (amu/e +) 

Peak #X, MW 132 

M.W. Fragment 

o:;rH 
132 M• 

~ ro+ H 
131 [M- Hr. ....: 

I 
~ 

cis-3-phenyt-2-propenal 
115 [M-OHr 
103 [CeHs-CH=CHr, [M - CHor 
89 [CeHs-CHzr 
77 CeHs• 
51 CJi3• 

Figure 2.6. (Top) Mass spectra of Peak #4 from Figure 2.1. Tbc peak was putatively identified 
as cis-3-pbc:nyl-2-p~ based on analysis of the ion fragmcmation pattern. Molecular 
weight ass;pncnu for main ftagmcnts are shown (Bottom). 
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Figure 2.7. (Top) Mass spectra 1JfPeak #S from Figure 2.1. The peak was putatively identified 
as 8-hydroxy-1,2-naphthalencdione, based on analysis oftbe ion fiagmentation paaem. Molecular 
weight assignments for main fragments aR shown (Bottom). 
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Figure 2.8. Proposed reaction scheme for photodegradation of naphthalene, leading to 
the observed products. Products in brackets are short lived intermediates. Products in 
boxes were putatively identified by comparison with library spectra or by analysis of the 
GC/MS ion fragmentation pattern. 
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2.4 DISCU~ION 

The air oxidation of NAP bas been previously investiplcd usina silica or alwnina as a solid subllnre 

(Barbu ct al 1993). In the SIUdy by Barbas ct al, 1993, caly one primary pbot.oproduct, pblbalie ~ 

was ideanfiPd as 499/4 of the reacted napbabalene. 1bC' mpcou oxidation of'NAP &om solid pbuc 

studied here produced quite a dift'ereat rault, with numaaus product, -:>bscrvcd. The products &om 

aqueous photooxidation were more akin to the produm resulting from NAP mc:tabolism by 

mammalian P450 cnzymca (Tangle ct al 1993; Walson ct al 1996; &pnd « al 1998) drm from 

bound phase air oxidatioa. Tbc differeacc ill the oxidanae paUcm may be due to the presence of 

abstract.able hydrogens ftom water. 

The products ofNAP metabolism have been iq,lic:ated ~ w causative agents ofNAP 

toxicity in mammalian systems (Kawabata and White 1990; Tmgle ct al. 1993; Wilson et al. 1996; 

Bagchi et al. 1998). Exposure to naphthalene causes increased production of oxygen free radicals, 

resulting in lipid peroxidation and DNA damage (Bagcbi et al. 1998a. Bagchi et al. 1998b), and this is 

attributed to the products of metabolism and not intact NAP (Kawabata and White 1990; Tangle et al 

1993; Wilson et al. 1996; Bagchi et al. 1998). 

Some of the identified products of photochemical oxidation ofNAP have also been 

previously identified as the toxic products ofNAP. In particular, 1-naphthol and 1,2-and 1,4-

naphthoquinones are known to be toxic, and can be formed by metabolism. The measured toxicity of 

each of these three products was 2.S times that of NAP, and the toxicity ofNAP was attributed to the 

production of 1-naphthol (Wilson et al. 1996). 

The exposure of an aqueous solution of napl:atbalme to light resulted in the generation of least 

three chemical species with known toxic effects. The cbcmistry of 1-naphthol in aqueous systems is 

particularly interesting; it is a photoinitiator, capable of abstracting hydrogens from alkanes and other 

hydrocarbons in the presence of light (Saito and Matsuura 1979; Payne and Phillips 1985). It would 

be expected to have the same effects in aquatic invertebraacs, plants, or fish-gill epithelial tissues 

exposed to light. In addition, 1-naphthol is not dependent on light to elicit toxic effects; it is known to 
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be toxic via production of oxygen radicals and can be fiuther meraboliscd to quinoncs capable of 

funning covalent products with proteins (Doherty et al 1984). 

CoumariD,. anotbcr of the observed photoproducts, is a naawally occurring toxin p,odaaced by 

clover and acu as an anticoapJam if pracnt iD mfficicnt ,..oncentralioa. Co-•DNU'Ql bu bcca tated u 

an cnyj1'01U11CDfal contaminant usina the amphibian FETAX assay, and was found to be 

developmentally toxic (Fort et al. 1998). The toxicity of coumarin was incrmsed on mdabolic 

activation, sugesting formation of n:active intenncdiat.c:s. Comnari11 anay also act as a sensitizer 

(Hausen and Schmieder 1986). While it is uncertain tbat the oxidati'ln of aapbtbaleac will rault in 

sufficient environmental concentrations of coumarin to elicit significant drects, it illusaratcs the 

difference in the modes of action of P AHs and their pbotoproducts. 

Other identified products were (3H)-2-bydroxy-l,4-naphthoquinone, 1(3H)­

isobenzofuranone, cis-3-pbenyl-2-propenal (cis<innamaldebyde) and 8-hydroxy-1,2-naptboquinonc. 

Cinnamaldehyde is an aromatic used in perfumes, and is not particularly toxic. The bydroxylated 

quinones may undergo futile redox cycling similar to their unbydroxylated ~ Jeacting to 

free radical species and oxidative stress. Little information exists on the toxicity of isobenzotbranonc. 

1,2-napbthoquinone and 1,4-naphthoquinonc were almost certainly present within the mixaun: 

of pbotooxidized products; they are expected are a result of epoxide degradation, and are also 

intermediates to some of the observed products. The concentration of quinones present however was 

less than that of the major products identified. Orthoquinones including 1,2-naphthoquinonc are 

known to undergo redox cycling producing superoxidc anion radical (~·) and semiquinone altcrnant 

radicals, reducing cell viability and survival (Flowers-Oeary et al. 1996). Ortboquinones are diRc:t 

acting mutagens, as the quinones can intercalate and covalently bind to DNA (Flowers-Oeary et al. 

1996). They are reactive towards proteins as well, capable of direct arylation of protein sulfbydryl 

groups (Smith 1985). In particular, 1,2-napbthoquinone can bind to cysteine residues (Zheng et al. 

1997). 

The photooxidation of naphthalene provides a good illustration of the potential toxicity 

associated with oxidation products of PAHs. Naphthalene is not considered one of the more toxic 
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P AHs, and it does not act as a pbotoscnsitizcr like other P AHs such as andum or fluonlllbmc. 

However, on exposure to light, photochemical reactions result in the formation of compounds with 

divcnc modes of action and a toxicity p:aw than the baseline toxicity associated with nm-polar 

narcosis (Ren et al. 1994). 1'bc pbotoscasitizing capacity of l4a1>ht.bol is of particular intcrat, • 

napbtl,ol is the most al,nndam photoproduct of NAP and it shares a mode of adion aaociaf.ed widl 

PAHs. lbus, it can C011D1bute to the pbototoxicity of a mixture of PAIis occurring in an 

cnviromncntal system. 

The pbotodlemical reactions of P AHs c:aa be quite varied. Napbtbalenc, the simplest P AH. 

has been shown to undergo initial reactions with oxygen in the form of [2,2] and [2,4] 

photocycloadditions. Subsequent reactions include loss of hydrogens to form quinoncs, 

rearrangements to form hydroxy compounds, formation of heterocyclic compounds incorporaaing 

oxygen in the ring structure, and hydrogen abstraction resulting in locally reduced carbom. Thae 

reactions are all likely to occur to varying degrees with the more complex P AHs as well, and will be 

illustrated in later chapters. 

GC/MS proved quite useful for the identification of products form NAP oxidati'>D, as it was 

possible to interpret the spectra obtained based on fundamental analytical principles. For the 

photoproducts originating from oxidation of the larger PAHs, the difficulty of interpretation oftbe 

mass spectra of products will increase. Additionally, the oxidation products ofJarger PAIis will 

generally be of higher molecular weight, and with increasing molecular weight, the photoproducts 

will be less thermally stable and less volatile. Both of these effects will decrease the probability of 

obtaining reliable mass spectra. Thus, the utility of QC/MS obscrved with the photooxidation ofNAP 

may not be readily extrapolated to the identification of P AH structures. There arc however other 

means of interpretation, such as HPLC/diode array, that can provide accurate information for the 

identification and quantification of products of P AH photooxidation, and these methods will be relied 

upon more heavily for the larger P AHs. 

The parallel of photochemical oxidation of naphthalene to biochemical activation should be 

stressed. The capacity of PAHs as pro-carcinogens is widely recognised, and the pathway by which 
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selected PAiia (nacably bcnzo(a)pyrene) undergo biocbanical adiwtion to active c:a,ciaopn1 ii well 

understood. That active carcinogens can be formed by pbcJtodac:mj~ acaon alone is lcu well 

accepted. but is quite likely to oc:cur due to tbe similarity afbiocbcmical and aqueoua photocbcmic;al 

oxidation of P Alls. cx.emplificd here by aapblbalcae CJSidatim 
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CIIAPl'Elll 

REACTION RATF.S AND SITES OF OXIDATION OF FOUR RING PADS 

3.1 INTRODUCl"ION 

The environmeatal &le of PAHi bu in aenaaI not yet been fidly c:barammcd ir aquatic 'l)'Stcml, 

and in particulardlae ia a need to invatiptl: the idcality aad llability of PAR~ produdl. 

Some PAH dqpadaaioa produm baYC sipificant toxic or ........,ac impac:u (Smida 1915; Lako et 

al 1986; Huang ct al 1997; McCoakcy et al 1997). Previously. modcPina oftbe toxicity of PAIis to 

plants bas resulted in die classification of P Alls into two groups, those acting pralominantly by 

photosensitisation (production or•~. and dlole acting predominantly by pbotomodification (e.g. 

oxidation reactions). Of sixteen P AHs tested, seven were classed as photosensitisen, and nine 

exhibited toxicity predominantly by pbotomodification of the PAHs (Krylov et al. 1997). 

In the previous chapter, the pbotooxidation of naphthalene was examined as a model scudy of 

P AH oxidation in aqueous phase. For dus chapter, the oxidation reactions of the more complex four 

ring P AHs will be discussed. The set of four-ring polycyclic aromatic hydrocarbons (P AHs) include 

six possible structures comprised of 6-carbon rings, plus five structures incorporating a non-terminal 

5-membered ring. Of this set of 11 P AHs, four are commonly quantified in environmental samples: 

fluoranthene, pyrene, chrysene, and benzo(a)anthracene (Environment Canada 1994; van Brummelen 

1995). These four, plus benzo(b)anthracenc. will be discussed in this chapter. Chemical structure and 

nomenclature for these P AHs is shown in Figure 3 .1. 

Four-ring P AHs absorb UV and visible light with high efficiency, resulting in electronically 

excited state P AHs. Two possible chemical means of dissipating this energy are to transfer it to 

oxygen, resulting in biologically damaging oxygen species, or to undergo photochemical reactions 

forming new products. The most frequent products in atmospheric or aquatic systems are oxygenated 

P AHs, which in many cases are themselves toxic, phototoxic, or mutagenic (Huang et al. 1995; 

Leg2.dins et al. 1995; McConkey et al. 1997; Kosian et al. 1998). 
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Beau,(b)andnccnc, bcnzo(a)lladum, wl cbryscne an: llnlmlrally •atrd, a each an: 

linearly anneaLated four-rina PAIis, wida zero. one wl two obcuse anala 1apedively between 

ammatic rina c:eutlCI. Bwd Ola cnaptic CGIISidcnriam alone. it WU apected that 1bc rmctivity of 

these PAHs would decreue wilh an iDaeuiDa wmber of obluse anglca between eclllles (Wibcq 

1997). and this would bave a large influence aa 1bc mridatim rares. F'Juonndwle and pyrene an: 

condensed PAH SbUCmlCI, each roncaiaing two tcmary carbom (carbcml banded to three odlCr 

carbons) which sboulcl impart an iDcRued llability tawanla oxidati~ aaadt. The rmc:tion rates of 

fluorantbcnc and pyrcne are compued to 1blll af dac liawly 8DDC81ated PAIis. 'Ille phalocbcmi.-:al 

reaction rates and a mc:am to dctcnninc 1bc IIIOlt euc:rgctiwly &vOURCI sites of P AH oxidation an: 

presented in this chapter. 'Ille influence of dclocalisatim energies and paocluctioa of singlet oxygen 

on reaction rates and subsequent product formation will be discussed. Several products of P AH 

oxidation were also isolated and identified. The relative rates of photooxidafion of PAHs and 

photoproducts are addressed, as it has implicalions for the environmental persistence and 

accumulation of P AHs and photoprodnct.s found in environmental companmenis. 

3.2 MATERIALS AND METHODS 

J.2.1 Preparation of PAR sollllions 

Benzo(a)anthracene, cbrysen~ tluorantbenc, pyrene, and benzo(b)anthraccnc, each of greater than 97% 

purity, were obtained from Sigma Chemical Co. (St. Louis, MO, USA). The purity of the compounds 

was confirmed using high pressure liquid chromatography. The water used in all experiments was 

HPLC grade water, obtained fiom a Barnstead E-pure ultrafiltration system (VWIVCaolab. 

Mississtwga, ON). P AHs were delivered to aqueous phase (HPLC grade water) using 

dimethylsulfoxide (DMSO) (BDH Inc., Toronto, ON) as a carrier solvent. Stodc solutions of a given 

P AH in DMSO were prepared at a nominal concentration of 2.0 mg/ml, except for 

benz.o(b)anthracene, which was prepared at a concentration of 1.0 mg/ml due to its lesser solubility in 

DMSO and water. Two hundred µI of the stock solution was added to 200 ml of rapidly stined water 

in 250 ml pyrex beakers, creating an extremely fine suspension of emulsified P AH in aqueous phase. 
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The n:sultant nominal com:entn1ion of PAR wu 2.0 -.,L (1.0 mglL for bcmo(b)anduaccne) in an 

aqueous solution with 0.1 % DMSO. 1bc pyn:x beaker wu covered wida a polycdlylme film, 

trampan:nt to UV-B. UV-A and visible lipt. 111e p111 bcabr bad am aiftl UV~ am&' 

of300 nm, clmd) cauaponding to tbe mini11111m wa"Cknadt F1cacat m svntight • grmnd level. 

J.2.2 Light a:pon,n of so1111io,v 

Samples wen: cxpolCd to sunlight in June at 438N latmJde, between 10 and 4 p.m. on days with las 

than 10% CRima&cd doud ccm:r, pRJYidina a rwonably CODllant ~ ofbigb iatcmity lipt. TIie 

solar spectrum (Figure 3.2) wu measured using a spectro.adiometa' (Model n400, Oriel 

Corporation, Stlalford, CT USA). 1bc proportion of light energy absorbed by each P AH wu 

estimated from published absorbance curves (Karcbcr ct al. 1985; Kan:bcr 1988) and the measured 

solar spectrum. The absorbancc curves and solar spedla were quantified ua 2 nm increments, and the 

total absorption was calculated as ABS= l: &J;. dJ. ABS is the absorbancc of the P AH, &.t is the 

extinction coefficient of the P AH at a giwn 2 nm increment, l.t is the measund solar iJTadia!1" at 

wavelength ~ and dA. is the step size of 2 nm. ABS was calaalalcd &om 295 to SOO nm, the range in 

which/;.> 0 and&;.> 0. Absorbance curves dviued &om the lit.aaaun: wen: measured m organic 

solvents, but this is not oq,ccted to have a sisnificant impact on the rdaaivc tda1 absorbance of each 

PAR 

3.2.3 Chemical analysis of PAIis and photoprodw;ts 

Water samples of 1 ml were periodically removed ftom the beakers for cbcmic:al analysis once solar 

exposure began. Chromatographic analysis w.w performed with a Sbimadzu HPLC system comprised af 

an SCL-lOA system controller, two LC-l0AD dual pumps, an SCL-l0A diode array detector, and an 

SIL-1 0A autoinjector (Sbimadzu Scientific Instruments Inc., Columbia, MD, USA). The HPLC column 

used for chemical analyses was a 2S an x 4.6 mm ID. Supelcosil C11 ~ phase column with a S µm 

packing (Supelco Inc., Bellefonte, PA, USA). HPLC grade waler' (adjusted to pH 3 with phosphoric acid) 
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and acct.oni1riJc, bodt degassed 'Wida bdium, wen IIICld as duaioa IOlwm1 at a consaarc fkMr me of 1 

ml/min. Tbe gradicat IIICd was 9S:S wa&c:r:aamitrilc (v/v) fiJr ~ einura, 1bm a linear padimt to S:9S 

water.acctmritti1e over 30 mim.,,., w1 bdd at 9S% acr,mitriJe a 5 minut.cl. An injecaoa wiwne of 

200 uJ was ued fiJr111r aqueous sampla. 

Where pcmibic, •Jdncic _.,. were uaecl to idaltit; pbalapmd,¥11 Standarda of 

bmzo(a)amlncme-7,12~ and bc:uo(b)aadaccne-5,124aae wen purdlaled tiom Siam­

Chemical Co., St. Louis, MO. WhcR staadards wen not avmlahlc, producU were putatively 

identified based oa absorbancc spcma and 1MorCtical coasidcn1ions, sudl as reactive sites on the 

parent PAH and observed chemical properties such as hydrophobicity (e.g. HPLC column n:tcntion). 

The concentrations of P Alls and P AH pbotoproducts ~ &led to specified kindic models, using 

Systat 8.0 (Willcinsm 1998). All erron ~ expressed as ± ~ stmdard deviation. 

3.lRESULTS 

3. J. 1 Degradation kinetics 

PAH photooxidation reactions are dependent on the presence of light, oxygen, and the concentration 

of P AH. In an aqueous solution exposed to air, the concentration of dissolved oxygen is high, at 

approximately 0.25 mM (Robinson and Cooper 1970), and reactions of almost all PAIis with oxygen 

will be diffusion limited (Krylov et al. 1997). Thus the reaction rate of P AHs in aqueous solution with 

a constant light source will be a function of PAH concentration alone, and the rare of degradalion can 

be described by a first order model. The kinetic models discussed here assume an initial amount of 

P AH exposed to a light source, with P AH degradation occurring solely due to pbotoreactions and no 

additional input of PAH over time. Assuming a constant level of both light and oxygen, the kinetics 

of PAH photooxidation may be approximated by a first order rale equation: 

d[PAH]/dt = -k1[PAHJ (3.1) 

Solving for the concentration ofPAH, 

[P AH] = [P AH]o e-1ct'. (3.2) 

[PAHJo is the initial concentration of PAH, tis exposure time in hours, and k1 is the rare constant with 
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units ofhoun"1
. lfa pbot.oproduct (PP) is formed in pnJpOl1ima to tbe lou ofparmt PAR, and is itldf 

degraded according to a first order model, tbe rare ol' change ol pbotoproduct will be 

d[PP]/dt = rat.e of formation of product- rare ollou of product, 

d[PP]/dt = Cl»12k1[PAHJ-kz(PP]. (3.3) 

where [PP] is the amount of photapn>duct. e12 is 1hr efticicacy of pmduct formation (i.e. tbe fnaion 

of product formal per unit PAH lolt), and kz is tbe rate CIODIIPM w product depadalioa. For a sysrrm 

dosed with an initial quantity of P AH, tbe amount of P AH foUows (3.2) and tbe change in product 

concentralion is 

d[PP]/dt = Cl»12 k1[PAHJ oe•1' -k2(PP]. (3.4) 

Equation (3.4) may be rearranged and solved as a linear first order differential equation (Spiegel 

1981) with the solution 

[PP] = {Cl>12 [PAH]ok1/(krk,)}(e•,' - e«2'). (3.S) 

To provide a basis for comparison, we arc interested in the relative amounts of PAH and 

photoproduct. If a one-to-one convcnion (Cl»12 = 1) of PAH to a Slable photoproduct is assumed, 1hcn 

the maximum quantity of pbotoproduct on a molar buis is [PAH]o. If both the P AH and pboloproduct 

have approximately the same rare of degradation, k, • k2, then tbe maximum conccntraDon of product 

over time may be shown to be lie = 0.361. lfk2 >> k., the product is itself quickly degraded and only 

low levels of product will be observed. The kinetic models of pbotoproduct amounts will be applied 

to acquired data in section 3 .3 .3. 

The first order model of P AH degradation could approximate a situation of a single dose 

occurring in an environmental system, such as a spill event. In many cases, a model incorporating a 

constant input term is a more realistic environmental model. Thus, a steady state model is a bcUcr' 

model for environmental systems assuming a constant rate of PAH input. This simplifies equation 

(3.3) as the concentration of both PAH and photoproduct will be constant at steady state, and d(PP]/dt 

= d(PAH]/dt = 0. The resulting ratio ofpbotoproduct to PAH is 

[PP]/[PAH] = Cl>12k1lk2. (3.6) 
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Thus, tbe raio of pbolopraduct to PAH is plOpOl1ioaal to 1be ldaaive rata of lau oldie PAH vaw 

pbotoproduct ill a steady sraic system,, ..,.mina ,:qual ligbt c:xpaaure ofboda PAH and pboloproduc:t. 

In a steady state sysccm, if tbe coavcnioll cfticicncy ~2 is approximately unity and tbe P AH and 

pbotoprodw:t have comparable rar.cs ofloa, 1be caac-ee◄eati.111 af pboloprocluct will be comparable to 

the amount of PAH. One implicalioa oftbis is 1bat the low caw:o◄oti.lns ofpbdq,roducla omened 

in a dosed 5Y11aN1. IUCh u 1bc cxpcrima◄al-. IIICNI IICle to dctcraaiae 1be rate of PAR Joa, will 

wuierestimau pot«:atial mviroamental ~m:atium. 

J.3.2 Photooxidation rates 

Solutions of PAH were exposed to sunlight and tbe rate oflou of PAH from solution was monitored 

(Figure 3.3). The rate oflou was fit to a first order kinc:tic model (3.2) using the OLM (General 

Linear Model) module ofSYSTAT 8.0 (WilkiDSOII 1998). The estimated rate constants for 

pbotooxidation arc shown in Table 3 .1. Reaction of tbe P AHs with oxygen is most likely to occur 

from the triplet state. Thus, the rate of P AH oxidation will be dependent on the amount of light 

absorbed by the P AH, the P AH triplet S1a1c yield, and tbe yield for pbotooxidarion from the triplet 

state. The amount of light absorbed (ABS) by each P AH and tbe triplet quantum yields are shown in 

Table 3. I. The yield for pbotooxidation is a function partially dependent upon the triplet stale energy 

(ET) of the P AH. Triplet state energies may be compared to the energy of the lowest singlet state of 

oxygen, 92 kJ/mol (Gilbert and Baggott 1991) above ground state. Two possible outcomes oftbe 

reaction of triplet state PAH with oxygen are production of•~ or oxidation oftbe PAH to form a 

new chemical species. It will be assumed that a key factor in P AH oxidation from triplet stale is tbe 

ability of the PAH to transfer energy to oxygen, as an initial n:action seep. Given this assumption, 

both types of reaction with oxygen are a fianction of the P Alls' ability to generate singlet oxygen. 

