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Abstract

_Bioassay-directed fractionation was. used to characterise genotoxic polycyclic aromatic hydrocarbons (PAH) of
molecular mass 302 amu in organic solvent extracts of coal tar-contaminated sediment from Sydney Harbour, Nova
Scotia. A normal phase HPLC techriiqué was employed to separate PAH-rich solvent extracts into fractions

. contammg PAH of single molecular mass classes. The 302 amu molecular mass fraction was isolated and further

separated using reversed phase HPLC; subfractions were collected every 30 s and subjected to bioassay analyses with
Salmonella typhimurium strain YG1025 with the addition of oxidative metabolism (4% S9). Compounds eluting in the
most active subfractions included naphtho[2,1-a]pyrene and naphtho[2,3-aJpyrene. The results of this study under-
score the significant contribution that molecular mass 302 PAH make to the biological -activity of complex
environmental mlxtures © 1999 Elsevier Science B.V. All rights reserved .

. Keywords: Bnoassay-dxrected fractionation; Coal tar; Sabnanglla typhimurium; Sediment; Polycyclic aromatic hydrocarbons;

Genotoxicity

1. Introduction ' almost always restricted to designated priority
_ S : pollutant compounds. However, some studies have

Determination of polycyclic aromatic hydrocar- shown priority pollutant PAH may constitute only
bons (PAH) in complex environmental mixtures is a. portion of the mutagenic and caréinogenic
: PAH-related activity in some complex environ-
- : : mental mixtures (Grimmer et al.; 1991; Marvin et
*'Corresponding»author Tel: +1-905-319-6919; fax: +1- al., 1993, 1994, 1995; Durrant et al., 1998; Hanni-
905-336-6430. ' gan et al, 1998). We have previously used a

E-mail address: clis. mam“@cc‘wca(CH Marvin) bioassay-directed fractionation methodology to

0048-9697 /99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.
PII S0048-9697(99)00096-0
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show that almost all of the mutagenic. activity
detected in extracts of coal tar-contaminated
sediments to be attributable to PAH with moléecu-
lar masses equal to or exce}eding 252 atomic mass
units . (amu). Benzo[alpyrene, indeno[1,2,3-
cdlpyrene, dibenz{a,hlanthracene and PAH of
molecular mass 302 amu were identified in muta-
genic fractions collected from reversed phase
HPLC analysis of extracts of coal tar-con-
taminated sediments from Hamilton Harbour
- Lake Ontario (Marvin et al, 1993) and Sydney
Harbour, Nova Scotia (Marvin et al., 1994, 1995).
These fractions exhibited significant responses in
the Ames Salmonella typhimurium microsome as-
say using a strain that detects base-pair substitu-
tions (a TA100-like strain) with the addition of
oxidative metabolism (Aroclor 1254-induced rat

liver supernatant S9). Recently, a human lym-

phoblast mutagenicity assay was used to identify a
number of 302 ariu PAH as potent mutagens in
urban air extracts (Durrant et al,, 1998 Hannigan
et al,, 1998)

To facilitate identification of genotoxic PAH,
we developed a normal phase (NP)-HPLC method
to separate PAH-rich organic solvent extracts into
fractions containing PAH of a single benzologue
class (Marvin et al., 1995). This preliminary sepa-
ration of PAH into molecular mass classes as-
sisted in identification of PAH molecular mass
_ classes, including 302 amu PAH, as mutagens.
Each of the PAH fractions were further sepa-
rated by reversed phase (RP)-HPLC and subfrac-

tions were collected and subjected to the Sal-

monella /microsome assay; the 'identity of bioac-

tive PAH in these subfractions was confirmed by

GC-MS analysis (Legzdins et al., 1995; Marvin et
al., 1995). Approximately 20% of the total muta-
genic activity exhibited by an extract of coal-tar-
contaminated sediment from Sydney Harbour,
Nova Scotia, was attributed to 302 amu PAH
(Marvin et al., 1995).

In this paper; we have further 1nvest1gated the
mutagenic potency of 302 amu PAH using multi-
dimensional liquid chromatography and the Sal-
monella typhimurium /microsome assay. The use
of a semi-preparative polyaminocyano HPLC
column resulted. in fractionation of an extract of

coal tar-contaminated sediment into isomeric
molecular mass PAH classes. The molecular mass
302 PAH fraction was then fractionated by RP-
HPLC using a Vydac 201TP column and subfrac-

‘tions of the column effluent were collected. Ten-

tative identifications based on UV-visible spectra
were -assigned to 302 amu PAH present in the
mutagenic subfractions.