Which mechanism is favoured is then a function of the energy barrier of reaction, and the ground 

state energy of the reaction product. 
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Table 3.1: Raia of plldooxiclarioa relarne lipt ~ aad alimetcd pbatocbcmical 
reactivity of PAHi. Triplct mrc aaapa aad 1riplct 11at.e llalf-liws allo shown. 

Chemical 

Benzo(a)anlbracme 

Chryscnc 

Fluaralllbale 

Beam(b)anlbracme 

Pyrcne 

1from Morgan ct al. 1977 

2from Krylov ct al. 1997 

k._ Sunlipt. Triplet encqy', Triplet state 

li1 ABS 

1.33 :t0.03 0.53 

0.025 :t 0.003 0.14 

0.090 :t O.OOI 0.63 

0.462 :t 0.031 1.90 

0.046 :t 0.003 1.00 

£7.kJ/mol 

197 

239 

221 

123 

203 

yielcf, cp 

0.80 

0.67 

0.60 

0.65 

0.27 

A primary dclaminant of the ground slate energy of P AH pbotoproducts is the change in 

delocalisation energy (Eo), on loss of a portion oftbe aromatic structuR oftbe PAR when the PAR is 

oxidised. The change in deloc-aJisation energy was used as a fador' in modeling the reaction rates of 

P AHs, as well as to determine the most likely sites of oxidation on the P AH carbon skeleton (Section 

3.3.3). 

The delocalisaiion energies of P AHs and compounds used as a basis set for calculations were 

obtained from published values, which were estimated using molecular modelling software (Wiberg 

1997). The PAR and basis set dclocalisation energies arc shown in Table 3.2. The delocalization 

energy ofbenzo(a)anthracene was estimated as the average ofbenzo(b)anthracene and chrysene, as 

the changes in delocalisation energy are expected to be proportional to the number of obtuse angles 

between aromatic centres (Wiberg 1997). As fluorambene is a non-altemant P AH composed of a 

benzyl and naphthenyl domain in the ground state, its delocalisation energy could be estimated as the 

sum of delocalisation energies of bemenc, naphthalene, and two bonds similar to the 1, l' bond of 

bi phenyl. The delocalisation energies of products were calcular.ed as the sum of separate aromalic 

domains within the product on oxidation of the parent P AH. This assumes that the initial oxidation 

product results in a local loss of conjugated aromatic structure, as would be the case with epoxide 
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Table 3,2: Dcloca1ization cncraia and lira of oxidetion Ddoc:aUerioa c:ncrgia were 

obtaiood &om Wibcq. 1997 c:xu,pt wbcR IIOled. All caergicl are in kJ/mol. See text fol' 

method of ~(» Cllimefioa. 

f.slimatcd 

Ox.idation Dclacalisation 4£,,m Efficiency of 1()i 

Chemical radian a.aw,Eli! CJDlation J!roduc:ti!!!z ~Qi 

Ea Basis ICt 

Bmadicnc 12 

Benzene 151 

Styn:nc 151+1 

Napbtbalcne 251 

Bipbcnyl 2 x 151 +I 

Anthracenc 335 

Phenanthrene 356 

Chrysene 456 0.75 

1,2 addition 92 

5,6 addition 54 

Benzo(b)anthracene 414 1.02 

1,2 addition 71 

5,12 addition 12 

Benzo(a)anthracene 4351 3.24 

1,2 addition 92 

5,6 addition 33 

7,12 addition 33 

1,9 addition 71 

Fluoranthene 4182 1.49 

2,3 addition 101 

7,10 addition 151 

Pyrene 2.76 
1 estimated as [Eo(benzo(b)anthracene) + Eo(duysene)]/2 
2estimated as Eo(benzene) + Eo(naphthalene) + 2Eo(l,l' bond ofbiphcnyl) 
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additions. Tbe cbangCI ia clrlocalisation ,:nap:a Oil axidatioa al each PAIi at specific c:art,ma ant 

shown in Table 3.2. 111c cktocalisatim energy of pyrcne wu not aw.iJebk ia die publilbed lircralwe, 

but it would be expected to be at lcut u lalp u 1bat af ftuonadlalc, due to dS biply candcnsed, 

symmetrical strudUR. 

In addition t.o die c:bange in cnc:rgy on oxidati'JII, tbc od:la' suspec:t,cd main factor ia P All 

oxidation WU tbc ability to transfer CDalY to oxypn, pn,ducma 10z. Expcrimmtally dclcrmmecl 

rares of singlet oxyacn prod11ctioa by illdividual PAHi ua aqueous media were not tiJund in die 

literature. Howcvc:r, sbort tam ac.a pbotdoxjcity data of P Alfa wu awilablc (Ncwsccd and Giesy 

1987). Here, the photoinduccd toxicity of PAHs to Daphnia 111agna was measured u time 

to lethality (between 0.8 and 24 hours). Due to the short exposure times used, die toxicity couJd be 

attributed predominandy to photosensitisation reactions, i.e. production of 10i. 1bus it wu possible 

to use this data to estimate the efficiency of energy transfer &om 3p AH to 10i. The toxicity da&a was 

highly dependent upon the PAH triplet stare energies, and the adjusted time to lethality (AL TSO) 

could be expressed as a function of triplet statc energy (Newsted and Giesy 1987): 

ALTSO = 1.53 x10-20(Er)9-64 + 6.52 x 1012(ErJ~-70 (3.7) 

1be time to lethality is expected to be inversely proportional to the rate of singlet oxygen production. 

Using (3. 7). an term proportional to the efficiency of 'Oi production, '1'102, could be defined: 

(3.8) 

While this term is only an estimate, it is usdW in determining whether tbc rare of 10i production bas 

an influence on the oxidation rates of PAHs. The estimate of 'Oi production efficiency, 1"101, is 

shown in Table 3.2. 

The specific dependency of the reaction rare on each of these terms is unknown. However, 

the reaction rate may be approximated as a product of two factors: 

Rox= F(triplet state formation)*F(reaction of3,AH with 1~. 

Expressed as a linear function of quantified parameters, 

Rox oc ABS • <pi- • (l/llEo) • '1'101- (3.9) 
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To dctamine ifdle manp in clc:locatintion f11Cr1Y aad ~02 MR ia fKt correlated to tbe obtcrved 

reaction rates, die obscned ....:cioa ma were plOUed api• (ABS• (pr • (1/AEo)] and 1AM • c,r- • 

(1/AEo) • ~ 02) (fipra not shown). 11le goodrcs al& clct.cnninecl u R2 values, were R2 = 0.53 and 

R2 = 0.81 n:spcctivcly. 1bua. tbr dcJocelisarian --ay wl die production of sinslct oxygen boda 

influence tbe reaction rata. 

J.J.J P~ of PAN mddo#on 

While the dekK:aliYDOD cacqica aie .._ to 1atc1 of mrictarion_ they have greater utility in 

predicting the oxidation sites on die P AH c:arbcm skeleton. ll is expected that the products of P AH 

photo-oxidation wiJI favour those with a minimal loss of delocalisation energy. Additionally, if 

singlet oxygen is generated_ a 1,4 addition acrou a ring will be &vourcd over the 1,2 addition to 

adjacent carbons (Gilbert and Baggou 1991). Using the four-ring PAIis as an example, favoured sites 

of oxidation on the carbon skeleton were predicted In additioa, expected reaction products were 

confirmed where standards were awilablc, and the relative photochemical stability of products and 

parent P AH were compared. 

Pyrene, as a highly symmcuical_ highly conjugated PAH, was expected to degrade slowly 

relative to the other P AHs. 1bc observed reaction rate was in accordance with this hypothesis, with a 

half-life of IS hours in full sunlight (Figure 3.3), amoung longest of any of the PAHs tested. 

Reactions of pyrene are most likely to be initiated u die l<arbon position_ resulting in an 

intermediate radical species containing a pbenalcnyl radical. The phcnalenyl radical consists of duce 

aromatic rings sharing a common carbon and is a comparatively stable radical. Oxidation initiated at 

either of the other two possible sites, the 2 or 4 carbons, results in intermediates with a restricted 

number of resonance states. As intermediate species resulting from oxidation at the 1 <arbon position 

have more resonance states, it is expected that they will have lower transition energy and hence will 

be favoured. After the initial oxidation step, it is c:xpected that a second oxidation of the resultant 

radical will favour the formation of a symmetrical product, as a symmetrical product will have a 

greater delocalisation energy (Malkin 1992). Thus, c:xpected products after an initial oxidation at the 
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l<arbon aR l,~ and 1,8-pyrmc-dioaa nil is aaalCJIOUI to tbc oxidanon producu observed wida 

benzo(a)pyrcnc (Chapter S). Two prod11m 'Vida appropriale HPLC ldallioa times and amorbmcc 

spectla ,we= obscned to iDClalC over die cmne of die c:xpcrimcnt, sugcsting 1bat tbc produas ~ 

rdalively stable. Bued oa rctcatioa times, amorbanc&i spc:cba. md comparison widl daOle of 1be 

bcnz.o(a)pyrmcdioaa (Chapter S), tbc two r-odum were t.calativcly identified as I,~ and 1,1-

pyrencdiona and aR indicaw.d as Pl and P2 rapec:Cively iD Fipre 3.4. 

Bcnzo(a)antbraccne wu the moat apidly oxidised PAIi of1bc five tatcd. 1be expected site 

of initial oxidation is acrou 1bc 7,12 positioe -aultina ia a wopcraxidc, which is likely to 

dissociate iD sunlight, producing bcmo(a)andnccnc-7,12~ (BAAQ). HPLC analysis ofphoto­

oxidised BAA showed two primary products, one of which wu identified as BAAQ (Figure 3.4). 

Anthraquinone was also identified as a minor product of BAA photooxidation. 

The concentration of BAA and BAAQ were determined over the course of the expcrimcnt (Figure 

3.S). The maximum amount ofBAAQ over time was 10% oftbe initial PAIi concentration. To 

determine the relative stability oftbe product versus the parent PAH, a solution ofbenzo(a)­

anthracene-7, 12-quinone was exposed to solar radiation, and the rate of decomposition monitored 

(Figure 3.S). BAAQ bad an observed half-life of0.19 ± 0.04 boun, as compared to the half-life of 

BAA, 0.52 ± 0.01 houn. Thus, the product is less stable than the parent PAR, partially explaining 

why little accumulated over the course of the experiment. It is expected that BAAQ degradation 

would proceed via fission of the bonds alpha to the carbonyl groups, u this recains the aromatic 

domains and is also a favoured photochemical reaction of the carbonyl moiety (Gilbert and Bagott 

1991). The first order degradation models (2) and (S) were fitted to the concentrations of BAA and 

BAAQ, and the efficiency of formation was estimated as ~AAQ = 0.33. Interestingly, fiuthec 

oxidation of BAA and BAAQ will result in similar products as those formed on photooxidation of 

anthracene (Mallakin et al. 1999), which are known to have a toxic impact greater than intact 

anthracene. 
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Figure 3.4. HPLC traces of PAH photooxidation products. Top: Benzo(a)antbracene (BAA) 
photooxidaaion, 3 hours sunlight. One product, bcnzo(a)antbracene-7,12-quinonc (BAAQ), 
was identified by comparison versus a purchased standanl. A second unknown product was 
also detected. Bottom: Pyrenc (PYR), 4 hours sunlight. Two pbotooxidaaioa products, 
labelled Pl and P2, were tcnrali~y identified as 1,6-and 1,8-pyn:nequinonc n:spcctivcly. 
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fonnatim of BAAQ. Maximum concc:ntration of BAAQ was 11 % of initial P AH 
concenttation. Bottom: the relative rates of pbotooxidalion of BAA and BAAQ, 
in sepamc experiments. The degradation rare ofBAAQ was 7x faster than that 
ofBAA. 
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Due to tbe small change in ckJoc:ali,atfoa energy (12 kJ/mol), die cxpa:tcd site of oxidalion 

of benzo(b)anthraccne (BBA) is at the 5, 12 position. One product from dais radian, benzo(b )­

antbrac::cne-S,12~ (BBAQ), wu obscned albeit at a low ccn,eattilDOIL The COIICCIIUatiom of 

BBA and BBAQ ia 90luticm over time~ sbown ia YIIUR 3.6. A IOhdiaa of BBAQ wu scparatdy 

prepared at a aomiml co..::c 4...,_ of 1.0 mwL, and cxpolCd to IOlar-wtiatic:e to dctcnninc the 

relative balf-liva ofBBAQ aad BBA (Fipre 3.6). Tbe half-life afBBAQ in sunlipt was dctcnnincd 

u 20.8 ± 3.2 bouts and the balf-life ofBBA was 1.5 ± 0.1 boun. Based oa the relalive rates of 

oxidation the efficiency of formation ofBBAQ fiom BBA wu Cl&imated u C,,: 0.043 using a noa­

linear curve fit (Equation 3 .5). BBA and BBAQ will also degrade tiutber, forming a spectnun of 

products similar to BAA. 

Several small peaks n:sulted ftom the oxidalion of cbrysenc and fluorantbene, but either 

occurred in very small amounts or bad a low efficiency of UV absorption. Both these P AHs have a 

very stable aromatic SUUCIUl'C, and were oxidised comparatively slowly. Chrysene was particularly 

recalcitrant, due both to its low absorption of light and the resistance to oxidalion imparted by its high 

delocalisation energy. The most abundant product of fluoranthene eluted as a small broad peak at 23 

minutes retention time. One possibility for this peak is 2,3-fluoranthene-dione. This product will 

degrade further and may result in 1-hydroxyfluorene, among other products. The identification of the 

product is speculative, m the absence of a standard of fluoranthene-2,3-dione to make a definitive 

identification. No peaks of significant absorbancc were detected during the course of the chrysene 

oxidation experiment. One possible product that is energetically favoured is cbrysene-S,64ionc. 

3.4 DISCUSSION 

Summary reaction schemes for the photooxidation of the P AHs m this study are shown in Figure 3. 7. 

Two products, BAAQ and BBAQ, were identified by comparison with standards, and another two 

were tentatively identified on the HPLC traces as 1,6- and 1,8- pyrenedioncs, based on absotbance 

spectra, retention time, and the energetically favoured sites of reaction. Other products shown are 
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Figure 3.6. Pbotooxidalion ofbenzo(b)anthracene (BBA). Top: degradation ofBBA 
and formation ofBBAQ. Maximum concentration ofBBAQ was 3.4% of initial 
P AH COIICClllratioa Bouom: the relative rates of pbotooxidation of BBA and BBAQ, 
in separa&e experiments. The degradation rate ofBBAQ was 14x slower than that 
ofBBA. 
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Benzo(b )anthracene 
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+ 

Fluoranthene 

Figure 3. 7. Proposed reaction schemes for benzo(b )anthracene., benzo(a)anthracene, 
pyrene, and fluoranthene. Products in boxes were either confirmed against reference 
standards or putatively identified. 
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expected produm oLPAH oxidaticm, 1-aed an die mmt reactive sita an tbe PAH c:arboa skeldoll. 

These products MR not coafinncd as n:action prodlldl. 

The produm al oxidation will occur at lower c:on..eaib .... tbaa tbe initial amounc af P AH, 

unless there is anly one product formed. Additionally, tbe produds contain 'JJlYICD, which caa•- ia 

b"l?dcaing of peaks m die abtodrmcc ipCc:lra relaaive to m&act PAHa. Tbis results m pmclucll haYina 

a higher tbrabold of clcteclioa 1baa die parmt PAHs. Alm oEdle initial products rmm a bigbly 

conjugated afflflNIDC llnJdlJle. they can UDdcqo fiJnbcr pbctorcadiml. The secondary radiom can 

occur at a peat.er or lesser me tbaa tbe initial oxidarina of die PAK. • aanplificd by tbc relative 

rates of oxidation of BAA vs. BAAQ, and BBA w. BBAQ (Figures 3.5 and 3.6). In general, die rate 

of photooxidation is dependent upon the amount of light absorbed by the chemical, and its 

photochemical stability (including propensity to read with 1
~, or dissociate alpha to a carbonyl 

group), and changes in delocalisation energy. Because some oxidation products absorb well into the 

visible region oftbe spcdrWn, further degradation of these produc:11 is also quite likely. 

Aromatic products containing a carbonyl moiety may or may not be stable, depending on the relative 

energies of the molecules' excited states. Tbe rate of fission of the carbon-carbon sigma bond alpha to 

the carbonyl group is dependent upon whether the lowest excited state bas the carbonyl portion in an 

(n,1t•) state or a (11,11•) state. The (n,11•) st.ate can undergo a facile dissociation alpha to the carboxy 

bond (Gilbert and Baggott 1991), whereas the (11,a•) state is more n:sistant to decomposition. For 

example, anthraquinonc and benzophenone have very similar stnJdun:s, differing only by one 

additional carbonyl group, but anthraquinone is an order of magnitllde more stable (Malkin 1992). 

Here, the (1t,1t•) state is lower than the (n,1t•) state and thus preferred, giving a more photostable 

compound. A similar situation may exist with 7,12-benzo(b)antbracenedione and 5,12-

benz.o(a)antbracenedione; although very similar in struc:tun:, the BAA dione is much more reactive, 

and may undergo a facile fission at the C-C bond alpha to the carbonyl group. This would explain the 

observed reaction rates shown in Figure 3.5 and 3.6. 
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If the pbarooxiclatirn rates wen: ranked a priori bued 011 loa of cklocalisatioa energy oa 

oxidation, it would M cxpectc,d tbat tbc rates oftbc linearly amcaled would be bcmo(b)aatbraccae > 

benzo(a)anduaccnc > chrysc:nc. The observed reaction rates dicl act follow this paa:an exactly. u 

benzo(a)anduaccnc oxidised filstcr than bcnzo(b)antbrm. Tbil wu aaributcd to a greara 

efficiency of 10i &cacraDm by benzo(a)aatbraccae. ~a,mina that 1bis bypocbai9 is accurare. it dim 

follows that tbc rapid oxidarioe afBAA ia due to ,eacciaD will- sinald oxypa. or equiwlcndy u a 

CODCCrted reaction inwlvina mcqy tramfcr bctwrm BAA and oxypa u tbc initial step. The 

oxidation of bcnz.o(b)anduaa:nc may be initiated diffcn:ndy, via the na&:tioa oftbc excited scat.c PAH 

directly with ground state oxygen. and not via the intennediale singlet state. The relatively small 

fraction ofbenzo(b)anduacene forming the S,12~inone is partial evidence for this - iftbc reaction 

was mediated by singlet oxygen. a 1,4-addition across a ring would be the most likely Raetion and 

would result in significant amounts of quinone formaaon. similar to benzo(a)anthraccm: oxidalim. 

That chrysene was the most stable is consistent with both delocalisatina eruqy and 10i generation, as 

chrysene bas a greater loss in delocalisation energy on oxidation and does not form 1{lz efficiently. 

Fluoranthene and pyrcne are both efficient at 10i production. However. they are also ~ 

thennochemically stable than the linearly annealed P AHs. Thus the singlet oxygen produced will 

react with the P AH inefficiently, and the excitation energy of 1~ is more likely to be quenched via 

other interactions or dissipaU::d as beat. Due to the combination ofsaability and 1
~ production. it is 

not surprising that these two compounds have been identified as major contnbuton of the toxicity due 

to P AH photosensitisation (Newsted and Giesy 1987; Anldey et al. 1994; Boxall and Maltby 1997; 

Krylov et al. 1997). The oxidation of fluoranthene and pyrene that does occur is likely to proceed by 

addition of singlet oxygen to the PAHs. In the case offluoranthene, oxidation of the benzylic ring is 

not favoured energetically, and there are no other available sites for a 1,4 addition. A 1,2 addition of 

oxygen can occur, albeit at a slower rate. Similarly, pyrene does not have any sites available for a 1,4 

addition. so the oxidation ofpyrcne will likely occur in a two step oxidation mechanism, and will 

involve oxidation sites on different rings. 
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The products idmlified hen may ia m sav,tions have peat.c-" biolop:a1 impacll 111111 die 

parent PAHs. 11 bu brm found 1ba& m PAH pbokJpmdum are more toxic: than die puat 

compounds (Huang et al 1997; McCaaby ct al 1997; MaPakin a al. 1999). In puticular, die 

jdentificaiion of the pyn:nc diaaa ia aa illlpOl1llll rauJt. • pyn:ac illdf ia not a patmt nor clinct 

aaina mutaam,, but die 1,6-aad 1,1- pyrcae quYMJDC8 baft beat idmtifiod u dinlCt IICtilla ndapnl 

(Sakai et al. 1985). 1bac ploduc:u aR allo likely to be nidmt cydina a&CIIIS limilarto ada PAH 

qu;DODC1, widl ar aanri_., wnuc ia aay (Smidt 1915; Lako et al. 1916; Haunrm wl 

OoldKein 1989: Hasspie1cr 111d Di Giulio 1994; flowaMicary et al. 1996). Tbus, IIIClabolic 

activation is not required for the formation of direct ading mutagenic species from P AHs, u 

photoreactions occur which result in similar producu. 
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CJIAPTEll4 

COMP ARA nvE TOXICITY OF PIIENANTBRENE AND ITS PRIMARY 

PBOTOPRODUCT, PIIENA.NTBRENEQUINONE• 

•Based Oil the joumal U1ide 

McCmby, B.J., C.L. Dmbury, D.G. Dixm and B.M. Grrmbcq (1997) --i"aa:ity of a PAR 

Pborornridatioo Product to die Badaia Pltatab«afflllll phtMpl,oMUII and die J>uc:bl,,eed u11111t:1 

gibba~ Effects of Pbmandlrcac and its Primary Pbaraproduct. Pbmantbrmcquinonc" 

Environ. Toxicol, Chem, 16(5): 892-899 

4.1 INTRODUCTION 

The toxicity of polycyclic ammaric l\ydrocart,oas (P ARI) to aquatic organisms such as microbes, fish, 

and plants bas been shown to grmly incn:asc upon c:xpolUR to light. cspccially ultraviolet radiatim 

(Bowling et al. 1983; Oris and Giesy 1985; Huang et al. 1993; Anldey et al. 1994; Newsted and Giesy 

1987; Scboeny et al. 1988; OaJa and Giesy 1992; Rm et al. 1994). This is known to proceed via two 

processes: pbotosem· ·- • • (c.a. produdioa af singlct oxygen) and pbotooxidaaoa of the 

compounds to more toxic species (Bowling et al. 1983; Oris and Giesy 1985; Newsted and Giesy 1987; 

Schoeny et al. 1988; Oala and Giesy 1992; Huang et al. 1993; Ankley ct al. 1994; Rm et al. 1994). 