2. Methods

2.1. Instrumentation

Extraction was performed using a 300-W Fisher
" Sonic Dismembrator Model 300 with a 0.75-inch
diameter titanium horn (Fisher Scientific, Fair-

lawn, NJ, USA). Reversed and normal phase
HPLC were performed on a Hewlett-Packard
Model 1090 liquid chromatograph with a diode
array detector (Hewlett-Packard Co Mississauga,
ON, Canada).

2.2, Extraction and clean;up

Organic solvent soluble material was prepared
using an extraction and fractionation procedure
previously reported (Marvin et al, 1992). Dry
sediment (5 g) was suspended in 50 ml! of
dichloromethane in a glass beaker and eight con-
secutive'. ultrasonic pulses (15-s duration each)

- were applied at full power. The suspension was
_ filtered and the procedure was repeated with 50-

ml of fresh dichloromethane, followed by a final
sonication with 50 ml of methanol.

The dichloromethane /methanol extract was
adsorbed onto alumina (3 g, Brockman activity 1,
80-200 mesh) by solvent evaporation under re-
duced pressure and applied to the top of fresh
alumina (6 g dried at 170°C for 48 h) contained in
a glass column. Organic components were eluted
using solvents of increasing polarity. Hexane (60
ml) afforded an aliphatic fraction. Non-polar PAC
were eluted by sequential addition of benzene (50
ml) and dichloromethane /ethanol (70 ml, 99:1

" v/v), which were combined to afford a single

fraction. Methanol (50 ml) and methanel /water

(50 ml, 3:1 v/v) were collected and combined to

- (- ﬁ
. i .
a N1 | e—
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afford a polar PAC fraction. The non-polar PAC

~ fraction was then subjected to a Sephadex LH20

(Pharmacia Fine Chemicals, Uppsala, Sweden)
column clean-up step (mobile phase, hexane/
methanol /dichloromethane (6:4:3 v/v), flow rate
3 ml/min) to remove aliphatic compounds.

2.3. Normal phase HPLC fractionation

The non-polar PAC fraction from the
alumina-Sephadex LH20 clean-up was separated
into PAH molecular weight classes using NP-
HPLC (Fig. 2); this procedure has been described
in detail elsewhere (Marvin et al., 1995). A nor-
mal phase 10-pm 25 cm X 9.4 mm i.d. Whatman
Partisil M9 PAC (polyaminocyano) semi-prepara-
tive HPLC column (Whatman, Clifton, NJ, USA)
was used with a 100 .l sample loop and a mobile
phase flow rate of 4.2 ml/min with the following
linear gradient elution program (elapsed time,
composition of mobile phase): initial, 95% hexane
and 5% dichloromethane; 10 min, 95% hexane
and 5% dichloromethane; 30 min, 75% hexane
and 25% dichloromethane; 45 min, 45% hexane
and 55% dichloromethane; 60 min,  100%

- dichloromethane; 65 min, 100% acetonitrile; 70

min, * 100% acetonitrile; 75 min, 100%

dichloromethane; 80 min, 95% hexane;, 5%

dichloromethane. The column temperature was
40°C.

The following linear gradient elution program
was used for secondary separation of the molecu-
lar mass 302 PAH fraction to afford éight frac-
tions for RP-HPLC analyses (Fig. 4): initial, 88%
hexane and 12% dichloromethane; 30 min, 80%

~ hexane and 20% dichlofomethane; 32 min, 88%

hexane and 12% dichloromethane; 40 min, 88%
hexane and 12% dichloromethane.