The primary photooxidatiOD pathway of PAHs proceeds via unstab~ endoperoxjdc ud/or peroxide 

intermediates leading to diols and quinones (Katz et al. 1979; Zepp and Schlcczba11er 1979; Nikolaou 

et al. 1984; David and Boule 1993). These products maybe more or less stable than the parent PAH. If 

the product is more stable, it is possible that significant amounts may accrue in enviroammtal 

compartments. As these chemical ,po, ies an: nn waaa- lOlublc drm tbe parmt PAHs, orpnism, cauld be 

exposed to higbec cxwauu...aions of P AH pbotoproducas than tbe pan:nt P Affs. This can pn:sem a grear 

toxic risk, as some oxidized P AHs are known to be more Radivc and biologically damaging than the 

parent compounds (Nikolaou et al. 1984; Arey et al. 1992; Huang ct al. 1993; Ren ct al. 1994; 

Flowers-Geary et al. 1996). 
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Toxicity UWRri141 -wilb the bip:r' aquaDC plaatuw gibba (duckweed) and the t.cnalrial 

plant Brassica nap,u (caaola) haw sbawn that the camplcx mixaura of unidentified pbor.oproducU 

generated by tmtm,ent of PAIis wilb adinic radiatim ~ IIIOl'C toxic than the paRllt oampo11ack -1'laae 

(Greenberg et al. 1993; ffuana et al. 1993; Rm et al. 1994; Huang et al. 1995; Rm et al. 1996). This 

iocreasc in toxicity can be quite dramatic, with EC,a1 decn:asmg more drm an order of rmgnih• in 

90IDC' insrances (Huq et al. 1993; Rm et al. 1994; Huang et al. 1995; Rm et al. 1996). While it ia 

known that complex mixblra of plnooxidized PAIis an: more toxic tban dleir pareat PAHi, the 

relative toxicity of specifie pbotomridarion products to the parent CCfflpn!•nds haw yd not been 

characterised. 

Pbenandumc (PHE), one of the most pn:valcat PAIis in the caviromncnt (Basu and Savcne 

1978; Cook et al. 1983; Edwards 1983; Eadie 1984; Iambs et al. 1993), undergoes an increase in 

toxicity to plants when exposed to actinic radiation (GRmberg et al. 1993; Huang et al. 1993). After 

sufficient exposure of PHE to a light source such as sum.dated or natural solar radiation, one 

predominant photoproduct of PHE, 9, 10-pbenantbrmcquino (PHEQ), is formed, along with ocbcr' 

photoproducts in minor quantities (David and Boule 1993; McCoakcy et al. 1993). Based 011 the 

delocalisatfon energy mc:tbodology presented in chapter 3, the expected site of oxidati011 of PHE is at 

the 9,10 positions, which is cansistmt with the obscned primary reaction. PHEQ is a known 

environmental cantamioant 411d bas been danonstratcd to undergo rcdox cycling Jeading t.o oxidatiw 

stress (Cbesis et al. 1984; Hasspieler and Di Giulio 1994). Since both PHE and PHEQ an: 

commercially available in 999/4 purity, it was possible to compare the toxicity of PHE, PHEQ, and 

mixtures of PHE and PHEQ to the mixture of compounds resulting ftom PHE pbotooxidation. 

4.1.1 Organisms used for toxicity testing 

In initiating this study on pbcnanthn:nc pbotooxidatioa and toxicity, it was decided to use two different 

species for toxicity testing, as it would help assess if the effects wen: of a general nature (Menzer et al. 

1994). For instance, if the rn«banism of toxicity is specific to a given metabolic pathway, there can be 

large interspecies differences in toxicity. Two organisms that have been widely used in ecotoxicology 
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are the luminescent 'llllrim badaia, Photobocteri,,. pl,Mplrornl,,. and die biper plantu11111a gibba. 

Since lumioevcnce of P. phospl,orn111 is dira:dy liabd to rapilatary adivity. it pmridcs a .,ad 

indicator of mc:t.abolic activity, and tbm:be of the pnaal cytotaxicity of a pm c:omprw,nd (Bulicb 

1986; F.nviromnmt Canacta l993). Additionally, P. phospl,oraurt is an imponant marine pic:oplanlcton 

with sensitivity to orpaic COP•q,nuocll qualitatiwly c:ompuable to Jdbaliq, mdpoin«s for cypriaidl, 

salrnmids ud dapbnich (Munkiarick and Power 1989) Adctitigpelly, becaa1• die P. pl,Mpl,orn111 

toxicity assay is rapid (<30 min). w' ip.lq,.-W of lipt or clad[ cxpmure. it is idall for taaing 

pbotoactiw rontammenfl. L gibba also ba, sipificant -dvaalaaa for toxicity testing. inC'focting 

preliminary evaluation of contaminant impacts on primary produccmty (Gn:cnberg ct al. 1992). L 

gibba assays were conducted by Dr. Cbcryl Duxbury, and are included here to conobonte the 

observed toxicity of PHE and PHEQ assessed using the bactaial assay. 

To compare die toxicity of PHE and its primary pbotoprodud PHEQ. P. phosphomu,, and L 

gibba were exposed to the pure cbemicaJs, to a pbotomodificd PHE solutioP oontaioing lmown amounts 

of PHE and PHEQ. and to a prepared PHE and PHEQ mixture. Impacts were assessed as diminished 

luminescence from P. phosphoreum and inlubitcd growth of L gibba. For both species, PHEQ was the 

dominant toxicant and the toxicity of this compound was not pbotoioduccd. 

4.l MATERIALS AND METHODS 

4.2.1 Chemical analysis of PHE and photoprodlll;ts 

PHE and PHEQ (9949/4 purity) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). The 

compounds were used as purchased after confirming purity by HPLC. Omxnatograpbic analysis was 

performed with a dual pwnp cbromalography systan equipped with a diode anay dl::tmol- (Shimadzu 

Scimtific Instrumcats lnc., Colwnbia, MD, USA) and a Supelcosil C11 ~ column, 25 cm x 4.6 

mm 1.D., S ~ packing (Supelco Jnc., Bdk:fonre, PA, USA). Analytical sample volumes of 200 µI wae 

applied to the column with an aur.osamplcr. HPLC gradc water (adjusted to pH 3 with ~-ic acid) and 

acetonitrilc; both degassed with helium, were used as elution solwm at a flow rare of 1 ml/min. The clutim 

profile was l % acetonitrile for 2 minutes, followed by a linear gradient to 9()0/4 am.onitriJe cm:r 30 mimltes. 
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PHE (•dl>4i.m 1ime: 27.4 mill) and PHEQ {ldD1MI lime: 21.0 mia) Win radily ide-fihd in tread 

samples by diode anay • nn, bucd Clll tbar __. lpOIR .and c::m.,.rilan to NPIN'IIDc. SIIIIJ>lcl 

(Figure 4.1). Approprialc sraadard c:una Win med to ddlamia& cano>4ndiaas. 

4.2.2Lighlapon,nofPHE 

To pl'OYide a mlid lllbllme firm wllic:ll PHE could bada clillalw ad uadap ~ PHE 

was ad.torbed to acid wubed fine sand (Sipla ChmiQI Co.). Tm ma of PHE in 5 ml of'HPLC pade 

dicbloromc:thaa (Filber Sriee•ific Lid., Missi•mJP, ON. Ceech) w combined wish 5 a of sand in a 

1 L glass beaker. The dicblonxncd,anc was quaatitatiw1y ranowd by evaporation in darkncu, and 1 L 

of HPLC grade water was added to the beaker. Tbe bcab:r w ICalcd widl pol)'Clbylm: fiJm, • maraial 

trampare:nt to UV-B, UV-A and visible lipt. Bcakas onncan,w the sand/wara-/PHE CXIDipC.dde ~ 

exposed to c:ilb:r' 100 µmo( m-211 at sirn•1atcd solar "3Htiacim (~ visible:UV-AUV-B ralio at 100: 10: 1 

wbicb parallels dl3t oF PQl1ight) (Huang ct al. 1993; Grecnbcq ct al. 1995) or to mmral SUD1igbt To 

dct.ennine tr dissolurioa mt.c of PHE and if~ degrailarior! 'JCCUmd. a duplicate 

sand/water/PHE composite was incubated in darkness fir 96 hours. Samples of 1 ml~ ranowd firm 1hc 

aqueous phase cq,oscd to SSR or darkness at wriaus time poil8 firm 1 to 96 boun, and HPLC analysis 

was used to detcnninc 1hc CClllCCllll3tim ofPHE and PHEQ in sohdioo (Figure 4.1). Approximarely SOO ml 

of the PHE sobdioo trmtal fir 96 hours in SSR (pmPHE) was med firtoxicitytaling. 

For toxicity testing of PHE or PHEQ individually, DMSO was used for direct delivery oftbe 

chemicals to the appropriate aqueous media by 1000-Cold dilution. This was required for tun dose­

response toxicity profiles. Using DMSO, supcrsamratcd solutions of PAR can be generated, allowing 

for testing of cancentrations of chemical above the aqueous so1ubility limit. A 0.1 % (v/v) DMSO 

solution was used for the coatro1 experiments; this concentration exerted no toxic efFects on either P. 

phosphoreum or L gibba (Greenberg et al. 1992; Environment Canada 1993). 
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Figure 4.1. UV/VISible absorbance spectra of PHE and PHEQ. and HPLC analysis of 
photooxidiscd PHE. A:. Absomance spectra of SO mg mL"1 PHE and SO mg mL"1 

PHEQ. in methanol. B: HPLC cbromamgnun of pbocrmodificd PHE. S mg of PHE 
was adsorbed to S g of sand and incubated with 1 L of water, c:xposed to SSR or 
sunlight for 96 boun. The primary photoproduct is PHEQ. 
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COIICClltraticJ of PHE and PHEQ iD die media wae meuurcd by HPLC. To c:aafima die accuracy of 

the toxicity estimata, tr dwrice1• wae diuolwd clincdy ill IMdium wilbauc a carrm ,at..,mt ro 

concemratioas corn:spcwlina to die lower md ofdle "1■e rapmte curva. Thae COIOl••wticw '1VCIC 

also determined by HPLC. lndistinguisbablc lcwds of toxicily were obscnal repnllesl oLroutc of 

delivery. 

An additional rnixlllle of PHE and PHEQ wu gcnaated and UICllm mr tau:ity 

(PHE+PHEQ). Thia mixlure wu ctesiped to mimic die OXMN41:..liaal of PHE and PHEQ in die lipt 

cxpoacd PHE solaaiion, pmPHE. Cl)'llallinc PHE and PHEQ were added illdiYidully tD HPLC pade 

wara and agitated in darlmeu for 24 b. Ev.cu crySlals ~ nmowd by fibnlim tbrauah a 0.45 pm 

nylon membrane filter (Supclco Inc.). Tbc c:oucentwiom of PHE and PHEQ iD 1bis solldim were 

determined by HPLC as 0.29 mg L·1 and O.S4 mg L·'. respcctiwly. 

Three routes were used for delivering the c:bcmic:al to aqucou.• media, clcpcming IJll the 

experiment to be performed; incubaaon of sand-adsorbed PHE with water, ddM:ry of PHE or PHEQ 

in a carrier solvent (DMSO, Aldrich Cbanic:al Co .• Milwaubc:, WI), and direct dissolution of 

crystalline PHE and PHEQ in water. 

4.2.3 P. plmphoreum toxicity testing 

The 1wnine.,c:em baderiaP. phosphomm, (strain NRRL B-11177) were obtained mm the Midwat Area 

Naliooal Centre foe Agriculswal TTttlisarim Raan:b, Peoria, ll.. Prior to toxicitytaliag, c:ullUn:s of P. 

phosphoreum were grown in dadaless at lS°C in liquid ,nedi111n, cmnpoacd of 2.S g L·1 KHJI().., 30 g L·1 

NaCl, S g L·' glycerol, I g L·' yam cdr.iM:t, 12.S g L·1 Tsyprone, and 2.S g L·1 Bacq,qmnin, pH adjusred 

to 7.1 with NaOH Yeast extract and Tl)'JJtmc were obeaiac:d firm BDH Inc., Tonao, ON, and 

Bactopeptamin was obtained from Difeo Laboratories, Decroit, Ml. Cultures were bancstal when 1be)r 

n:acbed an absorbance of 0.3 at 600 nm, as measured using a spec.tlcpbotomcter (Sbimadzt• Scimrific 

Imtruments Inc., Columbia, MD, USA). Fifteen ml of the culture was cmttifilged at SOOOg foe 5 min and 

the pellet resuspended in IS ml of a 2% (w/v) saline solution wmiatdy prior to t.mac:ity telling. TMnty­

four 500 µl aliquots of c:ells were added to a 48-well tissue c:ullure plate (FaJc:oa Safi:t)r Procb::ts, VWR 
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Scienrific I.rd, Tonmm. ON, Cmada). The bacraia ia saliae wae -.,tat 15°C at all tiaam to allow 

comparisoa of our~-• ,MIia publisbcd ~TIii clalla (Bulida 1916; Ma-+◄IE« .md Power 1919; 

~ Canada 1993; Jacobs ctal. 1993). Afll:r !' minon antin◄PMD in 1he 41 "Adi adlaR plala, 

1hc lumV1C"SO"JIC'e 'lf 1he cdls w wnd. Cells wae dim cbal wida 1m .+cr,;,,;;a1 (Ille below) and 

incubar.cd in darlmcss er SSll fir 15 min, a8a' wbida ba.Aaiat MIHl!C&fflOC w ·•· 1•:nd UPDP~ 

was measmal at 46011111(4011111 bandwidda) usina a Cyta6xr 2350 &.aW>nP nreuaw ;l)'llml 

(Millipcre Ltd., Mimsn,ep, QN, Canada). 11r CXCdab'lD .. af* dda::tar Ml 1lrmDd aff'fl!. .... 

any badqpomd Aoaoen:,c 

Toxicity was mmsurcd • paced mtitian 'lt"ligk cmissm fiom a trmtal aliqeKJt, cormc1ed fiJr 

Joa of light in 1hc ccmol as: 

% Inhibition = 100 (1- Lr • Ci ) 
Li ·Cr 

(1) 

where ~ is 1he initial lumpan:nce of lhe bactaia priar to taxicam cxp011Ul'C» L,. is 1he hanineraacc af 1hc 

bacteria fullowing a 15 min c:bl::mic:al expaallR. and C and Cr arc 1he iniaial and final bJmiaescmce r,c 1hc 

control bacteria. 

Calodalim ofEC,a, {1hc estimated toxicam awocw4ian caaesing a S0-/4 rmac:tion in ligk output) 

was based c:n a 1ogit fimclian for oonriD•eous rap,_ daaa (Saaaabaoaa « al 1917). The daaa fiJr % 

inlubitic:n vs. chemical ccncmtration cm be fit to the cquatian 

OL lnhib. • -( 100 ) .,. 1t1on - ~< > I +e .,_,, {2) 

where xis the logarithm of the coacentralioa, Ji is the lopritbm of the ECSO, and J3 is a measure of the 

slope of the concentration-response curve. 

4.2.4 P. pbmpborewn exposure 

After the initial measurement of bacterial luminescence di.lcusscd ~ the badcria were dosed with 

chemical(s). SOO J1} aliquots of resuspended cell culture were combined with equal volumes of 
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cbcmical(s) in 2% saline at 2 times the~ required for toxicity tc,ting A diJu&ioa tcria of 

each chemical or solutim of chemicals, plus ccmrola, were added to the welll in triplicate ProYidina 3 

n:plicat.c:s of each C01'414Htidl per indmdual amy. For taxiicity talias of PHE and PHEQ. stock 

solutims ofc:ada cbnnic:a• (5 mg ml·1 of PHE and 1 ma ml"1 of PHEQ) were prepared in DMSO and 

diluted with 2% saline to~ the desired CUh.04•--- ScWII CQMCNiiCn.DOIII in a ID0ffldric ICria 

wen: used for testing with eadt c:bemical 1bc Cl0Dwtl11 ■1itim ofDMSO wu SO.I% in each oftbe filal 

mixiun:s. For toxicity testing of the pmPHE solution (dcscnbed above), the salinity of 1bis so1utiaa 

was adjusted to 2% by addition of solid NaCl. and a lcria r, dilutions "¥ell: made widl a 2% salim 

solution (w/v). 'Ibis series was fiutbcr diluted by balf after addifion to tbe bactaial aliquot. rauftina in 

the following exposures: S0o/a. 25o/a. 12.So/a_ 6.25%_ 3.llo/e. 1.56%. 0.78o/a_ and 00/4 as a comrol (i.e. 

the SO% pmPHE treatment contained 0.13 mg L"1 PHE and 0.29 mg L"1 PHEQ). The prepared 

PHE+PHEQ mixture was combined with the bacf.erial suspension using the same dilution profile as 

used for the pmPHE solution. Concentrations reported in all toxicity assays WCR the amounts present 

at the start of the toxicity test, as determined by HPLC. After dosing, the cells were incubated in 

darkness or SSR at 15°C for IS minutes, and the lwninesrarc 'DCUURXl again. 

4.2.5 L. gibba toxicity testing 

The methods used for testing L gibba arc described in detail dsewbi:ft (McConkcy c:t al. 1997), and will 

only be swmnarised here. The irradiatim source f0I' plant growth during cbemical ballncat was SSR or 

visible light, each with a total visil>le light flumcc rate of 100 µmol m-2 s1
. Toxicity was usessed u 

inhibition of plant growth (Greenberg et al. 1992; Rm c:t al. 1994). For all toxicity mays two plams (toeal of 

8 fronds) were exposed to c:ooa:mations of cbc:,ricaJ(s) in a FOR•ldric aics and incubated ~ visible light or 

SSR The growth media and cbc:mical(s) ~~every 2 days. After 8 d the plants we= ranoved and 

the leaves were counted to dctcnninc the growth lat&::s as fi>llaws: 

F,=FZ (4) 

where F0 and F, arc the number of fronds at time mo or at time t (ID days), rc:spccCM:ly. The number af 

times the plants have doubled (n) is solved by: 
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n= 1og(¾) 
log2 

(5) 

The growdi ra&e is alt (Cirecnb.:rg ct al 1992; Rm ct al 1994). EC,al. ill 1bis CUC wncl Ma 50% 

'1Xfuctim in growdl r-. ~ cak,dattd in 1be same maa■n u EC:9111 bcbeP. phoql,orn,,,, amy. 

4. 2. 6 Cur,,,e fitting and .1tati.1tics 

The measured respoara used in both toxicity assays weft' QlllblllNJUI variables (a pcram clecnue in 

light production for P. pho.lpholYIUII, and a percent decrease in growth rare for L gibba), and die 

variance was approximately uniform over the range of cxperi--.a4al ~- AccorclinalY, an 

iterative least squares method was chosen as the most suitable means of caJculating EC,o values. Data 

analysis and curve fiuing was done using SYSTAT"" (Wilkinsm 1994.). 

Two methods of data handling were used to calcular.e EC,o1 and coo~ inlcrvals. A!J all the 

wells on each plate in the P. pho.Jphorewn assay cx,ntained organisms from the same batch cul1urc, it 

could be argued that the wells are not true replicates. However, within plate variation was still a soun:e 

of error, as well as between replicate plates fiom diffcrmt batch cultun:s. Thus two mclbods of 

variance estimation were used, and the more coascrwtivc estimate of the CCJllfidcnce iotava1 was 

cho.sen m each case. In the first method, an EC,., value for each replicate assay was calculated, w then 

an overall ECso was calculated by averaging the EC,o1 obtained fiom each replicate. Confidence 

intervals on the resulting mean EC,., were calculated using established methods (Kuehl 1994). In tbe 

second method, EC,o1 and confidence iotervals were calculated fiom a set of data pooled fiom 

experimental replicates. The EC,., was estimated as el' ftom the parameter t1 m equation (2) after fiUing 

the equation to the pooled data set using the NONLIN module of SYSTAT"". The com:sponcling 

confidence mtervals were calculated from the confidence intervals of" predicted by the NONLIN 

module ofSYSTAT"" (Wilkinson 1994.). Analysis of variance calculations were concluded as a 2 x 2 

factorial design (chemical x light) utilizing the MGLH module of SYSTAT"". Statistical significancc 

was tested at a level of a=O.OS for all experiments. 
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4.JRESULTS 

4.3.1 Solubility and Degradation of PRE 

To analyze the photooxidatioa of PHE, tbe cbcn,ical WU adsorbed onto sand, covaed with water, and 

incubated in SSR. naiunJ sm,lipt or dadmca. Duriaa die cxp0111~ .. tbe rdcale firm bound phae 

moaitorcd. Wbm tbc: QO!!lpnRtc WU incubated in cladmea .... WU rapid moan ol'PHE to die 

aqueous phase to an equilibrium c:anca4►llb()G of 0.40 ma L·1• wida no obacned depadatioa of PHE 

(Figure 4.2). In SSR, tbe initial rate of release of PHE firm die bound phase wu nearlythe 1a1ne • in 

darkness (Figure 4.2). A mnimwn canccr•lnlllloa of 0.43 ma L·1 PHE in sobdioa wu attamcd • 1111. 

after which the concentration decreased to 0.26 mg L·1 by 96 boun. In SSR. PHE wu pbotooxidised to 

one primary pbotoproduct, PHEQ (Figures 4.1 and 4.2). wbidl was present• 0.51 mg L·1 after 96 h. 

HPLC analysis muled the fonnaiioa of only small amou• of wcondary pbot.oproduds (Figure 4.1). 

This product profile due to exposure of PHE to SSll is suikingly similar to the profile obtained firm 

exposure to natural sunlight (Figure 4.1), indicating that PHEQ will be a key phorooxidatioa product in 

the environment. 

4.3.2 Toxicity of PRE and PREQ to P. pbospbon:um 

P. phosphoreum was incubated in SSll with either PHE or PHEQ to dercnninc tbe relative toxic 

potency of each chemical (Figure 4.3). The calculated EC50 of PHE was 0.53 mg L·1
, which agrccs 

well with published ECso5 obtained using the Microtox"" assay (Jacobs et al. 1993). The ECso of PHE 

is above the concentration of PHE obtained by release ofPHE fiam sand (Figure 4.2, Table 4.1) but is 

less than the published solubility of 1.1 mg L·1 (Billington« al. 1988). The calculatm EC50 of PHEQ 

was 0.102 mg L"1 in darkness, 5 times more toxic than PHE, and well within expcrimmtal solubility 

limits (Figure 4.2). The short exposure tune to SSll in cxpcrimmU witbP. phosphorerun (lS min) 

precluded any measurable pbotooxidation of PHE to PHEQ, ensuring that the observed toxicity could 

be attributed solely to PHE or PHEQ, and not to any pbotooxidation products that might fonn during 

the course of the assay. 

70 



., 
c 
0 

! 
c • u 
C 
0 u 

o PHESSR 
6 PHEQSSR 

0.6 • PHEDark 
• PHEQDark 

0.4 • 

0 

0.2 

0.0-. ....... - ..... --..... ----A---6----.l~----.A.---..... ~ 
0 24 48 72 H 

Time, h 

Figure 4.2. Kil'dics of relc:ue wl pbotoaxictetion 'Jf PHE hm sad. lac:ubaaoa 
of a sand/PHE/waler composite wu carried out in darlmc:ss or SSR 
(100 µmol m·1 s"1

), as descnlJcd in Mctbods. In SSR, one primary pbotopmduct 
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Figure 4.3: Dose-response of P. phosphoreum to PHE and PHEQ. P. phosphoreum 
was exposed to a concentration series of PHE and PHEQ for 1S min in the dark or in 
SSR. Bacterial response was measured as percent inhibition of luminescence and 
plotted versus chemical concentration. Each data point represents an average of three 
replicates of a given concentration from one experiment. 
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Table 4.1: CaJneleted ':C,o1 fortaxicityofPHE a PHEQ toP. pl,Mpl,orw,u,, andL gtbba, 

under difteaent lighting conditions. Data are pra _, u EC,o1 (lower 95% coafidence intenal, 

upper 95% c:onfidc:ace inta'vaJ. aumbcr ofn:plic:ata) in ma L"1
• 

Orr;anism 

P. pl,Mphornu,, 

L gihba 

Toucant 

PHE 

PHEQ 

PHE 

PHEQ 

DARK 

0.53 (0.31. 0.61. 4) 

0.102 (0.079. 0.12.S. 4) 

V-llible 

>S.0-

0.S3 (0.49, 0.57, 3) 

0.53 (0.32. 0. 74. 2) 

0.093 (0.061. 0.12.S, 2) 

3.48 (3.11. 3.10, 3t 

0.51 (0.53,0.61, 3) 

• a maximum inlul>itioa of 44% was obscrwd at a cmcamatioa of 5 mg L"1
, the highest 

concentration used in the assay. 

b confidence intervals e,plcuJated 4i'om pooled data sc:t. 

To determine if the toxicity of PHE or PHEQ observed in SSR could be aunl>uted to 

photosensitization reactions (e.g. produc:tioa of singlet cmygm) initiated by citbcr compound, P. 

phosphoreum was incubated in the dark with the cbanicaJ• (Figure 4.3). The c.alodared ~C,o1 for each 

chemical in SSR or darkness were not sratiscically difli:reat (Table 4.1). indicating that pbotoactivaaioa 

of PHE or PHEQ was not a factor in tbcsc short-term toxicity assays. In both SSR and dadmcss, 

PHEQ was more toxic than PHE. 

To further examine the toxicity of PHE and PHEQ. P. phosphoreum was incubated with 2 

different mixtures of the chemicals. The first mixture of PHE and PHEQ was generated by ino!bating 

PHE in SSR for 96 h (pmPHE). The final conccntratiom of the mixture were 0.26 mg L·' PHE and 

0.58 mg L"1 PHEQ. The pmPHE soJution aJso contained several minor photDproducu that were not 

characteriz.ed (Figure 4.1). The second mixture of PHE and PHEQ. PHE+PHEQ. was preparal from 

stock solutions to approximate the concentrations of these 2 chemicals in the pmPHE mixture. This 

73 



n:sulted in a solution cmtaiaing 0.29 ma L·1 PHE aad 0.54 ma L01 PHEQ. Dilutions 'liCle made ofbada 

mixtures as a percent of the original solution, and ta&ed widl P. phospJ,oraa,, in SSR and dadmeu 

(Figure 4.4). 

The EC,o for the pmPHE mixmre in dadmaa cam:spxtl\-wt •o a 11.5% solution (Table 4.2), or 

0000':IJtP.tions of0.030 mg L·1 PHE and 0.067 ma L·1 PHEQ. Campanblc raults wen- obtainod • 

SSR for the pmPHE ~ (Table 4.2). For the PHE+PHEQ mixlllle tbe ECSO in dulmea wa 11 % 

(or 0.032 ma L·1 PHE and 0.060 ma L·1 PHEQ). Far bodl die pmPHE and PHE+PHEQ mixlma dim 

was no significant increase in toxicity in SSR. c:mfinnioa 1bat c:smpt fiJr di,!! photooxidarion of PHE to 

PHEQ, light does not have an activating role in tbe toxicity of tbcle cbemic:als •o P. phosphorn111 

(Figure 4.4). Because bodl the pmPHE mixture and the PHE+PHEQ mixlure gave rise to wry similar 

EC,o.1, and no additional toxicity could be auributcd to the minor products in tbe pmPHE mixture. The 

concentration of PHE in the mixtures at ECso was 15-fold lower than the EC50 for pun: PHE. However, 

the concentration of PHEQ in the mixtures at EC,o (0.060 to 0.067 ma L.1) was close to the ECso for 

pure PHEQ (0.093 to 0.102 mg L·1), fiartber implYinatbat PHEQ caatnbut.cd tbe majority ofthe 

toxicity observed in the mixtures. 

4.3.3 Toricity of PHE and PHEQ to L gibba 

The toxicity of PHE and PHEQ to L gibba was assessed by Dr. Cheryl Duxbury. This assay provided 

a means to detenninc if the increase in toxicity of PHE on pllotooxidatioa was similar between diJfen:nt 

species. While experiments with L gibba cannot be performed in tbe dark, visible light and SSR can be 

used to determine iftbc presence of UV radiation bad an activating role in toxicity. A!J PHE doesn't 

absorb visible light and PHEQ absorbs primarily in the UV region of the spcctrwn (Figure 4.1), UV 

radiation would be required for pbototoxicity. L gibba was incubated with citbcr PHE or PHEQ in the 

presence of visible light or SSR for 8 days. The calel1Jatol ~C,o for PHE was 3 . .S mg L·1 in SSR and 

>S.O mg L·1 in visible light (Figure 4.5, Table 4.1). While these concenttabOlls were above the 

solubility limits for PHE (Figure 4.2) (Billingtoo et al. 1988), significant inhibition of growth was 
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Table 4.2: Qalodamd ~-e .. mr tbe pmPHE mixSure (IIOck IOlnrion CONOG:atiaui; 0.26 mg L. 
1 PHE and 0.58 1111 L·1 PHEQ) and PHE+PHEQ mixlwe (llac:k 10111nm CODCO•UliilDuiii: 0.29 

mg L·1 PHE and 0.54 ma L·1 PHEQ) to P. pl,Mpl,orn,,, in dadmea and SSR, and tbe pmPHE 

mixtuR to L gibba in 'Visablc 1iabt and SSR. Data~ pn■ w u EC,ai (Iowa- 95% 

rmfidcncc imcml. upper 95% «-·~ imcrYal. number af npliA&a), wbae tbe EC,o is 

reported as a pem::,••aae oftbe stock tOhaam Con«i4•.IIDCJDI af PHE aad PHEQ in tbe 

mixtures at ECso ~ rcpartcd in ma L·1 belaw tbc pciCri4¥ ~£,a,. 

EG, 
Organism Toncant DARK all 

P. phosphofftlll pmPHE 11.5% (9.0%, 14.0%, •> 10.3%(7.4%_ 13.lo/e, 3) 

PHE,mgL·1 0.030 0.027 

PHE(t mgL·1 0.067 0.060 

P. phosphoreum PHE+PHEQ 11.00/4 (9.8o/e,12.4o/e,3)1 1 l.()•/4 (10.1 o/e,12.00/e,3)1 

PHE,mgL·1 0.032 0.032 

PHE(t mgL"1 0.060 0.060 

V-1111,le 

L gibba pmPHE 72.0o/e(69.8o/e, 74.2o/.,3)1 73 .8% (7 l .2o/e, 76.5%,3)1 

PHE,mgL·1 0.19 0.19 

PHE(tmgL"1 0.42 0.43 

1confidence intervals calculated fiom pooled data set. 

observed at concentrations within the solubility range (<1. 1 mg L"1) (Figure 4.5). Similar to P. 

phosphoreum, the toxicity of PHEQ was much greater than that of PHE, and the toxicity of PHEQ 

was essentially the same in visible and SSR (Table 4.1). We note that for L gibba, PHE toxicity is 

greatly enhanced by UV radiation; however, with an 8 day toxicity test based on a 2 day static rmcwal 

cycle, there would be time for a considerable amount of the more toxic PHEQ to be formed in SSR. 

L gibba was also treated with the pmPHE mixture in the pn:scnce of visible light and SSR. In 

both SSR and visible light, the ECso was approximarcly a 73% solution (Figure 4.6, Table 4.2), which 
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c:orn:spoads to 0.19 ma L01 PHE and 0.42 ma L·1 PHEQ. Oaceapia tbe PHEQ QJII054dtm in tbe 

pmPHE mixmre at tbr: EC,o c:oneJat.ecl well with tbe EC» mint4•4im of PHEQ wbm applied in pme 

form (Tables 4.1 and 4.2), indic:atina 1bat PHEQ was tbe major CDlllrihuror to die toxicity oftbe 

pmPHE mixture. 

4.4 DISCUSSION 

Based m our work with the bacteria P. phosphornm and tbr aquatic plant L gtbba. tbe primary 

pbotomod;fimion product of PHE, PHEQ. is tbe primary tmicant ia PHE caomiMkd media dull 

has been exposed to actinic radiation. The toxicity of PHEQ wu not altaed by dadmeu, visible lipt 

or SSR, indicating that its toxicity is iDdcpcndent of either pboloscnsitizatm or fiu1ber pbotooxidarion 

For each organism, the pmPHE mixture, PHE+PHEQ mixture and PHEQ bad similar impacts based 

on PHEQ concentration, indicating that neither PHE nor the minor photoproducts of PHE contributed 

significantly to toxicity of the mixtures. Since solutions of PHEQ alone gave ECso1 comparable to tbe 

PHE+PHEQ and/or pmPHE solution with both organipns, it can be caodudcd that tbe dominant 

toxicant in the mixtures was PHEQ. 

Previous work with P AHs has demonstrated that a photomodified solution of a P AH exhibits 

greater toxicity than a solution of the parent PAR (Huang et al. 1993; Ankley et al. 1994; Rm et al. 

1994; Huang et al. 1995; Ren et al. 1996). In those studies the photomodification products were not 

identified, and so the relative contributions of individual pbotoproducts could not be assessed. PHE is a 

unique P AH as it produces only one major pbotoproduct after 96 b exposure to SSR. The 

photoproduct, PHEQ. accounts for over 90% of the total pbotoproducts formed. The n:maining 

unidentified photoproducts are few and present in very small amounts. The cammcrcial availability of 

pure PHEQ allowed for comparison studies of the pmPHE mixture containing additional minor 

photoproducts against solutions of PHE or PHEQ alone, and ofa PHE and PHEQ mixture free of 

additional pbotoproducts. Based on the work presented here, PHEQ was clearly the major toxicant. If 

one assumes PHE and PHEQ toxicity are approximately additive, PHEQ would account for the 

majority of the toxicity of a PHE solution that bad been exposed to simulated or nanaral sunlight. 
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Figure 4.S. Dose-response of L gibba to PHE and PHEQ in visible light and SSR. 
Plants were exposed to several c:oncentrations of the two chemicals in a geometric 
series, and the response was measured as the doubling rate over an 8 day period. 
Data is reported as inhibition of growth. Data points are the mean of 3 replicates 
from one experiment. 
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Figure 4.6. Dose-rcspoasc of L gibba to pbotanodificd PHE in visible light and SSR. 
A dilution series of the pmPHE stock solution (0.26 m&'L PHE and 0.51 ..,-I. 
PHEQ), ftom O to 90% of the original concc:ntratioo, were used as dcscnbcd in 
Methods. Dara points represent percent inhibition of growth as described in Figure S. 
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The bioavailability of P AHs is important wbm cmsideriDa 1bar toxic ef&dl in 1be 

environment. As a n:sult of the low war.er solubility of illlKt PAIis, tbl:y adsorb to scdimmls in 

aqueous environmmls resulting in low accessability to aqualic plallll wt animals (Basu and Sauna 

1978; Cook ct al. 1913; Eadie 1984). Indeed, 1be caknJeted EC,al of PHE a P. pholpl,orn111 andL 

gibba are above lewis found in contaminated wmn (Bull and Sexrne 1971; Cook et al 1913; Eadie 

1984). When PAHs ~ c:xpased t.o si•alipt, ~. dley are rapidly phdomrictimd to products wbidl 

are generally more water duble and therefore more acccslible to aquatic cqaaiPM Thr calaeleted 

EC,o.1 of PHEQ are 'Wdl below its solubility limit and coasiderably lea the atimated EC,o1 of PHE. 

Given the short balf.lifi: of PHE (approxunatdy 41 b m SSR), rdatiwly hip PHEQ coew»dntkm 

cowd be formed m cnviromnental c:ompar1mCDts cxposec1 to sunlight. ne cx,gtiDUCJUI re1cue of 

sediment-bound PHE to the water column and subscquc:nt light mc,diatrd ~ to PHEQ would 

significantly increase the environmental risk associated with the original PHE. Unfortunately, 

consideration of PHEQ, as well as the photomodification products oftbe other PAHs, are cwrcntly not 

included in most environmental risk assessments. 

The two organisms used for toxicity testing were both sensitiw to the compounds tested, 

although EC,o.1 for P. phosphoreum were an order of magnitude lower 1ban lbosc for L gibba. This 

difference in toxicity can be attributed to the nature of the oqpniPDS, As a bactaia, almost all cellular 

functions of P. phosphoreum are immediately and directly exposed to die toxicant once the cellular 

membranes are breached. In contrast, L gibba is protected by the struclWal c:ompanmcntalu.ation 

associated with plants. The plant cell wall is an additional barrier to roricanr ••ptalcc. Noactbeless, each 

organism responded to the toxicants m a similar relative manner, with PHEQ more toxic than PHE. 

In the PHE toxicity experiments with P. phosphorewn, the short exposure time to SSR 

precluded significant photooxidation, Because the toxicity of PHE to P. phosphore11m was the same in 

darkness and in light, photosensitization was not important to the P'CCbaaism of toxicity for PHE. In 

the experiments with L gibba, however, PHE toxicity was photoinduccd, wi1h toxicity in SSR much 

greater than toxicity in visible light. If one assumes that photosensitizarioa was not a factor m the 

mechanism of toxicity of PHE, as was the case with P. phosphoreum. then it can be concluded that 1be 



increased toxicity of PHE to L gibba in SSR. was due to pbacmsidation la 1be two clay llaaic rwwal 

method used withL gibba pbotooxidation of PHE would occur. Hawewc, since the balf-liic of PHE in 

SSR. is 48 h, not all the PHE would pbotoo,ridize AccordinalY, it is not surprising that PHEQ was 

more toxic than PHE in SSR.. PHEQ toxicity was also not~ the level of toxicity wu 1be 

same in both visible lipt and SSR.. That UV ractiarian doca not.._ lbe toxicity of PHEQ micatre 

that it is not a good photosmsitizcr and is resistant ~ plnomrideaiae 

Although many PAIis are toxic or give rise to pbaromocli&aliua pRMlum dud exhibit 

increased solubility and toxicity over 1be parent cbcmical. not all PAHs will give rile to biply toxic 

pbotomodification products (Oris and Giesy 1985; Newsled and Giesy 1917; Huang ct al. 1993; 

Ankley et al. 1994; Rm et al. 1994). To asc:crtain which PAIis can generate more toxic pbotoproducts, 

it is instructive to look at predictive modeJs of toxicity. QuamitatM Struclure Activity Relatiombips 

(QSARs) have been dewloped to predict the toxicity of PAHs (Krylov et al. 1997; Huang ct al. 1997; 

Newsted and Giesy 1987; Greenberg et al. 1993; Ankley et al. 1994). It is intcrating to note that in 

models of the photoscnsitization activity of intact P AHs, PHE is pn:dictcd to have low adivity 

(Newsted and Giesy 1987; Ankley et al. 1994). However, when ts toxicity ofpbotomodificd PAHs is 

considered in QSAR. '110dcling of pbotoinduced toxicity, PHE becomes a moderately toxic P AH 

(Greenberg et al. 1993). With the agreement between QSAR. modds and tbr cobanced toxicity of 

PHEQ relative to PHE, clearly identification and toxicity testing of oda pbotoo,ridi7ed l' AHs should 

be of high priority. This will generate better infonnatioo to assess which compo11ncfs in coatamioated 

ecosystems are damaging. The photooxidation of P AHs may have significant impact in aquatic 

environments, as pbotooxidation incn:ases the solubility of the cbanicals thereby increasing 

bioavailability. Even when the PAHs are sequestered in sediment cw in topsoil away ftom sunlight, 

mechanical disruptions c:an occur that will expose the parent P AHs to sunlight. 
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CIIAPTEll5 

BENZO(A)PYRENE PHOTOOXIDATION AND TOXICITY OF PHOTOPRODUCfS 

S.l INTRODUcrION 

Bcnzo(a)pyrme bu been idcnnfied u aae altbe IDOlt potent PAH procan:iDogml, and is aae oldie 

bcacr' studied PAHa (Varaaaai 1919). Bmm(a)pynac (BAP) ii nat a c:an:iaopa illcl( but nquira 

enzymaDC acti'Ylllim by c:ytocbromc P450 to lave c:an:iDopnic cfl'eell. Tbe cytoduame P450 

monoox:ygcnasc sys1em produces a variety oF oxvlisecl, hyclroxylatcd and epoxide forms, wl many al 

these arc tbnbcr metabolised to barmless water soluble metabolites. Activalion of BAP to ill IDOlt 

carcinogenic form requires two sequential oxidations, resulting in BAP-7,l~ol-9,l 0-cpoxide. This 

metabolite forms mvalcnt bonds to the guanosine moiety of DNA, which resulu in poinl mutaaims 

and can eventually lead to events such as oncogene activation and tumour formation (Manball ct al. 

Procarcinogen activation of BAP and other P AHs bas been documented in fish as well as in 

rats (Thornton et al. 1982; Buhler and Williams 1989), and DNA damage bas been shown to be due to 

other BAP metabolites as well as the 7,8~ol-9,10-epoxide (Lesko and Lorentzen 1985). 

Benzo(a)pyrenc quinoncs in particular have been shown to elicit toxic cff'ccu (Lorentz.en ct al. 1979; 

Smolarek et al. 1987), and both benzo(a)pyrenc quinoacs and the mucturally related pyrenc quinoacs 

have been shown to have mutagenic activity (Sakai et al. 1915; Flowers-Geary et al. 1996). In 

addition to the demostratcd toxicity, carcinogenicity, and mutagcnicity of BAP and metabolites, it is 

also phototoxic (Cody et al. 1984) and increases in toxicity on photooxidation (Huang et al. 1993; 

Krylov et al. 1997). 

The environmental fate ofbenzo(a)pyrenc: in aquatic systems has not yet been tblly 

characterized. The metabolic activation of BAP to deleterious metabolites is well known, but the 

activation of BAP by means other than metabolic (such as light activation) bas not been as well 

studied. It is likely that the photooxidation products of BAP are structurally similar to some of the 

metabolic products, particularly quinones; the activation of BAP to deleterious chemical species is 
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tbercfon: pouible in tbc ablcnce of merabolism. 

Bcm.o(a)pyrcnc undcqocs pbacooxidmon reactions similar to odla' PAHi, and dais is likely 

the major route of decomposition of BAP in enviroama,tal systcms. Thc pbotodqpadation ,,CBAP 

was invcstipt.c:d to identify the photoproducts, tbr kinetics of 1beir formation, and die rate at 

dcgradaDon of pbomprodudl relative to die parent PAK The system used to iaYCllipr.e BAP 

pbocooxidatim used simulated~- Wetiaa (SSll) fbr apan:a. pn,vidiDa a lipt lGUICC wilh 

ratios of UV and visible lipr similar to dae ua aalm1I' •qnetic sy1tem1 (Huaaa ct al 1993; 

Greenberg et al 1995; Huang et al. 1995). A carrier IOlvcat wa used to dcJivcr BAP to die aqueous 

phase; the solvent c::arricr also acted as a sink for a ftadion of lbc free radicals generated by 

photoreactions, as would bumic acids and other compments of natuJal systems. Thc toxicity of 

photoproducts was confinncd using the Photobacterillm phosphoreum toxicity assay. 'Three primary 

photoproducts of BAP phocodegradation were identified, and two more produc:11 were identified as a 

result of fiutbc:r degradation of the primary pbocoproducu. 

S.l MATERIALS AND METHODS 

5.2.1 Preparation of henzo[a]pyrene solutions 

Benz.o[a]pyrene (BAP), >97% purity, was purchased frrm Sigma Chemical Co. (St. Louis. MO, 

USA). The purity of the compounds was confirmed using high pressure liquid cbromatography 

(HPLC). The water used in all cxpcrimcnts wu HPLC grade water, oblained from an Bamst.cad E­

pure ultrafiltration system (VWR/Canlab. Mississa11p, ON). Two means of delivery were used to 

investigate the photodegradation of BAP in an aqueous environment. The first was by direct 

suspension of BAP in the aqueous phase, accomplished using dimcthylsulfoxide (DMSO) (BDH Inc., 

Toronto, ON) as a carrier solvent. A stock solution of BAP in DMSO was prepared at a nominal 

concentration of 2.0 mg/ml, a sufficiently high concemralion to permit quantitative analysis ofBAP 

and photoproducts. 200 f'l of the stock solution was added to 200 ml of rapidly s&irring waler in 250 

ml pyrex beakers. This created a1a extteinely fine suspension of BAP in the aqueous phase, mimicking 

particulate bound BAP in a natural aquatic system. The resultant concentration ofBAP was 2.0 mg/L 
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in an aqueous so1ucioa widl 0.1% DMSO. 

The secoad system med to monitor BAP pbatodearadario wu the adlorpam oE cbanical to 

acid-washed fine sand (Sigma Chemical Co.), providina a simple system to model BAP behaviour in 

sediments. Two milligrams ofBAP wu dissolved in 2 ml ofHPLC grade dicbJOIOJllldbanc (Fisher 

Scicnlific Ltd., Mimuanp. ON) aad c::ambincd with S I of sand in a 2.SO ml ..... beaker. The 

dichloroaN'tbanc wu ranovecl by c.apcnaim for 2 boun in tbr abaeacc of liabt to minimise 

incidcatal pbotorcaairm. 1111d the BAP-adtorbed 11111d w c:owcaod Mda 200 ml oEHPLC pade 

water. The beaker was coverod with pol)'edaylcnc &Im, a matcrial tmllpalClltto UV-8, UV-A and 

visible light. 