2.4. Reversed phase HPLC

Reversed phase HPLC was performed using a
5-pm 25 cm X 4.6 mm i.d. Vydac analytical column
(201TP54, Separations Group, Hesperia, CA,
USA) or a Bakerbond wide-pore octadecyl 5-pm
25 cmX 4.6 mm i.d. analytical column (7100-00,
J.T. Baker Inc., Philipsburg, NJ, USA). A mobile
phase flow rate of 1.0 ml/min was used with the

following linear gradient elution programs
(elapsed time, composition of mobile phase): Pro-
gram A: Column temperature, 35°C; initial, 60%
acetonitrile and 40% water; 30 min, 100% ace-
tonitrile; 55 min, 50% acetonitrile and 50%
dichloromethane; 60 min, 100% acetonitrile; 65

min, 60% acetonitrile, 40% water; Program B:

Column temperature, 0°C; initial, 80% acetoni-
trile and 20% .dichloromethane; 10 min, 80%
acetonitrile and 20% dichloromethane; 40 min,
100% dichloromethane; 45 min, 80% acetonitrile
and 20% dichloromethane.

2.5. Bioassays

The Salmonella typhimurium bacterial strain
used was YG1025 which is auxotrophic for histi-
dine (his G46) and contains pKM101 (Watanabe
et al,, 1991). Strain YG1025 is practically identical
to strain TA100 and exhibits similar responses to
standard mutagens, but has been modified by the
addition of the plasmid pBR322. “

The protocol for bioassays was adapted from
Maron and Ames (1983). Bacteria were grown for
10 h at 37°C in Oxoid Nutrient Broth #2 (15 ml)
with ampicillin (50 pg/ml) and tetracycline (6.25
wg/ml). Dilutions of organic extracts dissolved in
50 ml DMSO were assayed in duplicate with
metabolic activation (4% Aroclor 1254-induced

’ were tested in duplicate to produce dose respon-

ses. Mutation chromatograms were produced from
duplicate assays of subfractions. After a 48 h
incubation period at 37°C the number of rever-
tant colonies (histidine-independent) was de-.
termined. Biological activity values were extrap-
olated from linear segments of the dose—response
curves. The average spontaneous reversion rate
(background rate) of strain YG1025 + S9 was 190

revertants. The positive control was benzo[a]

pyrene (1 pg/plate).

3. Results and discussion

Sediment was sampled near the outflow of
Muggah Creek in Sydney Harbour, Nova Scotia,
in an area heavily contaminated by coal tar
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(Matheson et al., 1983; Kiely et al, 1988). Sedi-
ment was air-dried and extracted sequentially by
tltrasonication. with dichloromethane and
methanol. The multi-dimensional chromato-
graphic scheme used in samiple preparation is
illustrated in Fig. 1. The crude sample extract
(8.0% by weight of dry sedimerit) was subjected to

open column alumina chromatography affording

a non-polar aromatic polycyclic aromatic com-
pound (PAC) fraction and a polar PAC fraction.
The non-polar PAC fraction -(28% of weight of
crude extract) was passed through a Sephadex
LH20 gel column to remove aliphatic compounds.
Total PAH content of the sample (sum of concen-

trations of 16 priority pollutant PAH) was approx- -

imately 10000 wg/g dry sediment (Marvin et al.,
-1994).
‘The non-polai PAC and polar PAC fractions

" Crude Extract

Neutral Alumina

were bioassayed with Salmonella typhimurium
strain YG1025 with the addition of rat liver su-
pernatant (4% S9) to simulate mammalian
metabolic mechanisms. These bioassay conditions
were chosen because PAH are base-pair substitu-
tion type mutagens requiring oxidative metabolism
to transform them into mutagenic products. The
non-polar PAC fraction contained over 90% of
the mutagenic activity exhibited by the crude
sample extract. This fraction was further sepa-
rated by NP-HPLC enabling collection of isomeric
molecular mass PAH classes (Fig. 2). Probe EI-MS
analyses were used to confirm that fractions con-
tained PAH comprised almost exclusively of a
single benzologue class. We have demonstrated
this NP-HPLC methodology to be effective for
isolating PAH classes and other compound classes
in a variety of complex environmental samples

Extraction in Dichloromethane/Methanol

Hexane' Dichlorométhas

Benzene/ ; 4

Methanol/

Water

[ Aliphafics] ! Non-Pola!r' l.’AC J ﬁ’ola; PACJ Bioassay

Sephadex LH20

f .
[Atiphatics | [ Non-Polar PAC |

Normal Phase HPLC

Bioassay

[ tsomeric Molecular Weight PAH Fractions (Figure 2)| | Bioassay |

Reversed Phase HPLC
of 302 amu PAH Fraction

Normal Phase HPLC Separation
of 302 amu PAH Fraction

| Mutation Chromatogram (Figure 3) |

[Molecular Weight 302 PAH Sub-Fractions |

Reversed Phase HPLC-

l Reversed Phase chrotiiatogtams (Figtire 4) ]

Fig. 1. Diagram of sample clean-up and fractionation scheme.
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Fig. 2. Normal phase HPLC chromatogram of the non-polar polycyclic aromatic compound fraction of a coal tar-contaminated
Sydney Harbour sediment extract: The numbers on the peaks correspond to masses of the principal polycyclic aromatic

hydrocarbons.