5.2.2. Light exposure ofsoltdlonr 

Beakers oontaiaing ~ the BAP suspension in water or the sam'watcr/BAP COIDp0lire were cxpoNd 

to 180 µmol m·2 s·• of simulated solar radiation (SSR, visible:UV-A:UV-8 ndio of 100: 10: I, sunilar to 

that of sunlight) (Huang ct al 1993; Greenberg et al. 1995). COllbUI beakers ~ prq,ared • the same 

concentrations and incubat.cd in the dark. War.er samples of I ml were removed &om camol and trearec:l 

BAP suspensions every 24 hours over a six day period, fi>r subsequent chemical analysis. After six days 

exposure, approximately 190 ml of the BAP suspension was c:aoco■batod onto a 3 ml ENVI-18 solid 

phase extraction cartridge (Supelco Inc., Bellefonte, PA, USA) and dutcd widl 2 ml of 100-/4 mc:d,anol. 

This provided a CODC;a1tlatecl sample to confirm the idaMlity of the photoproducas detected in the 

quantitative aliquoes. 

Two beakers of the BAP/sand/warcr composi~ at two and four days exposun:, were 

extracted using liquid-liquid extraction. lbc liquid-liquid extraction procedure was used instead of 

solid phase extraction, as it could better accommodate extraction of BAP from bound phase. The 

majority of the aqueous phase of the composite was removed and put into a 500 ml scparatory fimnel, 

and extracted twice with 100 ml HPLC grade dichlorrmcthane. The rcmaiaiag sand and BAP in 

bound phase was extracted tbn:e times with 20 ml dichloromethane. Each extract was filtered through 

a GF/C glass microfiber filter (VWR/CaaJab, Mississauga, ON) and combined into a scpara&ory 
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fimacl, pcrmiUina die separation of tbe orpnic phase &am tbe 'elith1aJ aqueous phase. Tbe sand 

extract and tbc aqueous pbalc extract were crmbincd wl CODCCDtrated usiDa a IOlal)' evapcnlOI' to 

approximately 10 ml dichl~baoc. dlcn dried under a 1t1eam of 4dlOBCD to appn,ximatcty 0.5 ml 

Sufficient mcdumol was added to the coac:cntrated cxtram to give 1.0 ml tocal volume. 

5.2.J. Clwlllicol anaJym ofbmzo[a]pyrene and photoprodlll:a 

Chromat.opaphic analysis was performed with a Sbinwtne ffPLC syst.em comprised ofaa SCL-l0A 

system c:ammller, an SJL-l0A autoilljectol', two LC-l0AD dual pumps, and aa SCI-l0A diode may 

dc:teetor (Shimadzu Scientific Instruments Inc., Columbia. MD, USA). Tbe HPLC column used for 

chemical analyses was a 2.S cm x 4.6 mm I.D. Supelcosil C11 reverse-phase co1umn with a 5 pm 

packing (Supelco Inc., Bellefonte, PA, USA). HPLC grade water (adjusted to pH 3 with phosphoric 

acid) and acetonitrilc, both degassed with helium, were used as elution solvents at a ccastant flow rate 

of 1 ml/min. The gradient used was water:actonitrile (95:5 v/v) for 5 mimltes, then a linear gradient to 

water:acetonitrile (5 :95 v/v) over 30 minutes, and held at 95% acetonitrile for 5 minutes. An injection 

volume of 200 µJ was used for aqueous samples, and an injection volume of 100 µJ was used for the 

concentrated extracts in dicbloromcthane:mcthanol. A sccoad gradient was used for the scpa,alioa of 

BAP and photoproducts for confinnation of product identifications and toxicity testing. as acctonitrile 

was not a suitable solvent to use with toxicity assays. The same experimental setup was used, with a 

methanol/water gradient used in place of the acetonitrile/wat.cr gradient. The initial conditions were 

methanol:water (65:35 v/v) at pH 3 and held constant for two minutes, followed by a linear gradient 

to 80% methanol over 20 minutes. then to 95% methanol over 3 minutes. The 95% methanol was held 

constant for an additional 10 minutes. 

Where possible, purchased standards of likely photoproducts were used to identify the 

photoproducts ofBAP. Standards ofbenzo(a)pyrenediones were obtained ftom the National Cancer 

Institute Chemical Carcinogen Repository, Midwest R.esc:arch Institute, Kansas City. MO. 

Antb.raquinone and beluanthroae standards were obtained fiom Sigma Chemical Co., St. Louis, MO. 
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5.2.4 Tmacity tating of pl,otoprotJ,u:a 

The luminescent marine baaeria Photoboct.riua pholphorautt wu ued to screen the toxicity of 

isolated BAP pbacoproduc:tl, 1k mdhocl ucd WU p~ in Chapter 4. and so will not be 

presented in ddail here. Brictly, the assay used was a 15 minute acure tmicity assay. coaducted at 

1S°C. The toxicity test was conductcd oa a 48-well tissue c:ulture plate (Falcoa Safety Pwocluccs. 

VWR Scientific Ltd, Toronto. ON. Canada). Jnbibition of lumioaccncc was used u a mea111n: ofdle 

toxicity of cbcmicals tcsled. Lwninescmce was measured at 460 DID (40 DID bandwidth) 1ISUII a 

Cytofluor 23SO tluoresccncc mcasumncat system (Millipore Ltd.. Missimnp. ON. Caneda). TIie 

excitation lamp of the dc:tcctor was tumcd off to ~liminate ay background fluorescence. 

Fractions for toxicity testing ~ isolated &om a coac:emratcd sample ofBAP expmed to SSll 

for six days. Products were isolated at the detectcr' outlet of the HPLC sysr.cm. The 00'.:odliltklll and 

purity of isolated products was estimated by comparison wid, srandard cum:s using aadbcmic 

pbotoproduct, where standards c:xisted. Tbe fractions were in 65% to 100% methanol, and wae diluted 

100-fold with 2% saline solution prior to toxicity testing 

Toxicity was quantified as percent inhibition of light emission, COffllCICd for loa of light in 

the control. Calculation of EC,o1 (the toxicant concentration effective in causing a SO% reduction in 

light output) were based an a logit fimction for continuous response dasa {Sanatbaoan f't al. 1987). 

The bacteria were exposed to a control plus seven concentrations of chemical in a geometric series, 

with successive balvinss of the concentration at each step. An additional control was used to 

determine the effect of methanol on the test orpnism. The concentration of mctbanol used in the 

dilution series was a maximum of 1 o/e, a concentration of methanol that elicited no respamc in a 

carrier solvent control. 

5.JRESULTS 

5.3.1 Solubility and degradation ofBAP 

Aqueous suspensions of BAP were incubated under SSR and darkness. and the resulting rare of 

degradation was monitored (Figure S .1 ). The dark incubated solution exlubited a very slow decrease 
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Figure 5 .1. Light dependent degradation of benzo(a)pyn:ne. Initial conditions were 
2 mg/L nominal BAP ccmcenttatim in water with 0.1% DMSO. Concentrations 
were determined by HPLC/diode array, 240 nm absorbance with 10 nm bandwidth. 
Solid line is BAP in 180 mmol/m2/s SSR, dotted line is BAP in dark. 

87 

8 



in BAP CODCClllnllion over tbe incuberioa period. wiab tbe caac: •nDCID decrcuiDa by leu drm 5% 

over six days. This indicated that Jou of pumt product due to evapo1Miaa. precipiblioa. T noa­

pbotochcmical dcpada&ioa wu minimal IJver the c::oune of tbc apcrimc:at. 11le lipt exposed sample 

c:xlubitcd a linear decrcuc in rmce,aaDua of 0.449 mg L"1 er• over die fint 4 dayl apmun=, 

followed by an c:xponcmial-lib decrease until the coDCCDtraaoD of BAP wu below tbc ddedioa 

limit. 

S. J.2 D.t.ction of photop,ot,/,M:16 

After six days exposun=, >98% of tbe oriamal BAP bad been COIIVClted to pbacoproclum. 11le HPLC 

chromatogram of the 6-day exposed BAP suspension, dctcrmincd using the mctbanollwat.er gradient, 

is shown in Figure 5.2. The remaining BAP eluted at a R:tention time of 33.0 minuta. Five 

photoproducts were detected at retention tunes between 13 and 23 minutes, plus an additional product 

which co-eluted with the solvent and injection spikes (between 2 and 4 mimttcs rclmlion time). 

5.J.3. Identification ofproducts 

To identify the products of BAP pbotooxidation, the 6-day exposed BAP su..-ioa wu exuacred by 

C-18 solid phase extraction, providing a more concentrated sample and bcucr resolution oftbe 

absorbance spectra on the diode array (Figure 5.2). A few additional products were ddccted between 

3 and 1 O minutes retention tune ill the CODCCDtralcd sample. Comparing the analytical and 

concentrated samples shown in figure 5.2, tbe n:tention times and raao of peak heights were 

preserved, indicating a quantitative recovery of the mixmn: components 

Where possible, individual components were identified by comparison of their observed 

absorbancc spectra with that of authentic standards. The three peaks at retention times of 18.8, 19.7, 

and 22.4 (Figure 5.2) were identified as BAP quinoncs, on the basis of their absorbanCi. spectra illld 

similar column retention tunes to purchased standards. Tbcse three products were identified as BAP-

1,6-dione, BAP-3,6-dionc, and BAP-6,12~one respectively (Figure 5.3). One oftbe additional 

peaks, a product of degradation of the BAP1)Uinoncs, was identified as 9, 10-anthraquinanc by 
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Figure 5.2: Photooxidation ofbenzo(a)pyrene. TOP: 2 mg/L benzo(a)pyrene, 
photooxidiz.ed in 180 mmoVm2/s SSR for 6 days. A sample volume of 200 J,&1 aqueous 
solution was analysed by HPLC. Bottom: Identical sample, conc:entrated 200x using 
SPE cartridge. Peaks in the concentrated sample were used for identification of 
mixture components. 
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comparison of absorbance specba and retention time versus an 1111beaa<' Slandard {YJ8UR 5 .3). All 

absorbanc:e spectra in Fipre 5.3 were nmmalilcd to 1.0 at 250 am to &cilttatc campariaan between 

products and standards. A cleg,atlaritJD product for wbicll ar SlaDdanl c:xistcd co-chdcd with die 

injection and solVCIII lpika. at 1be beginaina Qf die HPLC DCC. 11m product bad a m,ilar 

absorbw:e spec:Ua to miner pbGtopn,ducll pracat ia die IIUXIUle.. elurina at r◄w½n times of3.l, 

8.6, and 14.1 minutes. These products were tca&atively icfCDtifled u substituted bcmaalbroaa, bued 

on their absorbance spedla .md as c:ompan,d to tbe abaad,ance spema of a bcmaadlrom standard 

(Fipre 5.4). The compound dlat co-clutecl with die IOlvcatrmjocrim spib ia 111111 cctal to be a 3,4-

dicarboxybenzan. The~ spectaa is masisieat ~ a four ring PAR. absorbina lipt 

into the visible portion of the spec:1nm1. and as it eluted very early ia the cbromaaopam it is sulpOCted 

to have moderate to mong acidity. Additionally, tbe fonnatim of substituted bcaantbroaa is 

consistent with the expected products ofBAP quinone oxidation. A proposed palhway of BAP 

photooxidation is shown in Figure 5 .5. 

5. 3. 4. Kinetics of BAP tkgradation 

The relative rates of BAP and pbotoproduct degradatim can provide a measure of tbe amount of 

photoproduct expected in environmental systems, as the amount of photoproduct will be invcrsdy 

related to its rate of degradation. (Section 3.3.3). However, the amount of photoproduc:t is not 

proportional to either the amount of PAH present, nor the degradation rate of the parent P AH (Secaion 

3.3.3), so these may not readily be used as a basis of comparison in the experimcntal system or in 

environmental samples. 

The degradation ofBAP followed a zero order, coDCCllb'alion iadepenclcF decay for die first 

4 days of the exp<>SUR, followed by a decay from 4 to 6 days more closely resembling first order 

kinetics. At moderately low concentrations of P AH, it is expected that the rate of decay is 

concentration independent (St.evens ct al. 1974; Zepp and Scbloubauer 1979) and so a zero order 

model of reactivity is appropriate. 
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Figure 5.3: Absorbance spectra of quinones identified as benzo[a)pyn:ne pbotoproduc:ts. 
Additional confirmation of identification was obtained by comparison of retention times of 
the unknown vs. purchased standard. Peak numbers correspond to those in figure 5.2. 
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Figure S.S: Proposed reaction scheme for the degradation ofbenzo(a)pyrene. After an 
initial oxidation to form quinones, the quinones undergo an addition of oxygen to the 
non-resonance stabilized ethenyl bond beta to the carbonyl group. Compounds identified 
by comparison with standards, or putatively identified, are highlighted in boxes. 
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Cancemratiom ofBAP were fit to tbe JriDClic 'IIOdcl: 

[BAP] = [BAP]o - ka.u» 111at 

whcR [BAP] is the aqueous CODCCdtdtioa ofBAP, [BAP]o is the inilial coDCCllll'aDall ofBAP, kaM, 

1- is tbe zero order rate c:oastant for BAP loss., and t is time in days. It wu pouible fDo estimate die 

rarca of formarion wl dqradadoa oftbe pbocoprodum over tbe &nt 4 days, usiDa a tint onla­

modd Tbe model fit ii sbcMa ia Fipre 5.6. 1'be JriN'DCI dala allD allow for cstimaricw af tbe 

qnentnm dlicicncy of fbnnaaa of die individual qviDON1 &am BAP. Tbe madd uwl to fit die 

c:xpc:rimmtal data a die cpaiaoaa wu 

[productJ = ~i ka.u» ..Jki a-. exp(-~ .._t), 

where ~i is the efficiency of formation of product i, and ~ ._ is the first order rat.e con.,.,. 'or Joa of 

product. Estimates of the yield for product formation ~ and the rare of loss ~ ._ arc shown in Table 

S.l. 

Table S.l: Yield for rate of BAP quinoae formatiaa and first order rara of quinoac 

degradation. Errors are 95% confidence intervals. 

Chemical ~iz yield of formation ki- rate of product loss 

BAP 0.449 ± 0.122 mg/L.d·1 

1,6-BAP quinone 0.663 ± 0.047 o.459 ± o.065 er• 
3,6-BAP quinonc 0.373 ±0.184 o.971 ±o.411 er• 
6,12-BAP quiDonc 0.085 ± 0.073 0.124 ±0.547 er• 

Total ~i 1.121 ± 0.304 

The total yield of quinone formation was approximately aae, and thus the three quinoacs ~ 

the main photoproducts formed direc:tly from BAP. It is cfifticult to compare the rates of loss between 

BAP and the BAP quinones over the first four days oftbe experiment. as the quinonc rate of loss is 

concentration dependent and the rate of BAP loss was coDCClltraliaa independent. From four to six 

days, the rate ofBAP loss was approximately first order, and was 1R8fCr (3.0 er1
) than the rate of 
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quinonc loss. The rare of lau of qeiDODCI followed a &nt order rate oflau ovcr tbe CIICire lix day 

period. 

The sediment bound BAP extracts were also analysed by HPLC, and the same three primary 

products of photooxidation, the tbrcc BAP quiaoaes, 1M:re icfa,tificd m the c:xttam by compari1oa 

with standards. Qualitative analysis oftbr sediment exlracts showed the same inilial producls of 

degradation as were observed is the aqueous su,pensim•. Tbe rate of product fmnation wu much 

slower ftom a bound phase, and tbit wu aariburm to 1be and mdeecing tbe c:xpoan of BAP to 1be 

light source. 

5.J.5. Toxicity ofBAP quinones 

An assessment of the ~lative acute toxicities of the BAP quinones and BAP was conducted using the 

P. phosphoreum bioassay. This assay provided a rapid means of usessing wbcthcr or nat the BAP 

quinoncs bad a larger toxic impact than 1be parmt P AH, and indicate wbcthcr fiartbcr toxicity testing 

should be conducted using odier organiSJDS 1bc BAP quinmcs were isolated from the concenttar.ed 

six-day sample ofpbotoproducts, and an estimate oft.be EC,o was obtained. The results indicate that 

the three BAP quinones w~ mo~ toxic than 1he parent PAR, and peak #1, the product tentatively 

identified as a 3,4-dicarbox:ybenzvttbrone, did not exhibit an acute toxic response at the 

concentrations tested in this experiment. The EC,o1 ofBAP, the BAP quinoacs, and peak #1 are 

shown in Table S.2. The EC,o1 are expressed u a molar cmcemratioa wbcR it was possable to 

quantify the amount using a reference standard. Each of the quinoncs identified bad a greater toxicity 

than intact BAP, and for one quinone, 3,6-BAP quinone, the observed toxicity was a minunum of 7 

times that of the intact P AH. 
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Table 5.2. Toxicity of primary components of pbotomridizcd BAP to P. phosphorn111. Peak 

numbers an: given m Figure 5.2. 

Component 

Pcak#l 

Pcak#8 

Pcak#9 

Pcak#lO 

Pcak#ll 
1putativc idemific::ation only. 

S.4 Discussion 

Name 

1,2-dicarboxybcmamhrol 

1,6-BAP quinoae 

3,6-BAP quinoae 

6,12-BAP • 

BAP 

EGo, J.UDOI/L 

DO observed toxic:ity 

1.87 

0.56 

>> 0.98 

>> 3.97 

The degradation of P AHs in aqueous media bas been associarcd with the production of reactive 

singlet oxygen (Neff 1979; Zepp and Schlotzhauer 1979; Nikolaou et al. 1984; Newsted and Giesy 

1987). In this reaction scheme, light energy is absorbed by 1bc PAH (in this case BAP). wbic:h 

undergoes an intersystem crossing to a triplet state. Tbc excited triplet state PAH then transfers 

energy or exchanges an electron with ground triplet state oxygen, producing singlet oxygen (Zepp and 

Schlotzhauer 1979). This singlet oxygen would then react with the PAH, oxidising the compound 

Toxicity due to production of singlet oxygen by P AHs in light bas also been shown by numerous 

authors (Bowling et al. 1983; Landrum et al. 1986; Gala and Giesy 1992; Ankley et al. 1994). 

The light-mediated oxidation of BAP could proceed by one of three possible reactions: 

reaction of singlet oxygen with ground state BAP. reaction of excited state BAP with ground state 

oxygen, or reaction of an excited state BAP with singlet oxygen. Earlier Sbldics (Andelman and Suess 

1971; Neff' 1979) proposed that the degradation of PAH involved photooxygenalion ofBAP was 

mediated by singlet oxygen, formed by excited state energy transfer. The direct dependence of BAP 

photooxygenation on singlet oxygen bas been questioned (Smith et al. 1978; Zepp and Sdllo«zbaver 

1979), based on the theoretical quantum yield for direct photooxygenalion. It was determined that the 

observed rate of photochemical loss was at least two orders of magnitude grcarcr than predicted by a 

singlet oxygen mediated reaction. Additionally, it bas been shown that photochemical transformations 
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ofBAP occur at very low levels ofmolccnlvaxygcn (Smith ct al. 1978). 

In the reaction scbcme prescated in this paper (Figure 5.5) tbe pbarooxidarion ,:,fBAP 

proceeds by an auadc of an oxidizing species at tbe 6 carbon of BAP. Bual on comparison of tbe 

electron densities around each carbon (Mezey ct al. 1996; Mezey ct al. 1998), tbe 6 position of BAP 

is structurally similar to tbe 9 and 10 positions of antbracc:ne. The 9, 10 carbon positiom of aadnccne 

arc known to be very photoadivc, and readily Ulldcrgo chemical rcadioas (Zepp and Sd,lntzbana-

1979; Wiberg 1997). /u tbe electron density of carbon 6 of'BAP is simiJvt.o tbe rwlivc site of 

antbracc:ne, it is expected tbat it would bave similar rc:aaivity u well. Due to stcric comidaatiom, a 

concerted formation of a BAP quinone is not poss1"ble. k would follow instead that tbe reaction occurs 

in a minimum of two steps, with an oxidative auadc at the 6-position carbon followed by a 

subsequent oxidation at tbe 1,3,4 or 12 position. 'Ibcse positions would be the most reactive to 

subsequent oxidations if the reaction intermediarc is a radical species, based on the rcsonancc 

structures of the BAP-6-one radical and the energetic considerations prcsentcd in Chapter 3. Thn:c of 

these species, the 1,6-, 3,6-, and 6,12- BAP quinones, are observed photoproducts. 

Subsequent degradation of the BAP quinones resulted in amhraquinone, and other products 

tentatively identified as substituted benzanthrones. In the presented reaction scheme, 1be mechanism 

of degradation of the BAP qui.nones proceeds via an oxidative attack on the least rcsonance-stabilu.ed 

1t-bonds within the molecule. Each of the BAP qui.nones may be divided into four electronic sub­

domains: one similar to benzene at the ring including carbons 7,8,9, and 10, one similar to 

naphthalene incorporating two of the central aromatic rings, two carbonyl regions, and the etbc:ne 

regions beta to the carbonyl group at carbons 1,3 or 12. The benzyl and naphthyl domains bave a high 

degree of stablility due to resonance stabilization, and are thus unlikely to be the preferred site of 

further photochemical reactions (see Chapter 3). The resultant products retain the integrity of the 

benzyl and napthyl domains, and thus the reaction requires a lower energy to proceed, compared to 

that resulting from fragmentation a benzyl or naphtbyl ring (Wiberg 1997). 

The carbonyl region may be suseptible to pbotoreactions, depending on whether its lowest 

electronically excited state is in a (n,2t•) or (z•,z•) conformation (Gilbert and Baggou 1991). The 
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(n,••) excited state bas similarity to the alkoxy radical, and may undergo m-clcavap readioas. The 

(•••••) state is less reactive than the (n,a•) state, tbaup some reactiom arc still pauable tiom this 

state. If the (n,••) and(••.••) arc of similar energies, the r:smce of a polar 101vent tmds to &vor 

the(••.••) state and the carbaayl group is less reactive 11ml in a a.m-polar IOIVCIIL 

Ethcne groups can readily lllldcrgo oxidation by singlet oxygen in a a syaunctry allowed (ls. 

+ 2,r.) cycloaddition to give dioxc:tanes (Gilbert and Baggoct 1991; Malkin 1992),. which can fbrtbcr 

decompose causing ring fission. The main products arc btoaa, diols. or aldchyda. ID the propoNd 

rcadion scheme (figure .S.S), the BAP quiDoaes 2,. 3 and 4 follo9r similar cqradation padaways, 

where the c:thenyl group beta to the carbonyl is the site of attack of singlet oxygen. & beuo(a)pyn:ne 

quinones readily produce active oxygen species (Lesko and Lorc:nlzm 198.S; Lesko ct al. 1986), 

oxidation of the quinones by singlet oxygen is an expected mode of degradation. Alternately, the 

oxygenation of the ethenyl bond could occur by interaction of the excited state quinonc with ground 

state oxygen. Either path will result in the formation of dioutanc:s 5, 6 and 10, which will rapidly 

undergo further pbotoreactions. 

Based on the stability of products, the dioxetanc bond in 10 is likely to split to form an 

aldehyde and a ketone. In aqueous media,. the aldehyde can undergo addition of water to the carbonyl 

bond. The resultant product is a 7,12-benzo[a]anthracenequinone, substituted in the I-carbon position. 

One possible structure for this product is shown (11). This and other products arc pbotochcmically 

similar to 7,12-bcnzo(a)anthracenequinone, which also readily decomposes in the presence ofligbt, 

forming anthraquinone as one product (Section 3.3.3). 

In the presence of light the endoperoxides S and 6 can degrade into a trionc, which will e,ast 

in an equilibrium favouring its gem-diol 7 in the presence of water (Netto-Ferreira and Scaiaao 1991). 

It has previously been shown (Matsuura et al. 1968; Netto-Ferreira and Scaiano 1991) that aromatic 

2,2~ydroxy-l,3-diones readily form hydroxyl radicals in the presence ofligbt, which will then. 

form dimers if no oxygen is present. In the presence of oxygen, this radical species would be rapidly 

oxidized. The reaction scheme (Figure .S .5) follows this pathway with the fonnaa:ion of an 

intermediate ketyl radical from the dihydroxydione, which is then oxidized to form a dicarboxylic 
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acid 9, losing C(h in the process. It is likely that other bemambroacs subsatutcd al the 3 and 4 

positions arc formed as well. Other possibilities foe the R.- an,ups at the three and four poaitiom cauJd 

include hydroxy groups. or a possibly a rina incorporaling oxygen. Any of the bcnzlllduoac species 

may undergo fiutbcl' phor.ooxidation as well. 

The degradation products of any P AH or P AH photoproduct are likely to &vour the 

formation of chemical species with a net minimum energy. Thus 1he degradation of the P AH will 

&vour compounds that retain a large portion of the aromatic Sb'Uc:CUl'e, and only oae rina fiuioa is 

likely to occur at any given step iD the reaction pathway. Additionally, hiahlY symmarical moleculca 

such as anthraquinone will be favoured products, as the more highly symmeuical dedroll orbitals 

will also have minimum energy. 

The acute toxicity of the BAP quinones was greater than that of the intact PAR, as 

determined by the photobacterium assay. This is consistent with what is known about the modes of 

action of the toxicants; BAP will exhibit some light dependent acute toxicity due to the generation of 

singlet oxygen (Landrum et al. 1986). The BAP quinones have an additional mode of action, wbcrcin 

the quinones undergo redox cycling in an 0"83Dism, leading to oxidative stress (Lesko and Lorentzen 

1985; Lesko et al. 1986). The product provisionally identified as the 3,44carboxylbcm:mtbronc may 

be a photosensitizer, as it shares the same chromophorc as the potent photoscnsitizer henzantbronc 

(Newsted and Giesy 1987). It is unlikely to have undergo redox cycling similar to the quinones as it 

does not share the dione/dihyd.roxy functionality. As it is an amphipaduc molecule, 1herc may be 

additional toxic effects associated with this structwal feature which would require fiarther 

investigation and characterisation. 

Benzo(a)pyrene is a known procarcinogen, undergoing metabolic activation to form potent 

mutagens. This study has shown that the oxidation products ofBAP arc also an environmental 

concern, and the photooxidation products are similar to metabolic products. Some products 

(benzanthrones) may also be photosensitizers. The major products, the BAP quinoncs, arc more 

acutely toxic than intact BAP, and arc also possible mutagens via rcdox cycling. Thus, the oxidalion 

products of BAP are a potential environmental hazard. 
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CIIAPTER6 

FRACTIONAL SIMPLEX DESIGNS FOR INTERACTION SCREENING IN 

COMPLEX MIXTURES 

*Based on the al1iclc submitted to Biqneqics: 

McConlccy, B.J., P.O. Mezey, D.G. Dixon and B.M. Grccnbcrg (2000) "Frrrional simpla designs 

for interaction screening in complex mixtures." Biometrics 00: 000-000 

6.1 SUMMARY 

In mixture experiments one may be iDtcrcstcd in estimating not only main effects, but also some 

interactions. Main effects and significant interactions in a mixture may be estimated through appropriate 

mixture experiments, such as simplex-centroid designs. However, for mixtures with a large number of 

factors, the run siz.e for these designs becomes impractically large. A subset of a fiill simplcx~oid 

design may be used, but the problem remains as to which factor level settings should be selected. In this 

chapter, a solution is proposed that considers design points with either 1 or p individual DOD-zero facror 

level settings. These 'fractiooal simplex designs' provide a means to screen for interactions and to 

investigate the behavior of many-component mixtures as a whole, while greatly reducing the run sm: as 

compared to full simplex~troid designs. The means of construction of the design arrays is descnbed, 

and designs for s 31 factors are presented. Some of the proposed methodology is illustrated using 

generated data. 

6.2 INTRODUCTION 

The general goal of mixture experiments and mixture-amount experiments is to account for the 

contributions made to observed responses by main factors and factors in combination. One approach is to 

test all factors individually, plus all possible combinations of pairs of factors in equal ratios (a second 

order simplex-centroid). For mixtures containing many components it is frequently impractical to test all 
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the possible binary combimtioas of facton, let alone all ternary or more canplex comhinarioas. due to 

the number of cxpcrimcntal nms requin,d. Yet. information regarding imeradioas that coulcl oc:c:ur within 

the mixture is needed Mixlun: scrrming designs have been introduced previously (Snee and Marquardt, 

1976), but arc gcncra1ly iatmc1cd to estimate main &don and not intcractiaas. 

Assessment of mimare mtcradims is being recopised u incn:asingly important in 

• environmental assessment, where it may be necessary to ddcrmine the combmed ddctaious eftec:t of 

many filcton (Calabrese, 1991; Fay and Ferm, 1996; Cassee ct al., 1998; Ferm et al, 1998). An 

example to which ftactional simplex designs may be applied is the mutagc:nicity or toxicity of polycyclic 

aromatic hydrocarbons in mvironmental systems. Polycyclic aromatic bydrocarboas (PAIis) arc very 

common c:nvironmcntal c:cataminants, and arc major contributon to mutagmicity and toxicity in 

environmental systems. P Alls also occur almost exclusively as mixtures of many compoam11, making 

the assessment of interactions a daunting task. A number of established assays may be used to assess the 

biological effect of single P AHs, and data from single chemical assays used to estimate the response to a 

mixture. A typical approach is to use single compound estimates with an assumed model such as additiw 

action to predict the mixture effects. The question remains - does the additi-ve model accurately predict 

the effect for mixtures? PAIis could be assayed individually and in combinatioa, according to a ftadional 

simplex design. The data fiom fiactional simplex design experiments can tbm be used to isolate the 

larger interactions occurring within the mixture. Here, the mixtures would be prepared such that each 

component has an equal expected contribution to the effect. Several dose le-vels for each combination of 

P AHs would be prepared to generate a dose-response curve, with the c:omponmts of each mixture held at 

constant ratios. From the generated dose-response curves a measure of effect can be used to dctcrminc 

deviations from the assumed model, such as the concentration eliciting SO% response (ECso). The sample 

data presented in Section 6.5 provides a simpler example than toxicity of PAIis, illustrating the 

application of the proposed methodology. 

As defined previously (Cornell, 1990), a true mixture design is subject to constraints on the 

mixture proportions. Given a mixture of q components, where .ri represents the proportion of the ith 

component, the following restrictions apply: 
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where i = l, 2, ... , q (6.1) 

Additional constraints, such as upper and lower bounds on any given .r;, may be used for specific 

experimental designs. A commonly used experimental design for assessing mixture interactions with three 

or more components is a simplex-centroid design (Scbefle, 1963). Defining a binary combination as a 

mixture of a pair of factors in an equal ratio based on either cmcentration or effect, a {q,2} simplex­

centroid consists of a design point for each pure component and for each possible binary combination, 

resulting in q(q+ 1)/2 design points. For larger numbers of cmipOOCIJts~ even the testing of all binary 

combinations becomes unfeasible ftom an economical or pragmatic perspective (Calabrese, 1991; Cassee 

et al., 1998). A full simplex-centroid design has 29-1 design points, consisting of q pure components, q(q-

1)/2 binary mixtures with equal proportions, q(q-l)(q-2)/6 ternary mixtures with equal proportions, ... , q 

mixtures of q-1 components, and a mixture of all q components in equal proportions (Scheffe, 1963). 

While it is rarely feasible to test all 29-1 design points for seven or more factors, a subset of the full 

simplex-centroid design may still be used. 

In this paper fractional simplex designs for multi~ponent systems are described. This method 

is a practical approach for testing for meaningful interactions within a large number of components, and 

with a minimum number of design points. The basis on which the design arrays were generated and their 

means of construction are presented. General models appropriate for use with mixture data sets are 

discussed, and illustrated with a sample data set. 

6.3. FRACTIONAL SIMPLEX DESIGNS 

The fractional simplex designs presented provide a means of screening for significant interactions present 

within a mixture, without testing all possible binary combinations. The fractional simplex designs consist 

of design points containing either 1 or p non-zero factor level settings, where p ~ 3, such that all possible 

binary combinations occur once and only once within the design array. Using a fractional design with p = 

3 as an example, the design array would contain selected ternary combinations x,r.,x1c instead of the binary 

combinations x.x;, x,r1c and x.,x1c within a full simplex design. A sample design, for seven factors combined 
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in ternary mixtures, is shown in Table 6.1. Within this design all binary combinations occur only once 

and each assembly represents one experimental mixture consisting of tbn:e components. 

Table 6.1. A {7f3} fractional simplex design. A '+' denotes a component present within 
an assembly, and'-' denotes absent. For this design'+'= 1/3 and'-'= 0, using the 
restriction~= 1. Each binary combination appean once within the array. Seven 
additional assemblies, consisting of the individual components, complete the design 
arra . 

Assembly 

1 
2 
3 
4 
5 
6 
7 

+ 

+ 

+ 

+ 
+ 

+ 

+ 
+ 

+ 

Component 
%4 

+ 

+ 
+ 

.rs %6 %7 

+ 
+ 

+ + 
+ + 

+ + 
+ 

Within a set of points comprising a full simplex design, the selection of a subset of higher order 

design points meeting the once only condition for each pair of factors is not possible for all numbers of 

factors (though designs with minimal repetition are possible for any number of factors). The simplest 

example of this is a four-factor mixture, where any two groups of three factors must have a pair of 

factors in common. Designs without duplication of pairs of factors are tenned balanced designs. Given 

the minimal requirements for the existence of balanced designs, the generation of the design arrays 

reduces to a problem of combinatorics. The mathematical detail of the fractional simplex design 

generation has been put in Section 6. 7, where an algorithm for the generation of design arrays is 

presented. The notation { q!P} is used to indicate a fractional simplex design of q total factors containing 

assemblies of p non-zero factors. The number of design points required for selected fractional simplex 

designs versus a second order simplex-lattice are presented in Table 6.2. The resultant designs meet 

previously published requirements for symmetric mixture designs (Murty and Das, 1968). Designs 

meeting these symmetry requirements have associated statistical properties, such as equal variance 
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estimates for main w:tors and for interaction terms in the mixture models presented in section 3. 

Balanced designs for q s 31 are presented in section 6.8. 

Table 6.2: Number of mixture assemblies required for balaaa:d designs for q s 41, and 
where p is the number of filctors present within a subgroup. Designs presented in 
section 6.8 are shown in boldface. 

Total 
number of 

factors 
7 
9 
13 
15 
16 
19 
21 
25 
27 
28 
31 
33 
36 
37 
39 
41 

Number of mixture design points required, where 
p=2. p=3 p=4 p=S 

{q, 2} lattice 

21 7 
36 u 
78 2' 13 
105 35 
120 20 
171 57 
210 70 21 
300 100 so 30 
351 117 
378 63 
465 155 
528 176 
630 
666 222 111 
741 247 
820 82 

6.4 MODELS FOR MIXTURE EXPERIMENTS 

p=6 

31 

42 

After obtaining an experimental data set using a fractional simplex design, appropriate models may be 

used to determine the most significant interactions. The most COIIDIIODly used parametric mixture models 

are the canonical polynomials (Scheffe, 1958; Schefte, 1963). The second degree or binary non-linear 

model is given by 
q q q 

Y = "'LP,x; + L "'LPIJ-X;X1 +&, (6.2) 
i=I i=I i<j 

where Y represents the observed value of the response or effect, /1; is the expected response due to 

component i, /3;1 is the quadratic interaction term for the components .r, and .r1, and £ is a normally 

distributed error term having an expectation of zero and a variance a2. The total number of terms in the 

full quadratic Scheffe model is q linear terms plus q(q-1)/2 interaction terms. This will result in a model 
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with an excessive number of terms if a large number of factors are to be considered. Note that it is not 

possible to fit the full quadratic model (6.2) using the presented fractional simplex designs, as there are 

insufficient design points to estimate all terms. Alternate interaction models that are appropriate for use 

with the screening designs are presented below. 

A reduced quadratic model sufficient for isolating the most significant quadratic interactions may 

be obtained by grouping quadratic terms such that ~ smruned terms have a one-to-one correspondence 

to experimental points in the fractional design. Considering a fractional design containing ternary design 

points X;r,r1c, the quadratic terms /J,;r;rj, /J.r;r1c and A,,rrk- in equation (6.2) are replaced with the summed 

term /J;i+i.ll+Jk(x;ri + x;r,,. + x,r1c.). While this results in the quadratic factors being aliased in groups of three, 

the model can be used to isolate the most significant interactions. Each summed term is equivalent to the 

difference between one assembly in the design and the main factor estimate for that assembly. The 

reduced quadratic model for p = 3 and incorporating all terms is 

Y = LP;x; + LPif•••Jk(x,xi +x,x,. +xix,.)+&, 
iaja#c 

(6.3) 

where the i,j,k are selected to match the mixture design points in the array. This reduces the model to q 

main factors plus q(q-l)/6 interaction terms. For assemblies of p factors within a design array, each 

interaction term is a sum ofp(p-1)/2 buwy interactions. The reduced quadratic model assumes that there 

are few interactions present, and the chance of interactions of similar magnitude and opposite sign 

occurring within a subset is small. Model (6.3) allows hypothesis testing of each mixture design point for 

statistical significance versus a main factor model. With this particular model, the reduced number of 

data points used comes at the expense of aliasing the second order terms. In general, the quadratic terms 

will aliased in groups of p(p-1 )/2, and quadratic terms within each group are indistinguishable. This 

model is primarily intended to screen for the largest interactions, by isolating them into a small subset of 

all possible interactions. If there are a large number of interactions occurring within a mixture, this model 

will be less effective at identifying the largest interactions, due to the summation of interaction effects 

within aliased groups. 
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A useful alternate model to the Scbeffe quadratic (6.2) and reduced quadratic (6.3) models is a 

second degree model that expresses the main and second order cft"ects in terms in x; and x,( 1-x,), 

respectively. The interaction terms in this model descnbe the average deviation from linearity caused by 

an individual component on mixing with the other components. Starting with the Scbefte model (6.2), the 

quadratic terms are grouped such that each factor is isolated and all interactions containing that factor 

are summed, giving 

(6.4) 

where p;C2> is a measure of the average deviation from linearity caused by mixing component X; with other 

components. The model contains a total of2q tenns. Assuming that the experimental design follows the 

restriction (6.1), equation (6.4) may be written as a linear and quadratic portion in x,: 

q q 

Y = LP;x; + ""LP?>x;(l-x;)+& (6.5) 
i=I i=I 

This model provides an estimate of an average non-linear effect of a component within the mixture in 

terms of individual components only, and bas the advantage that the second term vanishes for r, = l and x, 

= 0. This model can act as a descriptor of effects for systems where one component in the presence of 

any of several other components causes the observed effect to deviate from linearity. An example in 

toxicology to which this model could be applied is a system where a factor enhances the delivery of 

toxicants to a target site within an organism. 

6.5 SAMPLE DATA 

A data set was generated to illustrate the application of the fractional simplex designs. Density of solvent 

mixtures was used as an experimental endpoint, as it provided an example of a mixture interaction with a 

straightforward interpretation and few potential confounding factors. The measured density of nine pure 

solvents and the nine solvents in combination was used as a data set, generated according to a {913} 
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fractional design. The design was used to screen for a significant reduction of volume of the solvents on 

mixing, as compared to a linear model. 

6.5 .1 Method 

Nine miscible solvents were selec:tcd: acetone, acetonitrile, water, methanol, ethanol, propan-2-ol, 

tetrahydrofuran, dimerhylsulfoxide, and dimedlylformamide. Ternary mixtures of solvents were prepared 

according to a {913} design, in which equal volumes of solvents were combined in groups of three, 

resulting in 12 mixture points in the design array. All neat solvents and prq,ared mixtures were capped in 

4 ml glass vials and allowed to equilibrate to 23°C ± 1 °C prior to measurement. The densities of solvents 

and solvent mixtures (Table 6.3) were determined by weighing 1000 µI of solvent using an analytical 

balance. The errors in measurement for both the neat solvents and the mixtures are derived largely from 

variability in pipette volumes. The actual variation in density of the solvent mixtures and the accuracy of 

the balance is negligible compared to the volume error. Thus. it was possible to use two measurements of 

each neat solvent, in random order within the experimental design, to provide an estimate of measurement 

error. The error of the mixture estimates has two additional sources: lack of fit of the model, plus a small 

additional source of error present in the mixtures due to the initial measurement error on preparation. As 

the mixtures were composed of three independendy measured solvent volumes of 1000 µI, a 1000 µl 

aliquot of the solvent mixture would have an expected error of(l + 3"312
) times that of the neat mixtures, 

introducing an additional 19% measurement error. This was considered as an acceptable amount of 

additional variation compared to the lack of fit and measurement errors, and so was not corrected for 

during iterative model fitting procedures. Statistical analysis was done using the GLM module of Systat 

8.0 (Wilkinson, 1998). 
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Table 6.3: Measured densities of solvents and solvent mixtures. ACE, acetone; ACN, acetonitrile; 

H20, water; MeOH, methanol; EtOH, ethanol; PIOH, propan-2~1; TifF, tetrahydrofuran; DMSO, 

dimeth~lsulfoxide2 DMFz dimethylformamidc. 

Conrmtration of solvent. non,in:al v/v of mixtuR 

ACE ACN H20 MeOH EtOH PIOH TifF DMSO DMF Density, 

X1 X2 %3 X. .rs X. X7 .r, ~ g/ml 

1 0 0 0 0 0 0 0 0 0.7721 0.7727 

0 1 0 0 0 0 0 0 0 0.7692 0.7740 

0 0 1 0 0 0 0 0 0 1.0010 0.9957 

0 0 0 1 0 0 0 0 0 0.7828 0.7811 

0 0 0 0 1 0 0 0 0 0.7791 0.7803 

0 0 0 0 0 1 0 0 0 0.7770 0.7774 

0 0 0 0 0 0 1 0 0 0.8700 0.8683 

0 0 0 0 0 0 0 1 0 1.0930 1.0943 

0 0 0 0 0 0 0 0 1 0.9393 0.9383 

1/3 l/3 1/3 0 0 0 0 0 0 0.8659 

0 0 0 1/3 1/3 1/3 0 0 0 0.7794 

0 0 0 0 0 0 1/3 1/3 1/3 0.9602 

1/3 0 0 1/3 0 0 0 1/3 0 0.8887 

0 l/3 0 0 1/3 0 0 0 l/3 0.8326 

0 0 l/3 0 0 1/3 l/3 0 0 0.9008 

0 l/3 0 1/3 0 ·O 1/3 0 0 0.8124 

0 0 1/3 0 1/3 0 0 1/3 0 0.9879 

1/3 0 0 0 0 1/3 0 0 1/3 0.8297 

1/3 0 0 0 1/3 0 l/3 0 0 0.8071 

0 l/3 0 0 0 1/3 0 1/3 0 0.8801 

0 0 1/3 1/3 0 0 0 0 1/3 0.9356 
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6.5.2 Fitting of sample data 

The measured density of the ternary mixtures was initially fit to a main factor additive model. The 

residuals for the single chemical and mixture data points for the linear model are shown in Figure 6 .1. 

Four of the mixture points exhibited large deviations from the linear model: .r1XJX'3 (acetone, acetonitrile, 

water), x~1 (water, propan-2-ol, tetrahydrofimm), XJX.sl", (water, ethanol, dimediylsulfoxide) and .r~ 

(water, methanol, dimethylformamide). 1be data was refit to a model including 12 interaction terms 

according to equation (6.3). Any terms not significantly different ftom zero at a level of p = 0.0S were 

removed from the model, and the model was iteratively refit to the data.. The final iteration resulted in 

four highly significant interaction terms (.8.2+13+23 = 0.0182, p < 10~; /JJ6+.37+67 = 0.0191, p < 10~; /J3S+31+s1 

= 0.0307, p < 10·10
; /h,.+3'>+49 = 0.0289, p < 10·1°) and two marginally significant interaction terms 

(/31#18+41 = 0.0059, p = 0.015; P,.+7'>+19 = -0.0073, p = 0.004). See Table 6.3 for mixture compositions. It 

should be noted that in using an iteratively fitted model, the testing of parameter values at a level of 

p=O. 05 does not guarantee a Type I error rate of 5% but was used instead as a criteria for selection of 

terms in the model. 

Combinations with the largest deviations from linearity could be investigated further by testing 

binary mixtures from within each combination having a significant interaction. However, as the four most 

significant interaction terms contained water as a common factor, it was thought that equation (6.5) may 

be used to provide a good description of the data set, where the model term for water (/J/2>') is expected to 

be the most important interaction. Model (6.5) was fit to the data set, including nine interaction terms 

(one per solvent). After fitting the model, terms were dropped if they were not significant at p = 0.05. The 

final model fit had two significant interaction terms, /J3<
2
> (water)= 0.106, p <10"9

, and /kCl> (methanol)= 

0.019, p = 0.033. The residuals from the model fit are shown in Figure 6.1. For the mixtures tested, there 

was an average increase in density of2.3% if the mixture contained l/3 water. This sample data 

illustrates the utility of fractional simplex designs for screening for mixture interactions within a many­

component mixture. 
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Figure 6.1: Residuals for fitted models. TOP: linear model. Six of 12 observed mixture 
points deviated significandy from the model. BOTTOM: linear model plus significant 
interaction terms. 
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6.6 DISCUSSION 

The fractional simplex designs presented here provide a means to fractionate simplex~troid designs. 