(Legzdins et al,, 1995). The fractions were also
bioassayed in strain YG1025 + S9 and mutagenic
activities were calculated by regression of linear
portions of the dose—response curves; the molec-
ular mass 302 fraction contained approximately
20% of the total activity exhibited by PAH in the
extract. ‘

The molecular mass 302 PAH fraction was then
separated by RP-HPLC using the Vydac column
(gradient program A) and 30-s subfractions were
collected. Each subfraction was subjected to du-
plicate bioassays using strain YG1025+ §9. Un-
der these chromatographic conditions, com-
pounds exhibiting significant responses Were
poorly resolved (data not shown). Optimal separa-
tion of these compounds was obtained by reduc-
ing the column temperature to 0°C and using an
acetonitrile /dichloromethane gradient elution
program (program B). The plot of mutagenic re-
spenses of the molecular mass 302 PAH subfrac-

tions and the UV absorption profile, defined as a -

mutation chromatogram, is shown in. Fig. 3. The
mutation .chromatogram characterises HPLC
column effluent in terms of both a conventional
UV absorption profile and a mutagenic activity
profile. Mutagenic activities of individual subfrac-

e

tions are expressed as net revertants reflecting

‘background correction by subtraction of the spon-

taneous reversion rate of YG1025 + 89 (190 re-
vertants). Subfractions exhibiting positive- muta-
genic activity were defined as those that exceeded
200 net revertants (390 total revertants or approx- -
imately double the spontaneous reversion rate of

- YG1025 + 89).

The molecular mass 302 PAH fractxon muta-
tion chromatogram exhibited a number of zones
of elution containing significant mutagenic activ-
ity (Fig. 3). Tentative identifications of individual
compounds (Table 1) were assigned by compar-
ison of UV absorption spectfa with spectra of
authentic standards or spectral data from other
studies (Fox and Staley, 1976; Peadon et al., 1980;
Colmsjo and Ostman, 1988; Wise et al., 1988a,b,

1993a,b; Fetzer and Biggs, 1984, 1985; Schmidt et o

al,, 1987). The volume of extract injected inito the
HPLC to produce the mutation chromatogram

_ was equivalent to approximately 100 mg of dry

sediment. Bioassays of standard solutions of
dibenzo[a,elpyrene, dibenzo[aq,llpyrene and
dibenzo|a,klpyrene resuited ‘in mutagenic activi-
ties of 63 revertants per nanomole (fev / nmol), 75
rev/nmol and 25 rev/nmol, respectively. The re-
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Fig. 3. Molecular mass 302 polycyclic aromatic hydrocarbon fraction mutation chromatogram. The top panel shows the UV
absorption profile (254 nm) from the reversed phase HPLC separation with individual polycyclic aromatic hydrocarbons identified
by number. The peak numbers correspond to the compounds listed in Table 1. The bottom panel shows the net mutagenic
responses, corrected for the spontaneous reversion rate, for single doses assayed in duplicate: of each of the individual 30-s

subfractions assayed using strain YG1025 + S§9.

sponses of these compounds in strain YG1025 +
89 were similar to that of benzo[a]pyrene (77
rev/nmol). Dibenzola llpyrene and dibenzolae]
pyrene have been demonstrated to be strong ani-
mal careinogens (Lacassagne et al., 1958, 1963,
1968; DiGiovanni et al.. 1983; Dipple, 1983; Dip-
ple et al., 1984; Cavalieri et al,, 1991; Gill et al,

1994) while dibenzo[a,hlpyrene has been shown
to have significant SOS-inducing potency
(Mersch-Sundermann et al., 1992). The zones of
significant mutagenic activity in the mutation
chromatogram did not correspond to elution of
any dibenzopyrene isomers and the levels of
dibenzo[a,i]pyrene (peak 8, Fig. 3) and

w-“"— — -_‘ -A‘ {-———-l_
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dibenzola,hlpyrene (peak 11, Fig. 3) were esti-
mated to be lower than 3 wg/g in the sediment.
We assumed the mutagenic- activity of
dibenzo| a,iJpyrene to be within the range of activ-
ities exhibited by the other'dibenzopyrene isomers
we assayed, based on dibenzo[a,ilpyrene exhibit-
ing a similar SOS induction potential to that of
dibenzo[a,#]lpyrene (Mersch-Sundermann et al.,
1992).

Tentatively identified compounds eluting within
the zomes of positive bioassay response in the

-mutation chromatogram included naphtho[2,3-

elpyrene (peak 2, Fig. 3), naphtho[2,1-alpyrene
(peak 7), naphthol2,3-ajpyrene (peak .9),
naphtho[2,3-b]fluoranthene (peak 3J), dibenzo-
[b k]fluoranthene (peak 6) and naphtho[2,3-k])-

. fluoranthene (peak 10). All of these compounds

have recently been shown to be present in urban
air particulate and to be significant to modest
contributors to the mutagenic potency using a
human lymphoblast mutagenicity assay (Durrant
et al., 1998). We have been unable to find litera-

. ture evidence supporting the . potential carcino-

genicity of naphthofluoranthene or dibenzofluo-
ranthene compounds but naphtho[2,1-alpyrene

Table 1 -

Chromatographic peak identifications in a mutation chro-
matogram (Fig. 3) resulting from the analysis of the molecular
tmass 302 amu polycychc aromatic hydrocarbon fraction of a
coal tar-contammated scdxmcnt sample extract

Drbenzo[b,e]ﬂuoranthene
Naphtho[2,3-¢]pyrene™®
Naphtho[1,2-k Jluoranthene?
Benzo[bJperylene®

Naphthol2, 3-blfuoranthene™®
Dibenzol b,k )fluoranthene™®
Naphtho(2,1-Jpyrene™ ab
Dibenzo| a,iJpyrenc®
Naphtho{2,3-z]pyrene™® \
Naphtho[2, I’;-k_]ﬂl.xor'qmthene“’b
Dibenzo{a,hlpyrene’

HOWR NN AW

—

“*Identification based 61{_ uv spectraf comparison with V

spectra from the literature (Fox and Staley, 1976; Peadon et
al, 1980; Fetzer and Biggs, 1984, 1985; Schmidt et al., 1987;
Wlse et al., 1988a,b, 1993a,b; Colmsjo and Ostman, 1988).
Compound elutes in retention time range that exhibited
significant mutagenic activity.
“Identification based on UV spectral comparison with
spectrum of standard. ' .

Table 2

Chromatographic peak identifications in molecular miass 302
polycyclic aromatic hydrocarbon fractions prepared using
normal phase HPLC and analysed using reversed phase
HPLC (Fig: 4

1. Dibenzo[b elfluoranthene®
12. Dibenzo|a,elfluoranthene®
13. Dibenzo[ak]fluoranthene®

2. Naphtho[2;3-¢]pyrene”

14. Dibenzo|q,elpyrene”

3. Naphtho[l, Z—k]ﬂuoranthcnc

4. Benzo[blperylene®

5. Dibenzole,1]pyrene’

6. Dibenzo[b kfluoranthene®

5. Naphtho[Z,‘3.—l>]ﬂuor'c1ntheneb

7. Naphtho[2,1-alpyrene®

8. lecnzo[a,z]pyrenc"

9. Naphtho[2;3-¢)pyrene®
10. Naphtho[2;3-k uoranthene®
11. Dibenzo[a AJpyrene®
16. Coronene

aCompound numbers correspond to numbcrcd pcaks in
Flg 4,

®Identification based ‘6n UV spectral comparison with
spectra from literature (Fox and Staley, 1976; Peadon et al,,
1980; Fetzer and Biggs, 1984, 1985; Schmidt et al, 1987,
Colmsjo and. Ostinan, 1988; Wise et al., 1988a,b, 1993a,b).

“Identification based on UV spectral comparison with
spectrum of standard.