They are applicable to systems where information on possible interactions within a mixture is required, 

but extensive data generation is not feasible. Additionally, it provides a means to investigate the 

behaviour of many-component mixtures as a whole, as well as screc:ning for the largest interactions 

present. While these designs can be used to provide an empirical means of obtaining mixture interaction 

models, a more sound interpretation is possible if the designs are used in conjunction with models based 

on mechanistic data, such as physiologically based pbannacokinetic models in toxicology. Additionally, 

models based on physical or chemical properties of the constituent &ctors may provide an accurate 

description of the response with only a few model parameters. 

Estimates of variance within a design may be obtained by replication of a subset of design points, 

as was done with the sample data in Section 6.5. Alternately, they may be obtained by several 

replications of the centroid of the design. Other means of variance estimation may be suitable, depending 

on the experiment of interest. Greater sensitivity to deviations will be achieved using experimental 

responses with low variance, and this should be considered in the selection of experimental endpoints. 

These designs can be applied to toxicity analysis of chemical mixtures within toxicology and 

pharmacology, and to industrial processes involving mixtures. In particular, the use of these designs will 

greatly reduce the resources required for investigation of interactions, while retaining reasonable 

sensitivity in the estimation of parameter values. 

6. 7 ALGORITHM FOR GENERATION OF FRACTIONAL SIMPLEX DESIGNS 

6. 7.1. Definitions 

Let a design point within the matrix of q factors be represented by (:r1.,, :r2.,, ...• :rq,,), where x,., represents 

the proportion of the ith component in the utb experimental assembly (row). Additionally, let p equal the 

number of non-zero terms within a row, and let that row be called an assembly of order p. All assemblies 

of the same order can be written as a setAp of np rows. Each design array presented here contains 
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assemblies in two subsets: .A.1, which is composed of q assemblies with one non-zero tenn in each 

assembly (corresponding to the q factors), and.A,. C01.1taining ,,, = q(q-1)/(p(p-l)) assemblies of p non­

zero factors. 

Given the set of integers 1, 2, ... , q, where q is odd, the set defines a one~ional finite field 

F(q), which is closed under addition and multiplication. The field bas the propeny that for any pair 

within the set, say a and b where a> b, the differmce (or distance) between a and b is la-bl, where la-bl = 

a-band also la-bl= q+b-a. Defining D(q-1) = 1, 2, ... , (q-1) as the set of possible differences between 

elements in F(q), any pair of elements within F{q) represent two diffi:rmc:es within D(q-1). This propeny 

will be applied to the construction of fractional simplex design matrices. 

6. 7. 2 Requirements for balanced design a"ays 

To construct assemblies withp non-zero factor levels within q factors in a balanced design, the total 

number of possible binary combinations, q(q-l)/2, must be divisible by the number of binary 

combinations possible withinp factors,p(p-1)/2. Secondly, in order to group any one factor with all other 

factors only once, the number of remaining (q-1) factors must be divisible by (p-1). Lastly, selecting one 

factor in a balanced design of q factors, the selected factor is non-zero in (q-1)/(p-l) assemblies, each 

containing (p-1) other non-zero factors. To make additional assemblies, only one factor may be selected 

from each of these groups of (p-1) non-zero factors to avoid duplication of pairs. Thus, there must be p 

or more groups of (p-1) factors within (q-1) factors and (q-1) ~p(p-1), excluding the trivial result q = p. 

Summarising the minimum conditions for balanced designs, 

q(q- l)l{p(p- l)} e / 

(q-1)/(p-l)e/ 

(q-1) ~ p(p-l). 
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6. 7.3 Design generation 

The construction of the design matrices were based on rotarabl~ designs~ similar to those used previously 

to construct optimum fractional factorial designs (Plackett and Burman, 1946). The method used to 

construct the fractional simplex designs is dependent upon both q and p, and may be related to the 

number of assemblies n, in the design. Treating the experimental factors 1 to q as elements within a field 

F(q). if n, is an integral multiple of q a set of elements within the one-din,ensional field F{q) may be 

selected such that the differences between the elements form the set D(q-1) without duplication. These 

set(s) of p elements within F(q) fonn the initial assembly(s) from which the full design array may be 

generated. The full design array is generated by rotating the initial assembly(s) through q-1 steps, by 

moving the assembly(s) one place to the right q-1 times. The resulting design array contains all possible 

binary combinations of the elements within the set without repetition. 

Generation of the design for q = 13 aodp = 4 will be used as an example. Numbering the 

elements within R..13) asf= 1 to 13, the associated difference set Dis {l, 2, ... , 12}. Elements are 

selected within Ft 13) using an iterative procedure. As each element assumes all positions in Fon rotation 

of the basis set, the starting position of a given non-zero element is unimportant. Additionally, there must 

be one adjacent pair of elements within R..13), corresponding to distances of d=l and d=l2 within D. 

Thus, the first and second non-zero elements may be chosen as/i = 1 andfi= 2 within F{l3). Arbitrarily 

selecting d = 2 as another element required within the difference set, there are two possibilities for the 

third element within F: d = 2 is the difference between the third factor and one of Ji or Ji, or d = 2 is the 

difference between the third and fourth non-zero element. Letting the fourth element be /4, the two 

potential sets in Fare (l, 2, 4,/4) or (l, 2,f.2,/4). A value of/4 is selected by trial such that the set of 

elements meets the condition that all differences within D appear once. The set ( 1,2,5, 7) meets this 

requirement, and the initial assembly is 

I 2 

+ + 

3 4 5 

+ 

6 7 

+ 
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On rotating this assembly through q-1 steps, 13 assemblies are obtained, and all binary combinations 

occur once within the design. 

When the number of assemblies required is not an integral multiple of q, it is not possible to 

construct the design array using a one-dimensional field. A fielcl of higher dimension can be used, 

however, if the number of possible elements in each dimension is an odd number. (An even number of 

elements results in duplication within D for factors a distance of f¥2 apart, on rotation of the set.) If q is a 

product of two odd numbers q = rs, then F(r, s) is the field from which elements are selected. Here, the 

difference set is 

D= { 

(l, 0), 

(r-1, 0), 

(0, 1), 

(l, 1), 

(r-1, 1), 

(0, s-1) 

(1, s-1) 

(r-1, s-1) }. 

If r = p, thens assemblies may be generated by selecting the column of elements F{r ·, 0) where ,. • = l to 

p, and rotating the column through s-l steps within F(r, s). This set of assemblies contains the differences 

(1, 0) to (r-1, 0) within D. The remaining assemblies are generated by selecting groups ofp elements 

within F{r, s) such that the distances between the elements comprise the set D, excluding (l, 0) to (r-1, 

0). As with a one-dimensional set, each pair of elements represents two differences within D. Elements 

are selected using an iterative procedure analogous to that used in a one-dimensional field. The design 

array is completed by rotating this assembly(s) through both rands dimensions. Designs generated by 

this method include the {913} and { 1513} arrays. This method can be expanded to fit values of q where q 

is a product of three or more odd factors. 

If q = l + (p-1 )s, where p is even and s is odd, the design array can be generated in a manner 

similar to that used where q = rs (r, s both odd). One factor is selected, and placed ins groups containing 

p-l other factors per group. The groups are selected so that all other factors are paired with the selected 

factor once. As the selected factor has been paired with all other factors it is removed from further 

consideration, and the remaining factors are treated as a set F(p-1, r) with an associated difference set 
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D(p-2, r-1). Here, the elements (1, 0) to (p-2, 0) within Dare cnntainof within the initials assemblies. 

The {1614} and {28,4} designs were generated using this melbod 

6. 7.4 Designs with repetition of pairs 

For designs with a number of factors q that do not meet the n:quin:mcnts (6.6) for balanced designs, 

arrays which contain some replication of binary combinaticms may be constructed from the designs 

generated from one-dimensional fields. Designs for q = S or 6 can be constructed from the {713} design 

by truncating the final elements•-• of the basis set, then mcaring through q-1 steps. Using q = 6 as an 

example, the new basis set is + + - + - -, which is rocated through five steps to give six assemblies. In 

this example, three pairs are repeated within the design array. In an analogous fashion, designs for q = 8 

to 11 may be generated from the { 1313} basis set, and designs for q = 12 to 17 can be generated from the 

{ 1913} set. Four factor designs for q = 8 to 12 can be generated from { 1314}, five factor designs for q = 

13 to 19 can be generated from {211S}, and six factor designs for q = 20 to 28 can be generated from 

{ 3116}. Thus, design arrays can be constructed for any number of factors from 5 to 28 using the designs 

provided in section 6.8. 

6.8 BASIS ASSEMBLIES FOR BALANCED FRACTIONAL SIMPLEX DESIGNS. 

Designs are presented as an initial assembly or assemblies, which on rotation give the full design. A'+' 

represents a component present at a level r; = lip, where pis the number of non-zero factors within one 

assembly, and'-' represents r, = 0. The factors have been numbered I through q. The full designs are 

obtained by rotating the provided assembly(s) through q-1 steps of one, where q is the total number of 

factors within the design array. Where designs are presented as blocks of factors, the basis sets are 

rotated in blocks instead of in steps of one. In addition to the assemblies presented here, the complete 

esign includes the q factors tested individually. A combination of all factors at a level of 1/q may be 

included as well. 
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munbcrof 
Design assanblies 

{713} 7 

{913) 12 

{1313} 26 

{1314} 13 

{1513} 35 

{1614} 20 
1st column 
stationary; 

rotate blocks 

{1913} 57 

Factors 

l 2 3 4 S 6 1 
+ + - + -

l 2 3 4 S 6 1 I 9 
+ + + - - - - - -
+ - - - + - + - -- + - - - + - + -- - + + - - - - + 

l 2 3 4 S 6 7 I 9 10 11 12 13 
+ + - - + - - - - - - - -
+ - - - - + ~ ·+ - - - - -

l 2 3 4 S 6 7 8 9 10 11 12 13 
+ + - - + - + -

l 2 3 4 S 6 7 8 9 10 11 12 13 14 IS 
+ + + -
+ - + - + -
- + - - - + - + - -
- - + + + - - - -
+ - - + - -
- + - - + - - + 

- + -

- - + - - + - - - - + - - - -

l 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

~,~:~Ii: ~Ii: ~I~~ ii~ -~I 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 IS 16 17 18 19 
+ + - - - - + -
+-+--+---- ---
+---+- +----
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{2113} 70 

{2115} 21 

{2514} 50 

{2515} 30 

1 2 3 4 S 6 1 I 9 10 11 12 13 14 IS 16 17 11 19 20 21 
+ + + 
+--+--- + - - - - - - - - ~-
- + - - + - - - - - + - - - -

- - + ---+--+­
+---+-- - - + - - - - - - - - -
- + - + - - - + -
--++------+-­
+----+- -+--
- + - + - - - + -
--+-+-- + -

1 2 3 4 S 6 1 I 9 10 11 12 13 14 15 16 17 11 19 20 21 
+ - - + + + - + - - - - - - - - -

1 2 3 4 S 6 7 8 9 10 11 12 13 14 IS 16 17 18 19 20 21 22 23 24 2S 
+ - -
- + -
- - + - -

-++--+--
++ - - + -
-++--+--

- + - + - - - + - + -
- - - - + + + - - - - - - - + -
+ - - - - + - - - - - - - + - + -
- + - - + - - - - - - + - - + - -
- - + - - - - + - - - - - - + - - + -

- + - - + - - --+-+-
- - + - - + - - + - + - -

1 2 3 4 S 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 
+ + + + + 
+ - - + - - - -+--+- - - - + 
- + - - + - - - + - -+-+--
--+----+---+- - - - + - + -

+ - - + - - - + - - + - - + - -
- - - - + - - + - + - - + - - - - + -
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1 2 3 4 , 6 7 I 9 10 11 1113 14 1, 16 17 11 19 20 21 2113 24 1' 26 27 21 
{2814} 63 + + + + 

+ + + + 
1•co1umn + + + + 
Stationary, + + + + 

rotate + + + + 
blocks + + + + 

+ + + +-
+ + + + 

+ + + + 
+ + + + 

+ + + + 
+ + + + 

+ + + + 
+ + + + 

+ + + + 
+ + + + 

+ + + + 
+ + + + 

+ + + + 
+ + + + 

+ + + + 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 

{3116} 31 ++ + + - + + 
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CHAPTER7 

APPLICATION OF FRACTIONAL SIMPLEX DESIGNS TO A MIXTURE 

OFPAHSANDPAHPHOTOPRODUCTS 

7.1 INTRODUCTION 

This chapter combines the two primary topics cnntained within this thesis, namely the phoroproducts of 

photochemical oxidation of P AHs, and the means by which inraactions within groups of chemicals 

may be assessed. The toxicity of a group of seven P AHs and P AH photoproducts, and combinations 

thereof: was assessed using the fractional simplex designs descnbed in the previous chapter. The 

organism used for toxicity testing was the luminescent marine bacteria Photobacterium phosphoreum. 

A parametric representation of a sigmoidal curve was used to fit the dose-response curves of individual 

chemicals. Mixture data sets were graphically compared to dose-response curves predicted by two 

models of interaction, concentration additivity and response additivity. These are the most frequently 

occurring types of interactions (Calabrese 1991; Cassee et al. 1998), and fonn the basis for 

comparison for mixtures deviating from additivity. A statistical analysis was performed using the set of 

calculated ECsoS to determine significant deviations from additivity at the median response. 

When organisms are exposed to a mixture of chemicals, the possible toxic interactions range 

along a continuum from less than additive, through independent action and strict additivity, to greater 

than additive toxicity. For any given set of mixture components, the difficulty is to determine where on 

the continuum the interactions fall. Ideally, this should be done at all dose levels. The effects of the 

majority oftoxicants in combination follow strict additivity (concentration addition), independent 

action (response additivity), or are intermediate between these two subsets of additive action. The range 

of response intermediate between these models is similar but not identical to a previously defined 

'envelope of additivity' (Loewe 1953; Kodell and Pounds 1988). The most interesting interactions are 

those in which combinations of two or more chemicals deviate significantly from both additive models, 
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and the effect is either significantly underestimated or overestimated by the models. While large 

deviations from additive models occur infrequently, it is not safe to assume that interactions are not 

present without conducting appropriate tests of the model in question. 

Existing methods for assessment of toxic:ant interactions tend to focus on a given level of 

response, such as an LC50 (SO% lethality) or EC50 (SO% of a measured quantitative response, such as a 

growth rate, enzyme inhibition, etc.). This bas bem done partially to provide a readily quantifiable 

measure of interaction, and also as the point of SO% response is usually near the centre of the range of 

data points and is thus bas minimum error when ca1cuJated by regression. However, it is important to 

consider all dose levels when investigating mixture interactions, especially if one is interested in 

developing predictive models of response. It is possible that deviations from a predicted model may 

occur at dose levels other than in the vicinity of 50% response. The deviations from a predictive model 

may be quantified and a statistical significance determined, or may be assessed by less rigorous but 

readily interpreted graphical means. Methods for statistical determination of deviations from additivity 

have been developed for investigating drug interactions (Bliss 1939; Plackett and Hewlett 1963; 

Unkelbach and Wolf 1985). Graphical methods of interpreting mixture interaction data also have a 

long history (Loewe and Muischenk 1926; Tammes 1964; Hewlett 1969; Poch et al. 1996) and are 

valuable in determining the degree of deviation from additivity. 

To investigate possible interactions in a mixture over the entire range or response, it must be 

possible to describe the dose curve of the toxicants of interest. Dose-response curves are frequently 

well described by a logistic model of interaction (Sanathanan et al. 1987). A general model of logistic 

response is 

P(x) = [ 1 + exp{-Pln a(x)}r1 (7.1) 

where P(x) is the probability of response, Pis a measure of the slope of the dose response curve, and 

a(x) is a measure of the position of the curve on the x-axis. One curve may be compared to another by 

measuring the relative change in slope, position, or both (Plaa and Vezina 1990). 

The degree of interaction may be quantified through use of toxic units (Sprague 1965; Marking 

1977), which express the concentration as a fraction of the concentration required to cause a given 
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effect. Using the CON»•UNion required to cause 50% mortality {LC,o} as the measure of etfect, the 

concentration of chemical Q expressed in toxic units is 

Tlh = (cy(LCso1 (7.2) 

where [CJ is the conrmtralion of cbanical Q and (LCso}i is the CODMiCX:.dium of Q n,quired to cause 

50% mortality. Toxic units may also be caw:ulated f"or ocher quaUDtatiwie endpoints, such as an ECso. In 

this chapter, all TUs were ca■lndated usina ECso values. The undalying aaumption of aw:,e:ob.tka 

additivity is that a giva, number of tcnckanrs are Kling by sinn1v mec:lwniPDS within the cqanism, 

and can be treated essmtially as differalt forms of the saane cbmriAI, adjusted for potmcy (Calabrese 

1991; Poch et al. 1996). In this model, the median response of the organism t.o a~ oftoxicants 

occurs when the sum of toxic units is equal to 1.0: 

~ Tih = ~ [Ci]/(ECso1 = 1.0, at ECso (7.3) 

It can be assumed that if concentration additivity applies, then the slope of the dose-response curve of a 

mixture may be represented by an average of the slopes of the contnbuting components. It is frequently 

the case that toxicants with similar modes of action will have the same slope of dose response. If this is 

not so, inspection of the model fit will reveal deviations ftom the predicted response. 

In contrast to the concentration additive model, response additivity assumes that the response is 

due to different primary mechanisms or sites of action. The responses are thus independent on a 

cellular level (Plackett and Hewlett 1963; Berenbaum 1985; Kodcll and Pounds 1988). For instance, 

inhibition of respiration and inhibition of protein synthesis are very differmt mechanisms, but both can 

lead to inhibition of growth or death of the organism. The predicted response in a response additive 

model can be represented as the sum of the predicted responses to each of the components: 

Rcoeai = ~ R.(Xi) (7.4) 

In most cases, response addition predicts a lesser effect than concentration addition. However, for 

assays with shallow sloped dose responses, the two methods of calculation can predict comparable 

results. In some cases, the response addition model predicts the greater response of the two models 

(Poch et al. 1996). 
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The approach presented in this c:baptcr c:ombincs the parametric represcntaUoll of the dose 

response curve (7.1) with the additiw models (7.2) and (7.4). The logistic response curve (7.1) was 

used to descnbc the respcase of P. pl,Mpl,oMUII to individual tmncaD!S. Mixtures of cbrmicals were 

prepared according to a {713) fractional simplmt design. The obserwd toxicity of the mixtures was 

compared to dose respcase curves predict.ed by eilbcr COIKO■tndidl or response additivity, using the 

single cbc:mical dala in the modds tt, gcnam tbe c:urws. It statistical analysis of tbc dmaticm at 

JIIC'dian rcspoasc. for each mixture and sinsle dlanical, was done to determine the significance of 

deviations from additivity. 

7.2 MATERIAU AND METHODS 

7.2.1 Photobacterhon phosphoreum toxicity assay 

1'he lmninescent bacteria P. phosphoreum (strain NRRL 8-11177) 'M:le oblaincd firm the Midwest Area 

National Ce:ntte for Agricultural Utilisation 1beardl, Peoria, m. Prior to toxicity testing, adtun:s of P. 

phosphoreum wae grown at room temperature (23 to 2S 0 C). The growth media was composed of2.S g L·' 

KH2PO"' 30 g L·1 NaCl, 5 g L·1 glycerol. 1 g L·' yemt extract, 12.5 g L·1 Tryptme, and 2.5 g L·' 

Bactopeptamin, adjusted to pH 7.1 with NaOH Yeast extract and Tryptme were obrained from BDH Jnc .• 

Toronto, ON, and Baaopeptamin was obtained from Difeo Laboratories, Detroit, MI. Cultures were 

harvested when they reached an absorbance of 2.0 to 3 .0 at 550 mn, as measured using a specttopbotomet. 

1'he culture was diluted to an OD. of 0.06 m 2% (w/v) saline so1ulion immediarely prior to toxicity t.esting. 

Twenty-four 500 µI aliquots of ceUs were added to a 48-well tissue culture (Falcon Safety Products, VWR 

Scientific Ltd, Toronto, ON, Canada). After 5 min acclimatisation in the 48-well culture plates, the 

luminescence of the cells was measured. Cells were then dosed with dlcmical (see below) and incubated for 

15 min, after wbic:h baderial luminescence was measured again. Luminescence was measured as total light 

output from the tissue culture wells using a Cytofluor 2350 fluoresc:mce measurement system (Millipore 

Ltd., Mis~ssanga, ON, Canada). The excitation lamp of the detector was turned off to eliminate any 

background fluorescenc:e or scattering. This assay is sunilar to the Microtox® assay, except that ticsh 

bacterial cultures are used instead of freeze dried cultures. 
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7.22 Delivery of clwmicals 

Preparatirm of~ sohdinns of sewn PAIis and oxyPAHs Ml'e Bak in dinil:dl,is!•Jfbxide (DMSO) at 

the fullowing CCJIXOd•aiiwi. aca~m,me {ACNQ) 10 m&'L. phc:nadl,rmcq,rinmc (PHEQ) 2 

m&'L, fluon:ne (FLN) 10 mwL, ft.Kv■!Chme (FLA) 4 qlL, pyrme (PYll) 4 m&'L, 1,2-

dihydroxyaodnqu (dHATQ) 4 -.'I.. at phcnand,nn: (PHE) at 4 mwl-- All chearicaJs ~ 

greater than 98% pure and were pun:bued firm Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). 

The use ofDMSO as a solvent carria peuniUed die tcstina of cbanicals at CCMO•matuls alxM their 

aqueous solubility limit, which aided in obtaining n:spanses over a wider range of dose. Dilutiam of the 

stock solutions were prepared in a dilution series of l:SOO, 1:1000, 1:2000, 1:4000, 1:1000, 1:16000, 

and 1:32000 in a 2% saline solution. SOO f,LL of these solutions were then each added to SOO f,LL of the 

0.06 OD bacterial suspension in a 48-well plate, resulting in a thousand-fuld dilution of chemical at the 

highest concentration. A control dilution series was also tested using a stock solution containing 

DMSO only. The concentration ofDMSO was :SO.I% in each of the final mixtures, a concentration not 

eliciting a response from the bacteria (Environment Canada 1993; McConkey et al. 1997). 

7. 2. 3 Preparation of mixtures for toricity testing 

A {713} fractional simplex design, described in the previous chapter, was used to screen for 

interactions of the above set of chemicals. Two additional mixtures were also tested, one of three P AHs 

and one of the three oxyP AHs. After obtaining preliminary estimates of the ECso fur each cbemi~ 

combinations containing three components were prepared in DMSO at concentrations such that each 

would have comparable expected contributions to the toxicity of the mixture, i.e., the ratio of the 

concentrations expressed as toxic units was approximately l: 1: 1. Pyrene was an exception to this, as it 

did not elicit a toxic response at the concentrations used. Instead, the concentrations of pyrene used 

were comparable to concentrations of the other P AHs tested. Each of the final mixtures bad a sum of 

toxic units greater than 1.0 at the highest concentration tested. The highest concentrations tested for 

each of the mixtures are shown in Table 7.1. Additional concentrations were tested in a diminishing 
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geometric series, similar to tbe individual cbcmicals Eada individual chemical was tested twice, in 

random order within two separately ranA mised series. 

Table 7.1: Conco,a»tioas oftoxicaals in eadl mixlme at the bipest dose level tested. Sec text 

for chemical ablnviations. All concwd1scims are in mwt. Mixtures Ml to M7 were 

generated according to a {713} firacrimal limplo design; mimues MS and M9 were added to 

provide additional poims cnwwi,ci,c of cidla' aaly PAH photoproducts (MS) or only PAHs 

(M9). 

Mixture# ANCQ PHEQ FLN FLA PYR. dHATQ PHE 

ml 4 0.2 2 

m2 0.2 4 2 

m3 4 2 2 

m4 2 2 2 

m5 4 2 2 

m6 0.2 2 2 

m7 4 4 2 

m8 4 0.2 2 

m9 4 2 2 

7.2.4 Quantification of toxicity 

Toxicity was measured as percent inhil>ition of light emission mm a treated aliquot, correc.ted for loss of 

light in the control as: 

% Inhibition = l 00 (1- Lr • Ci ) 
Li ·Cr 

(7.5) 

where ~ is the initial lumincscence of the bacteria prior to toxicant exposure, Lr is the luminescmce of the 

bacteria following a IS min cbemical exposure, and C and Cr me the initial and final luminescence of the 

control bacteria. 
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Calndamn of'EC,os <* toxicamc QQIIAl!Otlliw c&c:rM ir caamrw ~ soo/4 rmxnm • liala eu1p1t) 

and the slopes of the respmsc wm: based an a lqpt fhncme &r carCinMN .tT.SIMIIC dllla (Sanathanan et 

al. 1987). The dala fir% inhibition vs. c.haui-:111 ccuo••••n can be fit to the equalian 

R= [l +exp{Pln (x/µ)}f1, (7.6) 

where R is the response firm zero to one, xis the c:oncrllll'atio µ is the estimate of the ECso. and /J is 

a measure of the slope of the CCDANhtdi.aa-tapme cune. This form of the logit equatim bas a 

minimum correlatian bc:twem the paramccas /J adµ. 11le c.q,oct.ed deperwlav-e of the variance on the 

response is a2 ac (1-R), where a2is the vuimce ~ Cmade 1993). ~. as the 

observed variance was better approximated by a model in which the variance was independent of the 

response, unweighted least squares was used to fit the response curve. Data analysis and curve fitting 

was performed with SYSTATN 8.0 (W'tlkinson 1998). Since all points within a dilution series were 

tested on bacteria from the same batch and at the same time, there is likely to be some correlation 

between the data points within a series. For this reason, the data points within a series were not treated 

as independent measurements; instead the ECso and slope parameters calculated for each replicate set 

were used in statistical calculations. Error estimates ~ calculated based upon the parameters 

estimated from replicate experiments. 

7.2.5 Predictive interaction models 

The data points obtained ftom the mixtures were graphically compan:d to estimated response 

calculated via two separate interaction models: response additivity and concentration additivity. 

Deviations from these models would indicate greater than additive or less than additive action. The 

purpose here is to investigate whether there are significant deviations from the two predictive models 

used. For concentration additivity, the response was estimated using a variant of the logit equation 

(7.6). The term (x/µ.) in equation (7.6) was replaced by the sum of toxic units t TU= t x/µi. The 

slope was replaced by a weighted average according to the formula 1/ ~ = ~ (TU/~) / ~ TUi. The 

average is weighted according to the expected contnbution of each mixture component at ECso. and the 

reciprocal of the slope parameter is used to reduce the bias introduced by large slope values, and to provide a 
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more conservative es1ianatc af n:spmsc at law an:am:aticm. Smmnarising the mil dose rapamc 

COh0dlbatkXl adddive modd, 

RcA = (1 + exp{Pln rrt1})"1, 

where ITU= l: xJ µ, 

and u /1 = t. (IU/ A) / ~ Tt]j. 

(7.7) 

The response additiw model was ca1c,•Jated u die smn of expected rcspcmcs from each ,.ompooent 

within the mixture: 

Ru=~ (1 +exp{A ln(xJµi)}f1 (7.8) 

Equations (7. 7) and (7 .8) provide the basis for camparisoa. of the mixture data to the predicted type of 

interaction. The set of ECso-t was compared using a combination of equation (6.5) and the toxic units 

concept (equation 7.3). The additive model at ECso. expressed as toxic units, is 

(7.9) 

where TU; is defined in equation (7 .3). The additive model at ECso including interaction terms is 
J.. q (2) 

Y=LTU;+LP; TU;(l-TU;)+e (7.10) 
i•l i•l 

where /J;ci> is the second order interaction term for chemical i, expressed in terms of TU; only. This 

parameter determines if chemical i induces a net deviation ftom additivity on combination with other 

factors. 

7.3 RESULTS 

7.3.1 Toricity of individual chemicals 

The single chemical toxicity data obtained using the P. phosphoreum assay for was fit to equation 

(7 .6) for each replicate data set, and the ECso and slope parameter estimated. The toxicity of each 

chemical was determined from duplicate samples, and the average parameter estimates calculated 

(Table 7.2). The single chemical data set was used to estimate the Toxic Units (TUs) which provided 

the basis for the predictive models of interaction. Several of the chemicals tested had an apparent 

maximum response, presumably limited by the solubility of the chemicals. In this case, the response at 
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the one or two highest cooco•tr.¢im lewis deviated from the sip¥wlel ~ and dae poims were 

omitted from the regression used to obtain e-rimates of the ECsos and slope paramda'S. 

Table 7.2: EC,o1 and fitted slope puamdaS for individual chmricals See text for c:bc:mical 

abbreviations. EC,o1 and slope paramcten were esamaaed using the logit equatim (7.1). All 

experiments were performed in duplicate, and ermn shown ~ OIIC' standard deviatim. The 

EC50,1 shown here were used to adcnwte toxic units for each of the mixlun:s. 

Chemical EC,o • ma1L Slope paramdCI' p 
ANCQ 9.80 ± 2.8 0.82 ± 0.11 

PHEQ 0.26 ± 0.11 

FLN 4.87±0.09 

FLA 2.31 ±0.47 

PYR1 

dHATQ 2.08 ±0.36 

PHE 1.21 ± 0.01 
1 no response was observed in the pyrene toxicity assays. 

7.3.2 Toxicity of PAR andphotoproduct mirtures 

3.39±0.19 

l.02±0.0S 

1.25 ±0.25 

0.89±0.0S 

1.38 ±0.lS 

The response to the ternary chemical mixtures was estimated. and interactions investigated as the 

deviation from the additive interaction models (7.7) and (7.8). Data points were plotted as response 

versus the sum of toxic units for each mixture, based on the EC50,1 estimated from the single chemical 

data set (Table 7.2). The responses predicted by the concentration addition (7.7) and response addition 

(7.8) models are also plotted. Due to the shallow slope of the response with the P. phosphoreum assay, 

there is not a large distinction between either of the additive models (the distinction between the models 

would be more apparent for steep-sloped responses). The response to mixtures Ml, M2, M3, and M4 

are shown in Figure 7.1, MS, M6 and M7 in Figure 7.2, and MS and M9 in Figure 7.3. Rderto Table 

7. l for mixture composition and concentrations. 

For each of Ml, M2 and M3, both models adequately descn"be the observed response. The 

slope of the curve may have been slightly underestimated in the concentration additive model for Ml, 

possibly due to the larger contribution of PHEQ to the response. M2 bad a similarly good fit, except at 
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Figure 7 .1: Percent light inhibition of P. phosphoreum, exposed to mixtures 
Ml, M2, M3, and M4. See Table I for mixture concentrations. The solid line is 
the toxicity predicted by a concentration addition model, and the dashed line is 
the predict.eel toxicity for a response addition model. The predictive models are 
based on single chemical data only. 
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Figure 7 .2: Pcrcc:nt light inhibition of P. phospl,oreum, exposed to mixtures 
MS, M6, and M7. Sec Table I for mixture concentratiOllS. The solid line is the 
toxicity predicted by a concentration addition model, and the dashed line is the 
predicted toxicity for a response addition model. The predictive models are 
based on the single chemical data only. 

130 



100 M8 (ANCQ + PHEQ + dHATQ), 100 M9 (FLN + FLA+ PYR) 
I ,: I 

I I 
80 I ao I 

I I 
I I 

I I 

1 60 
~ 

ro 
I 

I 1 
I I I • I I 

'I! 40 
I • I I #. 40 I 

~ ♦/ 
/• /, 

/ ,0 

20 /~ 20 

• • -t - • ----0 0 
1------------------l 1--------.-------___,J 

0.01 0.1 1 0.01 0.1 

Sum (Toxic lnls) Sum (Toxic units) 

Figure 7 .3: Percent light inhibition of P. phosphoreum, exposed to mixtures 
MB and M9. See Table 1 for mixture concentrations. 1bc solid line is the 
toxicity predicted by a conc:entration addition model, and 1he dashed line is 
the toxicity predicted by a response addition model. 1bc predictive models 
are based on the single chemical data only. 
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the highest concentration I~. Mixture M3 was an excellent fit to the concentration addition mode~ 

whereas the response addition model overestimates the response somewhat. The response of mixlure 

M4 was interesting, in that there appear to be two simultaneous deviations from the models. The 

response at higher concentralions is less than predicted, and approaches a maximum inhibition of 

approximately 70%. The ocher norable effect is an increase of about 10 to 20% inhibition over the 

expected response at two of the intermediate doses. 

The toxicity of mixtures MS, M6, and M7, and the effect estimated by the response and 

concentration additive models was derennined (Figure 7.2). Bodi models were reasonable predictors of 

the observed effect for each mixture. In M6, the RA model was slightly closer to the observed 

responses. For M7, the concentration additive model was a slightly better predictor. For mixtures MS 

and M9 (Figure 7.3), both models were reasonable predictors of effect. For MS the response additive 

model is a slightly better fit. Each response was approximately 10% higher than the concentration 

additive model; one possible cause is a small decrease in the light output of the conttols, rather than a 

consistent increase at all other dose levels. 

With the possible exception of mixture M4, there were no apparent large deviations from the 

response predicted by the additive models in Figures 7 .1-7 .3. The concentration additive model appears 

to be a slightly better fit in several cases. On this basis, the concentration additive model was selected 

to make investigate potential deviations from additivity. The calculated ECso5 of the mixtures, 

expressed as toxic units, will be used as the basis for comparison. 1he single chemical data was used to 

estimate the expected toxic units contribution of each chemical to the toxicity of the mixtures, and the 

ECso of each mixture was expressed as a sum of toxic units. The expected EC50 for all mixtures is 

predicted to occur at 1:TU = 1.0. The deviation of the experimentally detennined responses from the 

model predictions is shown in Figure 7.4. No large deviations ofECso5 were apparent in Figure 7.4, 

though the predicted response was underestimated in 12 of the 18 mixtures. 

A statistical analysis of the EC50 data set was perfonned, approximating the method described 

in Chapter 6. To determine if there was a net average deviation of the mixtures from the concentration 

additive model, the average of all ECso5, expressed as toxic units, was compared to ~TU=l.0. 
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The average EC.so was 0.896 TU, with a 95% confidence interval of(0.774, 1.019). As the confidence 

interval overlapped TU=l.0, the observed greater than additive effi:ct was not significant at a level 

p=O.0S. 

Model 7 .10 was used to determine if any individual component.s were causing non-additive 

effects within the mixtures. The first model fit included the sum of toxic units (the concentration 

additive model) plus 7 interaction terms. A p-value of0.0S was used as a criterion for inclusion in the 

model. It should be noted that p-values used in this manner, while useful for determining relative 

contributions of model tenns, do not provide exact estimates of statistical significance. One term, 

fk.NC2> = 1.10 (p = 0.022), was significant when all seven interaction tenns were included in the model. 

However, once non-significant interactic:n terms were excluded from the model, this term was no longer 

significant (p=0.457). The next model fit used included the sum of toxic units, plus one interaction term 

from model 7.10 for all seven terms in sequence (Table 7.3). None of the interaction terms were 

significant in isolation. Three terms, pANCQ.Cl>, /Jdw.rQC2>, and /lPHE,Cl> were significant at a level of p < 

0.10, but not at the set inclusion limit ofp < 0.0S. All of the interaction terms except one were also less 

than zero, indicating a greater than additive, but non-significant, effect for six of seven compounds 

within the mixtures. Thus, while there is some evidence that there may be some interactions occurring, 

none were significant within the variance estimate of the experimental system and degree of replication 

used. Thus, the concentration additive model was a reasonable descriptor of the entire data set. 

7.4 DISCUSSION 

Mixtures of chemicals were prepared according to a {7,3} fractional simplex design. and tested with 

the P. phosporeum assay. The purpose of this was two-fold: to test for the presence of significant 

deviations within this set of components, and to illustrate the application of fractional simplex designs 

to toxicological problems. The seven individual chemicals tested inhibited the production of light 

output of P. phosphoreum, with the exception of pyrene, for which no effect was observed. ECsoS and 

slope parameters were estimated for each of the chemicals (except pyrene). Comparing the ECsoS, the 
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Table 7.3. Estimates ofinteractim c:oefficiam for die ccn::o•b:atim additive model, plus one 

interadim term. In each case, the model used included one inlcradion paramaer for non-

additrJe action of a given mixture c:ompcmc:m 
Jnraactim Standard 

Model Error p (2-tail) 

Y = Uf4 + p,<2> TUi(.1-TU,) + s, where 

i=ANCQ -1.0532 0.5186 0.0582 

i=PHEQ -5.4192 4.0927 0.2030 

i=FLN 0.3090 0.40S6 0.4S66 

i=FLA --0.-1674 0.3858 0.2424 

i=PYR --0.0962 0.0921 0.3105 

i=dHATQ --0.7981 0.3815 0.0517 

i=PHE --0.8204 0.4097 0.0614 

toxicity estimates may be placed into two groups based m n:spcctive potencies. The first group 

contains chemicals with measured EC,o1 between 1 and 10 mglL, and includes all chemicals tested 

except PHEQ. For very hydrophobic chemicals such as PAHs, this range of ECso is consistent with a 

non-polar narcosis mode of action (McCarty et al. 1992; Rand et al. 1995). It should be noted that this 

does not preclude these chemicals from contn"buting to other possal>le modes of action as well. 1be 

second potency group contained one cbemi~ PHEQ, which exhibited potency 5 times greater than the 

next most toxic chemical tested. The slope of the response curve was also greater for PHEQ than for 

any of the other toxicants, further implying a different mode of action (Calabrese 1991). This is 

consistent with existing literature on PHEQ, which is known to be a redox cycling agent (Hasspieler 

and Di Giulio 1994; Di Giulio et al. 199S). While the modes of action of chemicals within organisms 

are not mutually exclusive, the identification of dominant modes of action can be useful in the 

interpretation of mixture interactions. Chemicals acting by the same mode of action would be most 

likely to follow a concentration additive model, whereas chemicals acting by different modes of action 

would most likely follow a response addition model (Calabn:se 1991; Poch et al. 1996). 

Due to the shallow slopes of response typical in the P. phosphoreum assay, there was not a 

large distinction between the concentration additive and response additive models. Thus, this assay may 
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not be readily used to distinguish between 1besc two types of imcradioa. It may instead Ix applied to 

screen for interactions greater or less than that predicted by either of the additive models, such as 

synergism and antagonism. A qualitatM interpraation of this dara set suggests that both models were 

reasonable descripton of the dara set, but the CODUl•ttGkJD additive modd was a sligbdy bcuer fit than 

the response additive model. 

If it is assumed that ACNQ. dHATQ. PHE, FLN, FLA, and PYR. all act by the w dCJminant 

mechanism, it would be expccmd that dac chmricals 'IIVOIIJd follow a CODCCN•hati.lll additive srmario, 

and coukl be treated as diffi:aeut forms of the same toxicaat. PHEQ. with a difren:nt mode of action, 

would be expected to interact with this set of toxicants according to response addition. The 

concentration additive model provided a good description of the data set. On statistical testing of the 

ECso5, no significant deviations from additivity were found, validating the use of a c.onceut1atiu11 

additive model for this particular set of chemicals tested with this organism. There was a trend to 

greater than additive action found with 6 of the 7 chemicals, but the effi:ct was not large enough to be 

statistically significant with the degree of replication used. 

One effect that occurred in several of the single and mixture data sets was an upper limit in the 

observed response, attn"buted to the solubility of the some chemicals tested. P AHs are only sparingly 

soluble in water, and although DMSO increases the effective solubility, above a certain concentration 

the chemical will precipitate from aqueous media. This reduces the concentration of chemical to which 

the organism is exposed, and so limits the maximum response. This was seen with PYR. (no response), 

in the highest concentrations ofPHE, FLA, FLN, and ACNQ. and in mixtures M4, M7, and M9. This 

may account for the increase in response seen in mixture M4 as well - at intennediate concentrations, 

P AHs may be less likely to precipitate out of solution if there are several present. This would increase 

the effective concentration of P AH in solution. and the organism would show a correspondingly greater 

response. If this is the case, it has environmental implications - having many PAHs present may 

increase the proportional solubility of the P AHs and hence increase the bioavailability. This suggests 

that the biological impact of P AHs could be greater than estimated from single P AH assays, if P AHs 

are present in a mixture. 
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This chapter bas illustrated aae poaible means of applying a tiactiana) simplex desip to 

toxicant mixtures. The taxicants arc tested in cquipotcat mixtun:s at various levels in a camtant ratio 

of components. The resultant data set is c:ampared to a predictiw model, and deviatiaas (if any) are 

identified. The graphical intcrpretatim pn• mtni here is also usdul in discussing intcncliam of die 

toxicants in questim. Statistical trt-ataea1rs afdle daia may be done at several resp<me levels as well. 

Comparison of a pm respome level aaoa all mixtma and sinaJe c:bcnricals. as wu done with 

EC~. is usefW to din,cdy ddaminl: types of illfaw:fiaa A ~ madmnatical albeit less inluitM 

approach is to model dire ~ at all dale lcftll, incarponana tams - slope dmatims. The slope 

deviations would be tested similarly to the ECso paramda'S. Due to the non-linear nature of dose 

response curves, statistics appropriate to DOD-linear data could be used. Of particular appeal is a 

bootstrap confidence interval for hypotbais testing at given dose levels, as the bootstrap procedure is 

readily done with existing computer programs (Efron and Tibshirani 1986; Wilkmson 1998). 

Fractional simplex designs can provide an empirical assessment of toxicological interactions, 

and test the applicability of simple models to approximate effect. These designs can also be used in 

conjunction with models based on theoretical considerations, such as physiologically based 

pbarmacokinetic models, and provide a basis for testing and parameter estimation within these models. 
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8.0 General Coad111ioas 

P AHs are rccngnizcd u important environmental contaminams. 1bcir occum:nce is widespread, 

and the major soun:cs of PAHs arc anduopogenic. They exist in environmental compartments 

almost exclusively as mixtures of many P Alls, and often with ocher contaminants present as well. 

They can act as taxicants to organism, via several modes of action, any one of which can be the 

predominant mode, depending on the orpnism and its environment P AHs arc also a human 

health issue, due to their c:arciDogenir- patmtial Overall the biological impact ~PAHs is a 

complex problem; there are not only many possible effcc:ts, but also many passiblc causative 

agents. 

The photooxidation of P AHs bas been shown to increase the toxicity of P AHs in solution 

dramatically, and in this thesis some of the products responsible for the observed increase in 

toxicity were identified. Each of the PAHs investigated in detail (naptbalene, phenantbrene, and 

benzo(a)pyrene) ~e found to form products that were more toxic than the parent compounds. 

On reference to the literature, it was found that several of these products could act as n:dox 

cycling agents, leading to oxidative stress within an organism. Several products were also 

identified previously as products of PAH metabolism, and have carcinogenic activity. It was 

shown here that active carcinogens could also be formed via photoreactions, without requiring 

metabolic activation. 

The relative stability of P AHs and P AH pbotoproducts was addressed, as it bas important 

implications for environmental concentrations and persistence. The results were not consistent for 

all pbotoproducts; some were more stable than the parent P AH, some were less so. Thus some 

photoproducts are likely to accumulate in environmental compar1ments, while others will be 

rapidly degraded. Further oxidation of photoproducts will result in the formation of substituted 

benzenes and naphthalenes, some of which are inherently resistant to photooxidation as they do 

not absorb light of the wavelengths present in sunlight. 

Given that P AH photoproducts have been found to be toxic in a laboratory setting. the 

question remains as to whether or not they have significant impact in environmental 
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compartments. k is almost a ccnainty that Ibey do under some circumsranccs, and this poual,ility 

is cum:ntly being investigated by members of1he Greenberg and Dixon laboratories. PAH 

photoproduc:ts are likely to have a significant toxic impact if PAHs have bad~ to sunlight 

for a period of time prior to or canc:urrmt with release to the environment. While P AH 

photoproduc:ts have been found in scdnnents, it is unlikely that they will accumulate 1bcR u lipt 

penetration into sediment is minimal 11le products of PAH oxidation are more war.er soluble, and 

will thus be quickly loat to the overlyina war.er. The result is that while some pbotooxidation may 

occur, the soluble products will not Slay iD die sedimcm. If the overlying water is shallow and bu 

no outlet, it is possible that oxidation products will accumulate in the water column. A more 

likely scenario for P AH oxidation product toxicity is that of road run~ff or heavy boat traffic on 

a water body. In the case of road run~ff: the PAHs are exposed to full sunlight, and the oxidation 

products formed will be washed away by rain. The run~ff is likely to contain a high 

concentration of the more water-soluble products. Similarly, boat ttaffic can introduce PAIis to 

the uppermost layer of the water column, where they will readily photooxidise. During light 

exposure some the P AHs can also ac:t a pbotosensitisers and be highly toxic. The photoproducts 

can be toxic as well, and the toxicity of the products is no longer dependent upon light activation. 

A shortfall identified in the literature was the lack of methods for determining 

interactions within mixtures. This is highly relevant to P AH and P AH oxidation product toxicity, 

as P AHs and even the oxidation products of a single P AH occur as mixtures. An idea on bow to 

address mixture interactions without extensive testing was developed. and resulted in the creation 

of 'fractional simplex designs'. These designs may be used to assess models of interaction, as 

well as screening for interactions within a mixture. The toxicity of a mixture of P AHs and P AH 

photoproducts was tested using a fractional simplex design. and the interactions found to be 

consistent with an additive model of interaction, within the sensitivity limits of the assay used. It 

is hoped that the generated designs will find use in the environmental assessment of mixtures, and 

possibly in other fields of study as well. 
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