4Moletular wcxght 300 amu.

and naphtho[2,3-alpyrene have both been demon-
strated to be carcinogenic (Hendricks et al., 1971;
Lacassagne et al., 1960). Naphtho[2,3-¢]pyrene has
been reported to be inactive as a carcinogen
(Dipple et al, 1984). Spectra of naphtho[2,1-
alpyrene (peak 7) and naphtho[2,3-a]pyrene (peak
9) were practically identical to reference spectra
(Schmidt et al., 1987; Wise et al., 1988a) and the
peaks exhibited a high degree of purity, indicating
elution of single compounds. It is therefore highly
probable that - naphtho[2,1-alpyrene and
naphthof2,3-aJpyrene were responsible for the
mutagenic activities detected at 27-28 min and
35-=35.5 min, respectively. Given its small peak
area and relatively high mutagenic response, it is
predicted that naphtho[Z,B-a]pyrene will be & po-
tent ‘mutagen in the Salmonella /mxcrosome as-
say. .

The RP-HPLC chromatographic profile belied
the complexity of the 302 amu PAH fraction and
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spectra of many of the chromatographic peaks
indicated co-elution of multiple compounds which
precluded unequivocal compound identification.
To better resolve co-eluting compounds, the 302
PAH fraction was subjected to a second NP-HPLC

separation using a modified gradient elution pro- -

gram (chromatogram not shown). This secondary
NP-HPLC separation afforded eight individial
fractions which were analysed by RP-HPLC using
both the Vydac C-18 column and the Bakerbond
C-18 column with a water /acetonitrile /dichloro-

‘methane gradient program at 35°C (program A,

Fig. 4). These RP-HPLC analyses confirmed the
complexity of the 302-amu PAH fraction; the
frequency of co-elution of compounds was re-
duced which enabled identification of additional
compounds. Comipounds in fractions 3 and 5 were
better resolved using the Bakerbond C-18 column
while the Vydac C-18 column resulted in better
separation of the remaining fractions. Column
effluent corresponding to individual peaks was
collected during the analysis of these eight frac-
tions which resulted in collection of 90 individual
compounds. Tentative identifications of individual

10 30 30 40 ]
TIM E (min)

. Fig. 4. Reversed phase HPLC chiromatograms of the eight molecular mass 302 polycyclic aromatic hydrocarbon fractions prepared
using normal phase HPLC. Fractions 1,2,4,6,7 and 8 were separated on a Vydac C-18 column; fractions 3 and 5 were separated on a
Bakerbond C-18 column. The peak mimibers correspond to the compounds listed in Table 2, The ultra-violet absorption profiles-are
the averaged responses over the wavelength range from 250 to 370 nm.
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compounds are listed in Table 2 and were as-
signed by comparison of UV absorption spectra

. with spectra of standards or spectral data from

other studies. Many of the compounds exhibited
spectra similar to those of compounds listed in
Table 1, indicating that they were alkylated 302
amu PAH derivatives. We have tentatively ideénti-
fied 58 of the 90 compounds as alkyl derivatives
of 302 amu PAH based on probe mass spectral

data. Included in the additional compounds tenta--

tively identified was dibenzola,e]pyrene, a known
carcinogen (Lacassagne et al, 1963). The rela-
tively early elution time of dibenzofaelpyrene
under RP-HPLC conditions suggests that this may
have been one of the compounds responsible for
the strong bioassay responses in the 17-19-min
zone of the mutation chromatogram (Fig. 3). We
are currently working towards confirming the
identifications of the compounds we have isolated
and carrying out thorough chemical and blologl-
cal charactensanons

Acknowledgements

The authors would like to thank the Natural

Sciences and Engineering Reséarch Council
(Canada) for financial support.

References

Cavalieri EL, Higgenbotham S, RamaKrishnia NV, Devanesan
PD, Todorovic R, Rogan EG, Salmasi S. Comparative

dose-response tumorgenicity studies of dibenzo-

[a,llpyrene versus 7,12-dimethylbenzanthracene, benzola}
pyrene, and two dibenzola,llpyrene -dihydriols in mouse
skin and rat mammary gland. Carcinogenesis 1991;12:
1939-1944.

Colmsjo AL, Ostman CE. Isolation and fingerprinting of some
high molecular weight polynuclear aromatic compounds.
Anal Chim Acta 1988;208:183-193.

DiGiovanni J, Diamond L, Harvey RG, Slaga TJ. Enhance-

ment of the skin tumor-initiating activity of polycylic aro-
matic hydrocarbons by methyl-substitution at the non-benzo
‘bay-region’ positions. Carcinogenesis 1983;4:403-407.

Dipple A. Formation, metabolism and mechanism of action of
polycyclic aromatic hydrocarbons. Cancer Res (Suppl)
1983;43:2422-2425.

Dipple A, Moschel RC, Bigger AH. Polycyclic aromatic hydro-
carbons. In: Searle EE, editor: Chemical carcinogens.
Washington DC: ACS Monograph 182, 1984,

Durrant JL, Lafleur AL, Plummer EF, Taghxzadeh K, Busby
Jr WF, Thilly WG. Human Iymiphoblast riutagens in urban
airborne particles. Environ Sci Technol 1998;32:1894-1906.

Fetzer JC, Biggs WR. The high-performance liquid chro-
matography of pero-pyrene-type polycyclic aromatic hydro-
carbons. J Chromatogr 1984;295:161-169. i

Fetzer JC, Biggs WR. Solvated structure—activity rélationships
of peropyrene type polycyclic arofhatic hydrocarbons. J.
Chromatogr 1985;322:275-286.

Fox MA, Staley SW. Determination of polycyclic aromatic
hydrocarbons in atmospheric particulate matter by high
pressure liquid chromatography coupled with fluorescence
techniqués. Anal Chem 1976;48(7):992-998.

Gill HS, Kole PL, Wiley JC, Li KM, Higgenbotham S, Rogan
EG, Cavalieri EL. Synthesis and tumor-initiating activity in
mouse skin of dibenzola,l]pyrene syn- and anti-fiord region

" diolepoxides. Carcinogenesis 1994;15:2455-2460.

Grimmer G, Brune H, Deutsch-Wenzel R, Dettbarn G, Mis-
feld J, Abel U, Timm J. Relevance of polycyclic -aromatic.
hydrocarbons as environmental carcinogens. Fres J Anal
Chem 1991;339:792-795. ‘

Hannigan MP, Cass JR, Penman BW, Crespi CL, Laffeur AL,
Busby Jr. WF, Thilly WG, Simoneit BRT. Bjoassay-directed
chemical analysis of Los Angeles airborne particulate mat-
ter using a human cell mutagenicity assay. Environ Sci
“Technol 1998,32:3502-3514.

Hendricks GW, Attane EC, Wilson JW. United States Patcnt
3,619,407, 1971.

Kiely KM, Hennigar PA; Matheson RA, Evrast WR. Polynu-
clear aromatic hydrocarbons and heterocyclic aromatic -
compounds in Sydney Harbour, Nova Scotia, 1986 Survey.
Surveillance Report EPS-5-AR-88-7, Environment Cariada,
1988:41.

" Lacassagne A, Buu-Hoi NP, Zajdela F. Relation entre struc-

ture moleculaire et activite cancerogene dans trois series
d’hydrocarbures aromatiques hexacycliquies. CR Acad Sci
1958;246:1477~1480.

Lacassagne A, Buu-Hoi NP, Zajdela F. Activite cancerogene

d’hydrocarbures polycyliques derives du naphthaoene CR
Acad Sci 1960;250:3547=3548.

Lacassagne A, Buu-Hoi NP, Zgjdela F, Lavit-Lamy D. Activite
carcinogene elevee du 1,2:3,4-dibenzopyrene et 1,2:4,5-di-
benzopyrene. CR.Acad Sci 1963;256:2728~2730.

Lacassagne A, Buu:Hoi NP, Zajdela F, Vingiella F. The true
dibenzo[a,l]pyrene, a new potent carcinogen. Naturwis-
senschaften 1968;55:43.

" Legzdins AE, McCarry BE, Marvin CH, Bryant DW Method-

ology for bicassay-directed fractionation studies of air par-
ticulate material and other complex environmental matri-
ces. Int J Environ Anal Chem 1995;60:79=94.
Maron DM, Ames BN. Revised methods for the Salmonella
'mutagenicity test. Mutat Res 1983;113:173-215. .
Marvin CH, Allan L, McCarry BE, Bryant DW. A comparison
of ultrasonic extraction and Soxhlet extraction of polycyclic
- aromatic hydrocarbons from sediments and air particulate
material. Int J Environ Anal Chem 1992;49:221-230.



144 ‘ C.H. Marvin et al. / The Science of the Total Environment 231 (1999) 135-144

Marvin CH, Allan L, McCarry BE, Bryant DW. A
chemico /blologxcal investigation of contaminated sediment -
fiom the Hamilton Harbour area of western Lake Ontario.
Env Molec Mutagen 1993;22:61-70.

Marvin CH, Tessaro M, McCarry BE, Bryant DW. A -

bioassay-directed investigation of Sydney Harbour sedi-
ment. Sci Total Environ 1994;156;119-131.

Marvin CH, Lundrigan JA, McCarry BE, Bryant DW, De-
termination and genotoxicity of high molecular mass poly-
cyclic aromatic hydrocarbons isolated from coal-tar-con-
taminated sediment. Environ Toxicol Chem 1995;14:
2059-2066.

Matheson RA, Trider GL, Ernst KG, Hamilton KG, Hennigar
PA. Investigation of polynuclear aromatic hydrocarbon
contamination of Sydney Harbour, Nova Scotia. Environ-
mental Protection Service, Report EPS-5-AR-83-6, Envi-
ronment Canada, 1983:144.

Mersch-Sundermann V, Rosenkranz HS, Klopman G. Struc-
tural basis of the genotoxicity of polycyclic aromatic hydro-
carbons. Mutagenesis 1992;7(3):211-218,

Peadon PA, Lee ML, Hirada Y, Novotny M. High-perfor-
mance liquid chromatographic separation of high-molecu-
lar-weight polycyclic aromatic compounds in carbon black.
Anal Chem 1980;52:2268-2271;

Schmidt WG, Grimmer G, Jacob J, Dettbarn G, Naujack KW.
Polycyclic aromatic hydrocarbons with mass number 300
and 302 in hard-coal gas condensate. Fres Z Anal Chem
1987;326:401~-413.

‘Watanabe M, Einisito P, Ishidate Jr. M, Nohmi T.-Mutagenic-

ity of 30 chemicals in Salmonella typhimurium strains pos-
sessing different nitroreductase or O-acetyltransferase ac-
tivities. Mutat Res 1991;259:95~102.

Wise SA, Benner BA, Liu H; Byrd GD, Colmsjo A. Separation
and identification of polycyclic aromatic hydrocarbon
isomers of molecular weight 302 in complex mixtures. Anal
Chem 1988a;60:630~637.

Wise SA, Benner BA, Byrd GA, Chesler SN, Rebbert RE,
Schantz MM. Determination of polycyclic aromatic hydro-
carbons in a coal tar standard reference material. Anal
Chem 1988b;60(9):887-894.

Wise SA, Deissler A, Sander LC. Liquid chromatographic
determination of polycyclic aromatic hydrocarbon isomers
of molecular weight 278 and 302 in environmental standard
reference materials. Polycychc Aromatic Comp 1993a;3:
169-184.

Wise SA; Sander LC, May WE. Determination of polycyclic
-aromatic hydrocarbons by liquid chromatography J Chro-
matogr 1993b;642:329~349.

-— — SR E

'

|
I






Instrtut~nat10n‘al“de recherche sur les eaux 5
SR " Environnemernt Canada

. Centre canadren des eaux intérieures
L (Case postale 5050
© .« .86, chemin Lakeshore

~ Burlington, Ontario.” ... Burlington, Ontario-
“ LTR 4A6 Canada S : . : e ::_1 ‘_I.ZB\4A6, Canad_a
L e " NATIONAL WATER L B e T

" National Hydrology Research Centre ~ - . - RESEARCH INSTITUTE. Centre natronal de recherche en hydrologre
11 Innovation Boulevard Lo . .'INSIITUT NATIONAL DE' o o - 11, “boul. Innovation

Saskatoon, Saskatchewan” ... " " prCHERCHESURLESEAUX . . . . . - Saskatoon, Saskatchewan
S7N 3H5 Canada T — - S7N 3H5 Canada

PO Box' 5050
867 Lakeshore Road

!* - Environment . Environnement -~~~ - o [
Canada . ~ Canada =~ - .- Lo - N




